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PREFACE

In this fifteenth issue of the CYRIC Annual Report, we summarize the activities for
research and development and results of training for radioisotope safe-treatment at
Cyclotron and Radioisotope Center, Tohoku University during the calendar year 1994.

In 1994 research programs in various fields such as nuclear physics, nuclear
chemistry, solid state physics and element analyses by PIXE and activation were carried
out, and radioisotopes were produced for use in engineering, biology and medicine. At the
same time several facility improvements have been carried out. A total of 3300 hours of the
cyclotron beam was delivered for the scheduled researches, while 50 hours for research and
development for the accelerator and related facilities. It should be noted here that a two
weeks long unscheduled shut-down occurred in this year due to the break down of the RF
power supply device, while unscheduled shut-down so far experienced by the last year was
limited to a few percents of the total beam time used. In almost 50% of the beam time,
protons were accelerated for nuclear physics and short-lived radioisotopes for medical and
other studies, in 15% deuteron beams for the same purposes, while in 16% 4He beams for
material and solid state physics. Heavier ions such as 13C and 15N have been accelerated as
well for some limited works.

During 1994, 477 of staff members and students of Tohoku University were trained
at this Center in the beginner's course of safe handling of radiation and radioisotopes, while
219 staff members and students in the "x-ray course”. In addition, a new course of safe
handling of radiation from a SOR (Synchrotron Orbital Radiation) has been opened.

In this year, a system of the high-resolution positron-emission tomograph SET
2400W-S fabricated by Shimazu Co. Ltd. has been installed. This PET machine is capable
of producing quantitative cross-sectional images of isotope distribution in e. g. a tissue,
being optimized for 2D and 3D data acquisition with 32 detector rings involving 21,504
BGO crystals and 1,792 PMTs. Superior resolution (4.0 mm FWHM) and high sensitivity
(40 kcps/Bg/cc) have been achieved. For reconstruction of three dimensional images with a
tremendous quantity of data, a powerful SX-3/44 super computer system of the Computer
Center, Tohoku University, is utilized. Data are transferred by an ultra high speed campus
network (Super TAINS). As such, this full dressed PET machine is expected to yield
further activities in the research fields of medicine and biology.

As mentioned in the last issue, the present Model 680 AVF cyclotron with K= 50
MeV is becomming less powerful both qualitatively and quantitatively from the view points
of progress of science and activities of Tohoku University. Some people may require more



‘
energetic and/or high-intensé beams including those of heavy nuclide or even of unstable
nuclei. Others expect that polarized and unpolarized intense neutron beams may promise
further fruitful researches for[ physics anq technology.

Application of the ion beam for scientific and industrial purposes is one of the
national projects. Based on t‘he results of the 18 years-long multi-purpose use of Cyclotron
and Radioisotopes, we have drawn up a master plan facilitating the education and
researches in this field at Tdhoku University. The basic idea of this plan is to extend the
multi-purpose uses of a cyclotron to those of an ensemble of accelerators. We regard an
accelerator as a micro- and new—matexjials processing machinery as well as the tool for
inducting nuclear reaCtions;. For these purposes, an accelerator complex consisting of
cyclotrons, tandem type elecFrostatic generator, etc. are needed.

On the other hand, deterioratibn of the present AVF cyclotron is evident, an
example for which is the brﬁ‘eak down of the RF power supply as mentioned above. It is of

crucial importance to replace the cyclbuon by a new one with higher specifications to

maintain the present activities in CYRIC.
We are very grateful to Tohoku University and to the Ministry of Education,
Science and Culture for their continuous support.

January 1995

Hikonojo ORIHARA

‘ Director
\ Cyclotron and Radioisotope Center
| Tohoku University
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I. 1. Study of Two-Proton States of the 20Ne Nucleus
by (3He, n) Reaction

Fujii Y., Tohei T., Nakagawa T., Narita A.***** Hino T.,
Orihara H.*, Ishii K.*, Terakawa A.*, Hosaka M.****** Guan Z.*,
Ito K., Teramoto Y., Yamamoto A.*, Abe K.**, Suehiro T.***,
and Ohnuma H ****

Department of Physics, Tohoku University
Cyclotron and Radioisotope Center, Tohoku University *
Department of Nuclear Engineering, Tohoku University **
Tohoku Institute of Technology ***
Department of Physics, Tokyo Institute of Technology ****
Faculty of Science, Hirosaki University *****
Institute for Nuclear Study, University of Tokyo ******

Two-nucleon transfer reactions by light ions are expected to excite states of two
particle configuration selectively, if they proceed with a direct reaction process. There are
many measurements for two-neutron or proton-neutron transfer reactions at present, but
relatively little information is available for a two-proton transfer reaction like (3He,n), which
has been mainly accomplished at low incident energies.

Two-proton states of the 20Ne nucleus have been studied through the 180(3He,n)
reaction at 18MeV1). However, this energy is not enough high to proceed mainly through a
direct reaction and observed angular distributions of the cross section have not been
distinguished clearly for transitions with large transfer momenta. Therefore, the incident
energy of 30MeV was selected to make the direct reaction more dominant.

The experiment was carried out using a 30MeV 3He beam from the AVF cyclotron at
the Cyclotron and Radioisotope Center, Tohoku University. Neutron energies were
measured by a time-of-flight (TOF) technique?). Twelve neutron detectors of Scm thickness
filled with liquid scintillator NE213 were located at 35m from the target, where the effective
detection solid angle was 0.37msr. Angular distributions of emitted neutrons were measured
at laboratory angles between O ° to 45 ° using a beam-swinger system. 180 gas isotopically
enriched to 98.0% was used as a target. The gas was contained in two types of gas cells,
disk typed and cylindrical ones. Target thickness was ranged from 1.9 to 3.2mg/cm?2.

The excitation energy range up to 23MeV were covered in the present measurements
and angular distributions of the differential cross sections were obtained for 27 peaks.
Typical overall time resolution was 2.0ns, which corresponded to the energy resolution of
600keV for the ground state transition. In Table 1, excitation energies and spin-parities for



observed peaks are shown toge}ther with the results of Evers et al.l) and the compilation by
Ajzenberg-Selove3) for states w{hich the correspondence is well established (except for the
state at 18.37MeV). {

Finite-range distorted-v}vave Born-approximation (DWBA) calculations for the
differential cross section have been accomplished with the code DWUCKS5%. The potential
parameters for the entrance and exit channels were taken from systematic ones of Becchetti &
GreenleesS) and Watson et al.®), respectively. Spectroscopic amplitudes employed in the
DWBA calculations were obtajn;ed from a shell-model calculation with the code OXBASH?),
using full sd-shell effective interactions of Wildenthal®. Negative parity states have been
calculated with a pure (1f7/5, 1d§/2) configuration.

In Figure 1, typical e)‘;perimental angular distributions are shown together with
DWBA predictions. The theoretical curves have been normalized to the data. The DWBA
calculations well reproduce theliexperimenta] angular distributions for the seven states with
well-known spin-parities, but one for 5.68MeV 1- state fails to reproduce the data. From the
comparison of the DWBA predictions with the data, new spin-parities are tentatively
proposed for four peaks at 8.52, 9.08, 10.67 and 18.37MeV, and two spin-parity candidates
for other seven peaks as shown in Table 1. For the peaks at 8.52 and 9.08MeV,
corresponding states have not bjeen reported yet. Though the DWBA calculation for the peak
at 18.37MeV cannot exclude % we would be able tentatively to identify the peak as the
18.43MeV first T=2, 2+ state, because this peak is strongly excited and only the angular
distribution shape of this peak s}hows one for low spin state around this excitation energy in
the present measurement. ‘

In Table 2, obtained enhancement factors are listed with these for 160,
40.42,44Ca(3He,n) reactions obtained by our group®10). In the table a tendency is seen that
enhancement factors for the O* states are greater than these for the 2+ and 4+ states. From our
results, one can guess that typical enhancement factors for the DWBA analysis using
DWUCKS are about 8 for the 0, states and 3 for the 2+;, 4+, states.

Analyses taking accoun§ a sequential transfer 3He-d-n process have been also carried
out within the framework of thé second order DWBA calculation with the code TWOFNR11),
The potential parameters for ijntermediate channels were taken from systematic ones of
Dachnick et al.!2) Spectroscopic amplitudes for the (3He,d) and (d,n) steps were also
obtained from the above desc%ribed shell model calculation, and 11 states of 1°F were
employed as the intermediate| channels. In Figure 2, the direct (3He,n) term (dotted),
sequential 3He-d-n term(broken) and coherent sum of them (solid) are displayed without any
normalization to the data. The present results of the calculations indicate that contributions
from sequential transfer proceés are important for the two nucleon transfer reaction cross

|
section and the fits of the angular shape to the data become rather worse by the inclusion of

the present sequential transfer process. However, there are some remaining problems in the
present work. Especially the used optical potential parameters were selected to reproduce



experimental angular distributions by one step term only. So the parameters may include the
effect of the sequential transfer term, already. Other problems may be on the three bddy wave
function used in the present analyses and on the neglected non-orthogonal term of the
sequential transfer process. Further discussions for these problems are in progress.
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Table 1. Excitation energies and spin-parities for the present observed peaks.

Present Ajzenberg-selove ¥  Evers et.al. ¥
E.(MeV) J* Ex(MeV) Jr E.(MeV) Jr
0.00 o+ 0.0 ot 0.0 ot
1.61 2+ 1.6337 2+ 1.65 2+
4.24 4+ 4.2477 4+ 4.21 4t
5.68 1= 5.6214 1= 5.71 1-
6.725 o+ 6.72 0+
7.17 3~ 7.1563 3 7.15 3=
8.52 4t
(8.74)
908 1-
10.14 2+:1 10.274 2+ 1 10.24 2+.1
10.67 4+ 10.83
11.17
1148 (0%)

1293 2H1 12221 21 1221 2%1
12.86  (2+,4%)

1359  (2+,4%) 1357 (2%)

1401  (3-,4%) 1393 (2%)

14.57

15.00 (15.1)

1558  (3-,4%) 1552 (2%1)

1609  (2+,37) 1601 (2%1)

1676  0+;2 16732  0%2 1673 0%2

17.69 1755 (241)
1791 (0%)

1837 22 18430 %2

19.33 19.33

19.88  (2+,37)

20.75

21.60

2236 (2+,37)

22.95




Ta]:le 2. Enhancement factors for well known states near the ground states obtained with DWBA analyses
using DWUCKS together with the results of the other works.

20Ne IBNe 9) lBNe 9) 42Ti 10) 44T" 10) 46T 10)

30MeV* || 30MeV* | 45MeV* | 50MeV* | 50MeV* | 50MeV*
of 8.6 3.3 2.8 6.0 11 14
of 3.1 1.9 1.9 2.9 2.6 3.6
4f 4.0 2.1 1.8 2.8 2.6 3.1
6 - - - 3.5 5.9 7.4
2f;1 6.6
21 4.1
of;2 15.5
2t;2 6.3 |

* Incident energy

T S v

0 2 4 6 &
C.M. Angle (deg)

Fig. 1. Typical angular dlstnbuuons obtained in the 180(GHen)2°Ne reaction at 30MeV. Curves represent

the DWBA predictions by DWUCKS The theoretical curves have been normalized to the data.
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I. 2. Forward Nuclear Glory in 13C+28Si Scattering

\
Yamaya T, Ishiyama H,{ Yamazaki A*, Kotajima H*, Suzuki K*, Tanaka M*,
F ijioka. M** and Shinozuka.T**

Depertment of Physics,Tohoku University
Depertment of Nuclear Enginerring, Tohoku University*
Cycrotoron and Radioisotope Center, Tohoku University**

1
The optical glory is a Mell known phenomenon, which is due to the scattering of
visible light from water droplefs. Like the rainbow, the forward glory scattering produces an

\ S
intensity enhancement in the forward direction because of the axial focusing effect. This

scattering phenomenon has ‘been predicted and observed in molecular and atomic
collisions!-2). In nuclear collisions, its exitence has been predicted by many theorists3.4).
Recently, a proof of the forward nuclear glory was experimentally suggested for 12C+2C
scattering system in a energy‘region of E.n=6.4-11.5 MeV>S. Furthermore, using the
forward nuclear glory phenoanon at higher incident energies of E/A~4~5 MeV, the total
reaction cross sections have been measured for the scattering systems, 12C, 15N 160+288;6).

In the present work, theielastic differential cross sections at smaller angles than that in
previous experiment®)were mea;sured in the 13C+28S;i scattering system at Ej ,,=60 MeV. The
result of the experiment showed undoubted oscillations and undulating envelope shapes in the
sum-of-differences cross sectiqns.

The elastic differential c:ross sections were obtained for the scatterings of 13C by 28Si
using 13C4+ beam of E=60 MeY provided from the Tohoku University model 680-cyclotron.
For the determination of the seaf‘tten'ng amplitude |fp(0)| by means of the generalized optical
theorem(GOT), it is necessary to measure the elastic differential cross sections in the very
forward angular range. The most crucial point is how far forward angles the measurement
can be performed. It comes to a problem how small errors the absolute scattering angles can
be determined. }

For the measurements ai} extremely forward angles (0.6°-4.0°), a trapezoidal scattering
chamber was designed and installed at the down stream of a large scattering chamber as
shown in Figure 1. A distance between a target and a defined slit of the detector system was
1599 mm. The detector system consists of two 25 um totally depleted silicon detectors and a
240 pm position-sensitive silicon detector, i.e, this system had two telescopes. Each
telescope was mounted by a thin tantalum plate with three slit apertures of 0.4x2mm? in front

of the AE detectors. Three slit apertures defined the solid angles of 3.1x107sr, and the
|



differential angles of AG=0.014° assuming a point beam spot on the target. The accuracy of
angle setting was 5x10-4 degree.

Four solid-state detectors to monitor relative beam deflection were symmetrically
situated with respect to the beam axis. This monitor system was movable on the scattering
plane and an accuracy of absolute scattering angles was 0.02°. The target was a self-
supporting natural Si metal of 180 pg/cm? thickness. The beam was doubly collimated to a
spot diameter less than 0.4 mm on the target.

The differential cross sections were measured for angles of 0.6°-1.2° with step of
0.05°, for 1.2°-8.5° with step of 0.1°, and for 8.5°-60° with step of 1.0° in the laboratory
system. The statistical error was smaller than 0.3% at angles smaller than 8.5°.

For the determination of the exact scattering angles with the incident beam axis, a
primary problem is an unstability of the beam position on the target during taking data. The
present collimeter system for the incident beam has the maximum dispersive beam angle of
+0.11°. However, the present measurement requires a precision of the order of +0.001° in
the scattering angles to achive the observation of the nuclear glory phenomenon up to 0.5°. If
the incident beam is very unstable, the uncertainty of the scattering angle concerning the
definite slit aperture of the detector is +0.014° in an maximum value, where the beam spot on
the target is equal to 0.4 mm¢

In order to monitor the deflection of the beam intensity distribution in the beam spot,
the four monitor detectors were symmetrically placed on a circle with a small corn angle of
1.1° with the incident beam axis. Figure 2 shows the relative shift of the scattering angle by
the beam deflection for each data run, where A¢ is the shift of vertical component for the
scattering plane, and A is the shift of horizontal component. Each shift was determinded in
the accuracy of +0.003° for each data run.

The secondary problem is an angle dependency of the effective area for a solid angle
in a region of very small angles because of the small corn angle. Figure 3 shows deviations
of the Rutherford cross sections for the practical solid angles from those assuming a constant
solid angle for scattering angles. These deviations increase with A¢.

As the physical effects for the elastic scattering data at such very small angles, the
effects of multiple sacttering, the electron screening and vacuum polarization, should be
considerd. The effects of the first and second terms were negligible for the data at angles
larger than 0.2° at least. However, the effect of the third term was taken into account for the
data. In addition, the contribution from the target contaminations should be taken into
account in order to keep the resulting error small. We found a contaminant material of about
3.7x10-3% in 28Si target which was estimated as a mass number of near A=180, it might be
Au, from the elastically scattered energy spectra at the large angles.

The determination of the absolute scattering angles was achived by measuring the
symmetry of the Ruthford scattering yields with the beam axis. Elastic scattering yields at



symmetrical angle points with tihe beam axis were measured. The ratios of elastic scattering
yields to Rutherford cross secﬁﬁons should show the symmtrical structures with the beam
axis. These results are shown %n Figure 4. A difference between yields at symmitrical points
can correspond to the deviationiof A¢=0.003° in the absolute scattering angles. Therefore, in
the present work, absolute scattering angles could be determinded with an accurancy of
+0.003°.

The experimental angular distribution in 13C+28Si scattering system is shown in
Figure 5, together with the result of the optical model potential (OMP) analysis!®). The
angular distribution at BLab=0.6i°~4.O° is expanded in Figure 6. The sum-of-differences cross
sections were calculated from the measured elastic cross sections. The data of elastic cross
sections have been renormalized as the median of upper and lower envelopes of osop(60)
should become a horizontal line. This final normarization could reduce systematic errors
from each data of the measured elastic cross sections. Figure 7 shows the obtained sum-of-
differences cross sections. It exhibits exactly those features which were predicted in Refs.3

- and 4, i.e, rapid oscillations at very forward angles with constant amplitude and being nearly
vanished at an angle called glory minimum. These features are proofs of an exitence of the
forward nuclear glory. ‘

The quantities ,which a;xe nuclear scattering amplitude | fp(0) |, reaction cross section
OR, and glory angular momen*um lg1, should be determinded from the SOD analysis. As
mentioned in Ref.9, The result of the analysis has a small deviation from the measured
osop(0o) in the angular range ? ear the glory minimum. It may be caused because the phase
of nuclear scattering amplitude ¢n(Bo) is approximately represented by the ¢n(0) and the
C'(8¢) has a finite value. An exact glory minimum could be estimated for the 87=4.0°~5.5°
from the SOD analysis. The values of 1l and |fx(0)] were 30 = 5 and 21 = 4fm,
respectively. The obtained reaction cross section was 2090 + 80mb. The result of y2-fit for
the SOD is shown in Figure 8 by a solid curve together with a value of o.

The nuclear scattering amplitude |fv(8)| derived from the present data exhibited rapid
oscillation at forward angle an nonvanishing at 6—0°. It was suggested that a forward

nuclear glory in the 13C+28Si system existed at Ej ,5=60MeV.
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I. 3. Comparative Study of the (p,n) Reactions on *°Ca and *°Ar
for the 1.6 MeV-State in the A=40 Isobar Triplet

Orihara H., Itoh K., Te,ram(ito‘Y., Yamamoto A., Zhong G., Hosaka M., Terakawa A.,

Ishii K., Fujii Y.*, f\lakagawa T.* Miura K.**, and Ohnuma H.***

Cyclotron and Radioisotope Center, Tohoku University
Department of Physics, Tohoku University*
Tohoku Institute of Technology, Sendai 982, Japan**
Department of Physics, Tokyo Institute of Technology, Tokyo 152, Japan** *

Charge independence ¢f the nuclear force provide us corresponding information
between mirror nuclei and that zi:\mong isobar multiplets, while a number of discussions about
charge symmetry breaking hav:e been reported for details of the nuclear phenomena. The
nuclei 49K, 40Ca(T=1) and 408}(: form a family of the isobar triplet. In deed, the spin-parity
of their ground state is 4-, thouéh except that no spin-parity assignments have been made for
40Sc. Discussions for nuclear structure of 49Sc have so far been based on that of well known
40K or 40Ca.

Supposing a double closed shell for 40Ca, the (p,n) reaction on 40Ca excites
selectively 17w jump negative 1T)arity states, while that on 40Ar primarily yields positive parity
states. Thus, a comparative sLtudy of the (p,n) reaction on 4CAr and 40Ca may give us a
complete set of nuclear structure of A=40 isobar triplets. The (p,n) reaction has provided us
with information about spin-is@spin, as well as isospin excitation modes in nuclei. One can
selectively excite the spin-flip components in the (p,n) reaction at intermediate energies
through the relatively strong spin-isospin effective interaction (Vgy). Low energy (p,n)
reactions, due to the strong spin non-flip isovector effective interaction (V.), give us
equivalent information on both excitation modes. Moreover, it gives us a sufficient energy
resolution to discuss (p,n) st;rength for individual nuclear levels!:2), although exchange
contributions are important at low energies. Various problems associated with the distorted-

wave (DW) analysis of low-en(‘ergy (p,n) data were discussed in detail by Ohnuma et al.3). It

has been found possible to o?btain basically the same information as that at intermediate
energies if careful analysis incl\iding exchange terms is carried out.

In this report, we discuss mainly about the second excited state located around 1.6
MeV in A=40 nuclei¥, the spin-parity for which is assigned as O+ in 40K, then this state
should be weakly populated in ithe (p,n) reaction on 40Ca, if this assignment is valid for 40Sc

too.
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The experiment was carried out using a 35 MeV proton beam from the A VF cyclotron
and the time-of-flight facilities>¢) at the Cyclotron and Radioisotope Center at Tohoku
University. A beam swinger system was used to measure angular distributions of emitted
neutrons between 0° and 140° (lab).

The Ar target was argon gas enriched to 99 % in 40Ar. The gas was contained in two
types of gas cell. A drum-shaped cell having a longitudinal length of 2 cm was used for
small-angle measurements (B1ap < 30°). The target for large-angle measurements (84, =
30°) was 20 cm long cylindrical cell to allow us to shield the neutron detectors against
neutrons emitted from the window foils. The effective target thicknesses were of the order of
1 mg/cm?2, and overlap region of detection angles was used for relative normalization. The
window material was metallic calcium foil for the drum-shaped cell, while it was Havar foil
for the cylindrical cell, their thicknesses being ~10 mg/cm2. Backgrounds due to the window
materials did not give any serious problems because of the large Q-value difference. These
backgrounds were measured in separate “empty runs”, and subtracted from the data. The Ca
target was a metallic foil of enriched 40Ca prepared by vacuum evaporation. The thickness
and enrichment of the target were, respectively, 2.0 mg/cm?2 and 99.9%.

Neutrons were detected by an array of twelve detectors, which were located at 44.3 m
from the target and contained a total of 23.2 liters of NE213 scintillator. The detector
efficiencies were obtained from Monte Carlo calculations for monoenergetic neutrons with E;,
<34 MeV. Absolute detector efficiencies were also measured by counting neutrons from the
7Li(p,n)”Be reaction and comparing its yield with the absolute neutron fluence determined by
activation. They were in good agreement with the Monte Carlo calculations. Overall time
resolution was typically 1.3 ns corresponding to 175, and 90 keV for the most energetic
neutrons to 40K and 40Sc, respectively. Main contributions to the former resolution were
attributed to the small Q-value in negative, and the energy loss and straggling of incident
protons in the entrance-window of the target gas cell. Errors in the absolute scale of the cross
sections were estimated to be less than 15%.

In Fig. 1, neutron excitation energy spectra are compared for the (p,n) reactions on
40Ar and 40Ca. Remarkable deferences are clearly seen; i. e. neutron spectrum begins at 1.6
MeV in the former, while it starts at the ground state in the latter as predicted by theoretical
calculation by the shell-model and DW theories, which will be discussed later on. Figures 2
and 3 show experimental and theoretical cross sections for the transitions leading to the 1.6-
MeV states in 40K and 40Sc, respectively. These for the transition to the IAS is also
illustrated in Fig. 2 for comparison.

The cross-section data were compared with the DW results calculated by the computer
code DWBA-747), which includes knock-on exchange effects in an exact manner. Optical
potential parameters of Becchetti and Greenlees®) were used for the entrance channel. Those
for the exit channel were self-consistent potential parameters derived by Carlson et al.?). The
effective nucleon-nucleon interactions used in the present DW analysis were those by Bertsch
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et al. (M3Y)!0). Spectroscopic amplitudes for the transition to the O* state in 40K were
obtained from the sdpf shell-model calculations with the SDPFMW interaction!1) in the code
OXBASH!2), assuming the copﬁgurations of [m(f712p)24(f512p)%2, v(sds2)16-16(d3/2)24]
for both the initial and final states. That for the transition to the 1.6-MeV state in 40Sc were
obtained, assuming AJ=1- with [s(fp)©.2, v(sd)2422] and [n(fp)!, v(sd)-1] for the initial and
final states, respectively. Single-particle radial wave functions used in DW calculations were
generated in a Woods-Saxon po}ential withro = 1.25 fm, a = 0.6 fm, V; g = 6 MeV and the

depth adjusted to reproduce the binding energy of a valence nucleon.

Firstly, we discuss abo&t the 1.64 MeV transition in the 40Ar(p,n)40K reaction, the
angular distribution for which is shown in Fig. 2 together with theoretical predictions
obtained by the DWBA calcu*ation with transition amplitudes listed in Table 1. Also
tabulated are those for the IAS transition leading to the 4.38-MeV state in 4°K. The latter
indicates that the 1.64-MeV Ot state is the anti-analog state being orthogonal to the IAS.
Cross section magnitudes and angular distribution shapes are well reproduced as shown in
Fig. 2.

As for the 40Ca(p,n)#0Sc reaction, we have identified the 1.69-MeV state to be due to
a AJ7=]- transition based on the: shell-model and DW calculations. As shown in Figs. 3, the
experimental cross section maénitudes, their angular distribution shape and its excitation
energy are quite reasonably eﬁplajned by the theoretical comparison. With a reasonable

ground state correlation for 40Ca mentioned above we have obtained transition amplitudes

listed in Table 1. The cross sections thus obtained for the AJ®=0+ transition are two orders of

magnitude smaller than those fo‘; AJ™=1- as shown in Fig. 3. As such, we have assigned this

transition to be AJ®=1-. The present result dose not reject the possibility of the existence of
J==0+ state in 40Sc at Ex~2MeV, except that we will emphasize the existence of J*=1- state.
In conclusion, by means of the comparative study of the (p,n) reactions on 40Ar and
40Ca, we have separately made% clear the positive and negative parity states in A=40 asobar
multiplets. Especially, we havﬁ: located a J®=1- state at Ex = 1.64 MeV in 40Sc, and have
observed the O* anti-analog state by a charge-exchange reaction at Ex = 1.69 MeV in 40K.

References

1) Orihara H. et al.; NUCLEAR WEAK PROCESS AND NUCLEAR STRUCTURE, edited by Morita M. et
al., (World Scientific Pub. Co. Pte. Ltd. and Yamada Science Foundation, 1989) p.336.
2) Kiang G. C. et al., Nucl. Phys. A499 (1989) 339.
3) Ohnuma H. et al., Nucl. Phys. A467 (1987) 61.
4) Endt P. M. Nucl. Phys. A521 (1990)1.
5) Orihara H. and Murakami T., Nucl. Instrum. Methods 181 (1981) 15.
6) Orihara H. et al., Nucl. Instrum. Methods A257 (198 7) 189.
7) Schaeffer R. and Raynal J., unpublished.
8) Becchetti F. D. and Greenlees G. W, Phys. Rev. 182 (1969) 1190.
9) Carlson J. D.,Zafiratos q D. and Lind D. A, Nucl. Phys. A249 (1975) 29.
10) Bertsch G., Borysowics J., McManus H. and Love W. G., Nucl. Phys. A284 (1977) 399.
11) Wildenthal B. H., Phys. Rev. C41 (1990) 1147.
12) The shell model code OXBASH, Echegoyen A. E., National Superconducting Cyclotron
Laboratory Report No. 524 (1984).

|
|

14



Counts/50keVY

Counts/25keV

Table 1. One body transition densities (OBTD).

H : 40Ar(p,n)40K reaction 40Ca(p,n)40Sc reaction
Particle-Hole T=2, 0%, #1 ' T=1,0%#1 T=1, 0%, #1
(4.384MeV, (1.644MeV)
1IAS)
ndso,vds/p~! - - -0.00287
7s1/2,vs1/27] - - 0.00171
ndyjp, vyl 0.49140 2048043 0.08224
nf7/0,vE72” 1 0.35782 0.34697 -0.05505
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Fig. 1. Excitation energy neutron spectra for the (p,n) reactions on 40 Ar and 40Ca.
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I. 4. Negative Parity States in *°Sc Observed in the (p,n)
Reaction on 4°Ca

Itoh K., Orihara H., Teramoto Y., Yamamoto A., Zhong G., Terakawa A., Ishii K.,
Fujii Y. *, Nakagawa T.*, and Ohnuma H. ** ,

Cyclotron and Radioisotope Center, Tohoku University
Department of Physics, Tohoku University*
Department of Physics, Tokyo Institute of Technology, Tokyo 152, Japan**

The (p,n) reaction has provided us with information about spin-isospin, as well as
isospin excitation modes in nuclei. One can selectively excite the spin-flip components in the
(p,n) reaction at intermediate energies through the relatively strong spin-isospin effective
interaction (Vo). Low energy (p,n) reactions, due to the strong spin non-flip isovector
effective interaction (Vy), give us equivalent information on both excitation modes. Moreover,
it gives us a sufficient energy resolution to discuss (p,n) strength for individual nuclear
levels>2), although exchange contributions are important at low energies. Various problems
associated with the distorted-wave (DW) analysis of low-energy (p,n) data were discussed in
detail by Ohnuma et al.®) It has been found possible to obtain basically the same information
as that at intermediate energies if careful analysis including exchange terms is carried out.

Like the cases of 16F, 20Na, 28P, 32C] and 36K, the nuclear structure of 4%Sc is not
well known . Spectroscopic study for these nuclei have so far been carried out mainly by
limited measurements for B-decay. As for 4%Sc, several excited states have been reported, but
the spin-parities for them are not known except for the case of the ground state. The (p,n)
reaction on N=Z nuclei, especially that with 35-MeV protons, gives us a good place for
probing the structure of these nuclei?.

Since the target nucleus of 4°Ca is one of the double closed shell nuclei, the present
prominent excitations are 1w jump negative parity transitions. In this report, a number of
negative parity states are proposed together with their spectroscopic nature based on the
microscopic DW analysis with the shell-model transition densities.

The experiment was carried out using a 35 MeV proton beam from the AVF cyclotron
and the time-of-flight facilities®) at the Cyclotron and Radioisotope Center at Tohoku
University. A beam swinger system was used t0 measure angular distributions of emitted
neutrons between 0° and 110° (lab). The target was a metallic foil of enriched 4°Ca prepared
by vacuum evaporation. The thickness and enrichment of the target were, respectively, 2.0
mg/cm? and 99.9%.
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Neutrons were detected by an array of twelve detectors, which were located at 44.3 m
from the target and contained a total of 23.2 liters of NE213 scintillator. The detector
efficiencies were obtained from Monte Carlo calculations for monoenergetic neutrons with Eq
= 34 MeV. Absolute detector ei%fidiencies were also measured by counting neutrons from the
7Li(p,n)”Be reaction and comparing its yield with the absolute neutron fluence determined by
activation. They were in good agreement with the Monte Carlo calculations. Overall time
resolution was typically 1.3 ns corresponding to 90 keV for the most energetic neutrons.
Errors in the absolute scale of 1 e cross sections were estimated to be less than 15%, and
those for the excitation energy were +15keV. Further experimental details have been given in
a previous report’).

Typical neutron spectra measured for the 49Ca(p,n)*%Sc reaction at a laboratory angle
40° are shown in Fig. 1 tog;ether with peak-fitting results. In the figure, the levels
corresponding to the peaks at 2/18, 3.05 and 4.04 MeV are newly observed. In Fig. 2, the
angular distributions of emitted Incutrons leading to the 2.18, 2.38 and 3.05-MeV states, spin-
parities for which have been newly assigned to be, respectively, 0-, 4~ and 3-. Curves in the
figure are theoretical comparisohs described later on.

The cross-section data \T re compared with the DW results calculated by the computer
code DWBA-749), which mcludcs knock-on exchange effects in an exact manner. Optical
potential parameters of Becchett; and Greenlees”) were used for the entrance channel. Those
for the exit channel were self-consistent potentialvparametcrs derived by Carlson et al.8) The
effective nucleon-nucleon interéctions used in the present DW analysis were those by Bertsch
et al. (M3Y)?). Spectroscopic} amplitudes for the negative parity transition to 4%Sc were
obtained from the sdpf shell-model calculations with the SDPFMW interaction!?) in the code
OXBASH11), assuming the configurations of [r(fp)®-2, v(sd)2422] and [n(fp)!, v(sd)-1] for
the initial and final states, resp@ctively. Single-particle radial wave functions used in DW
calculations were generated in a Woods-Saxon potential with 1o = 1.25 fm, a = 0.6 fm, Vg =
6 MeV and the depth adjusted t ‘ reproduce the binding energy of a valence nucleon.

In Fig. 3, the present results are compared, for the excitation energies, with the recent
compilation by Endt'?) and with shell-model calculation. One of the striking features is the
assignment for the 1.69-MeV state. We have identified this prominent transition to be AJ*=1-
state based on the shell-model aInd DW calculations as discussed separately in Ref. 13 in this
issue. |

The. transition leading to the 2.18-MeV state may be AJ*®=0-, then it carries the
intrinsic pionic quantum number, and is highly sensitive to the effective isovector tensor
interaction. Cross sections are absolutcly fitted by the theoretical prediction as shown in Fig.
2. Orihara et al. have reported ‘for observation of the AJ*=0- transitions in the (p,n) reactions
on 1604, and on 3C and 1415N1%)., In the angular distribution in Fig. 2, the shoulder at

~50° gives a measure for the tensor force contribution. Comparison with those fo,rvp-sh,cll
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nuclei, the tensor interaction is less important like the case of the 1/2-—1/2% transition in the
13C(p,n)13N reaction. , \

The second 4 state, the first being the ground state, has been located at 2.38 MeV.
Magnitudes of the cross section together with their shape are in excellent agreement with the
calculations as illustrated in Fig. 2. The theoretical predictions locate a prominent 3-
transition around 3.5MeV, an candidate for which is that to the 3.09-MeV state. Though we
need a rather small normalization factor of 0.4 to fit the data, the cross sections are well
reproduced in their angular distribution shape.

Figure 3 summarize the present results. In conclusion, a number of isovector spin
and spin non-flip transitions have been observed in the high-resolution measurement for the
40Ca(p,n)*0Sc reaction at 35 MeV. Almost all prominent transitions, predicted by the DWBA
using transition densities calculated with the recent shell model, have experimentally
observed.
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L. 5. Nuclear g-Factor of the 1579 keV 3" Isomer in 146Gd and
the Paramagnetlc Correction Factor of the Gd Ions

~in Samarium Oxide
i
|
Kawamura N.* , Kimura Y.**, Watanabe A.***, Fujita M.***,
Shinozuka T . **** and Fujioka M. ***

F aculty of Engineering, Aomori University*,
Department of Physics, Faculty of Science, Tohoku University**
Cyclotron and Radioisotope Center, Tohoku University***

The first 3- excited states for doubly even N=82 nuclei with 54<7<64 are considered
as octupole excitations between orbits 2dss and 1hy;pD. The wave functions obtained from
a calculation of the parncle-core coupling? also show a nearly pure ®[(2ds;2)-1(1h;1/2)1]3-
character. On the other hand the half-life of the 3~ level in 146Gd found to be 1.06(12) ns®
corresponds to an E3 strength ‘of 37 Weisskopf units for the transition from the 3~ isomer to
the O ground state. This 1nd1cates a feature of the collective motion rather than the single
particle.

The nuclear g-factor may provide useful information to study the excitation mechanism
of the 3~ states. However there; are no experimental data, only the g-factor of the 3~ isomer in
146Gd is known to be 0.7(3)4),j and it is difficult to draw a conclusion from the value due to
the relatively large error. We ti1emfom have been remeasured the nuclear g-factor of the 1549
keV 3- isomer in 146Gd using the 144Sm(c,2n)146Gd reaction and the time-integral perturbed
angular distribution (TIPAD) *nethod for in-beam y-rays. The 146Gd nuclei were populated
by the 144Sm(c,2n)46Gd reaction using an a-beam of 23.5 MeV from the CYRIC cyclotron.
The beam energy was determided by excitation-function measurements so as not to disturb the
TIPAD of the 3~ isomer by the excitation of levels lying above 1579 keV. An enriched
1448m,04 target of 11 mg/cmi"| thickness was placed in an external magnetic field of +1.81(1)
T applied perpendicularly to thﬂ‘z beam-detector plane.

The time-integral perturbed angular distributions(TIPAD) of the 1579 keV in-beam ¥-
rays emitted from the 3- isomer were measured with a 230 cm3 HPGe detector at seven angles
between 64 and 130 degrees.

The TIPAD data were tted to an expressmn

W(6 £By)=Ay+ X APcos [n(e I en)] . (n=2and4),
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where A&y is the angular shift due to the Larmor precession, and given by the Larmor angular
velocity ® and mean life T as

A6y = (1/n)tan -}(n w 7); (n=2 and 4).

The results of the least-squares fits are shown in table 1.
The nuclear g-factor is deduced from the Larmor angular velocity  as

g=hw /uN Bets,

where un is the nuclear magneton and Befr is the effective magnetic field at the site of Gd
nuclei in the target. ,

The effective magnetic fields for rare-earth ions are quite different from the external
field Bex: by the large paramagnetic effect’). The Begs is written as

Betf = B Bext,

where B is the paramagnetic correction factor.

In order to deduce the g-factor from the experimental A6, of the TIPAD, another
experiment was carried out to obtain the B for Gd nuclei in the Sm203 target. We took the
2982 keV 7- isomer with the half-life of 6.7(2) ns? in 146Gd of which the g-factor was
known*6:7). TIPADs similar to those for 1579 keV y-ray were measured at Bexy=+1.21(1) T
for the 324 keV y-ray from the transition between the 2982 keV 7- and the 2658 keV 5- levels.

The least-squares results of the TIPAD of the 324 keV y-ray are also listed in table 1.
A strong attenuation of the Az coefficient for the 324 keV y-ray is observed. It may be due to
a rapid relaxation of the alignment and is responsible for errors of the T and consequently of
the . '

Using a weighted-mean g-factor, g(7-)=1.251(23), of refs. 4, 6 and 7, we have
deduced the paramagnetic correction factor to be

B = 0.59 (11)

from the wr in the table 1 and Bext=1.21(1)T From a comparison between the present  and
theoretical values?) it is suggested that the Gd ions populated in Sm203. by nuclear reactions
are in a mixed ion state with valence values of 3 and 4.

Using the present f the g-factor of the 3- isomer is obtained to be

g(3- in 146Gd) = 1.00(22).
The major part of the error is caused by that of the B.

Possible configurations for a low-lying 3- state in 146Gd are listed in table 2 together
with expected g-factors which were calculated using experimental g-factors for single-
particle(or hole) components®). The present result is in good agreement with the expected g-



factor for m[(2ds/2)"1(1h11/2)!]3- configuration, which indicates that the 3-isomer in 146Gd
has this configuration as a main“component. However, the enhancement of the E3 transition
from the isomer to ground state suggests also a possibility of a coherent mixture of many one
particle one hole excitations due to the existence of the ground state correlations?). These
correlations may be responsible for the enhancement of the electromagnetic transition rates.
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Table 1. Experimental results of TIPADs.

Isomer[keV,J®, ¢ (ljls)] A2 A4 w7t (rad)

‘ .
[1579, 37, 1.06(12)] 0.43(3) 0.046(29) -0.0824(58)
[2982, 77, 6.7(2) ] 0.087(32) 0.035(30) -0.413(79)

!

No corrections were made for A2 and A4 coefficients.
| ,
|
Table 2. Expected g-factors for possible configurations.

configuration §g(expected) g(s.p/s.h)
|
7 (2d5/91h14/2) 3~ !1.167(5) g(ndg/p)=1.481(1)8)
g(zhyy/5)=1.288(3)2)
7 (287721017 /2)3-  1.437(11) g(rg7,2)=0.80(1;")
| g(v fq,9)=-0.304¢)
v (3sy/22f7/2)3-  r0.304(2) g§(vsy p)=-1.549)

\
a) taken from g(5/2*%) and g(11/2”) of 145,147,149g,8)

b) g(7/2%) of 141p.8)
c) g(7/27) of 143yg8)
d) g(1/2%) of 133p,8)
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I. 6. Half-Life Measurement of the 105.9 keV 2+ State of
Neutron Deficient 1;ﬁWmIsotope

Fujita M., Shinozuka T*., Watanabe A., Kimura Y., Kanai Y.**, Fujioka M.*, and
Sugai I.%**

Department of Physics, Tohoku University

CYRIC» Tohoku University*
Department of Nuclear Engineering, Tohoku University**
Institute for Nuclear Study, University of Tokyo

In the deformation region, the nuclear intrinsic E2 moments show larger values than
the theoretical estimations calculated from the spherical shell model. This is the result of
collective motion of nuclei, and it can be understood by applying the Nilsson model which
considers the shape of a nucleus to be deformed. The deformed nuclei are expected to have
rotational bands, and fast electric quadropole radiation ( E2 transition ) should be observed.

In the case of 2+ — 0% transition, the relation between the reduced transition
probability B (E2; 2+ —0*) (e2fm?) and the intrinsic E2 moment Q' (fm2) is

At — _1_ 12
B(E2;2* —0%) = 1 GnezQ .
We define 3 as the deformation parameter, and its definition is

R,—R, 5

Sz

T Ry T 4zR:

Q.

The R,’, and R, are the radius along the symmetrical axis of deformation and the radius along

the axis perpendicular to the symmetrical axis, respectively. The R, is the radius when the
nucleus is spherical, and we use R, =1.2 AV3 (fm).

Then the deformation parameter & can be written by using the mean life-time < (ns) of
the 2+ state as

__5({ 1i6n 10°?
o 4ZR| 122E0(1 + 0) x10 )
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where Z and o denote the atomic number and the internal conversion coefficient, respectively.
The units of Ey and R, are Mé:V and fm. We can deduce the deformation parameter from
experimental half-life of the ﬁrsjt 2+ state using this equation.

The 178W is in the nuclear deformation region and its neutron number N is 104. The
number 104 means the ne:utron‘I mid-shell between the 82 and 126 magic numbers. So far, the
experimental data from 186W to 10W have shown the tendency that the deformation becomes
larger towards the neutron mid:shell (see table 1). Therefore, the life-time measurement of the
2+—>0* transition at 178W104 is impotant to discuss the deformation in this region.

The half-life measurement of the first 2+ state of 178W has different and difficult
situations from those of heavier tungsten nuclei, 180W, 82W and so on. The measurements
for the heavier tungstens could utilize population to the excited 2+ states from the B--decay of
Ta isotopes having long half-lives (several hrs). On the other hand, the 2+ state of 178W can
only be fed from the B+-decay of 1’8Re having a short half-life (13.4 min). Therefore, the on-
line mass separation is crucial t‘o prepare purified samples under low back-ground conditions.
It has been, however, hardly possible for the conventional on-line mass separation techniques
to obtain the refractory Re radipisotopes with any type of ion sources.

The Ion Guide method is one of the breakthrough techniques to mass-separate on-line
the refractory elements Re, W, and Hf etc. . With the CYRIC-IGISOL, we could obtain the
mass-separated !78Re of intensity of 3,000 atoms/sec by the 30W(p, 3n)I"8Re reaction with
an enriched 180W (93.1 %) target.

The measurement of the life-time for of 2+ state of I78W has been done by a -y
coincidence method and a y-conversion electron coincidence method for the 4+ — 2+
transition and the 2+ — O+ trax{sition of 118w,

Two BaF; scintilators q‘ave been used in the ¥y - Y coincidence and a BaF; and a plastic
scintillator have been used in the y-conversion electron coincidence. The time spectrum of the
¥-Y coincidence measurement is shown in Fig.1. From these measurements, the fitted half-
lives of the first 2+ state of miW are 0.900 * 0.014 ns and 0.947 + 0.055 ns, respectively.
We have thus deduced the ha}f-life of the first 2+ state of I78W as 0.903 * 0.014 ns as the
weighted average of ¥ - Yand Y»conversion electron coincidence experiments.

The deformation parameter obtained from this experiment is §=0.285 * 0.002. It

shows that the deformation (\)f 178W is larger than those of the hevier W isotopes. It is
interesting to examine whethel‘- more neutron deficient tungsten isotopes beyond the neutron

mid-shell have larger deformations or not.
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Table 1 : deformation parameters and related values of W isotopes. The data of 180,182,184,186W are
taken from Ref. 1.

A E, a ti2 (ns) | B(E2) (e*fm*) | Q' (fm?) 6

178 | 0.1059 | 3.03 | 0.903(14) 11728(181) 767.8(6.0) | 0.285(2)

180 | 0.10365 | 3.29 | 1.17(3) 9463(242) 689.7(8.8) | 0.254(3)
1.19(4) 9304(323) 683.9(11.5) | 0.252(4)
1.22(3) 9075(223) 675.4(8.3) | 0.249(3)
1.33(5) 8324(313) 646.9(12.2) | 0.238(4)
1.37(3) 8082(177) 637.4(7.0) | 0.235(3)

182 | 0.1001 | 3.77 | 1.26(4) 9398(298) 687.3(10.9) | 0.251(3)
1.32(3) 8971(204) 671.5(7.6) | 0.245(3)
1.38(2) 8581(124) 656.7(4.8) | 0.240(2)

184 | 0.1112 | 2.50 | 1.252(14) 7617(85) 618.8(3.5) | 0.224(1)
1.24(4) 7691(248) 621.8(10.0) | 0.225(4)

186 | 0.1225 | 1.73 | 1.01(4) 7463(296) 612.5(12.1) | 0.220(4)
1.04(1) 7275(70) 604.7(2.9) | 0.218(1)
1.12(2) 6730(120) 581.6(5.2) | 0.209(2)

X'=1.239

1ef t .= 0.900 + 0.014
2= 0. i ns

102

50.4 ps/ch

Fig.1. Time spectrum measured by the Y-y coincidence method.
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I. 7. Angul#r Momentum of Fission Products
ip 232Th+p System (II)

 Kudo H., Saito D., Yas‘rda K., Fujioka M.*, Shinozuka T.*, and Fujita M. *

. Faculty of Science, Niigata University, Niigata Japan
Cyclotron and Radioisotope Center, Tohoku University *

The angular momentum of the fission fragment is important to understand fission
process, because it provides information on the scission point configuration and on the
mechanism of angular momentum transfer from fissioning nucleus to fission fragments.
Several methods have been épplied to the determination of angular momenta of fission
fragments. In the present work, the isomeric yield ratios of fission products were measured
for the evaluation of angular momenta of primary fission fragments.

Isomeric yield ratio of 24 fission products in the system of 24 MeV proton-induced
fission of 232Th were measurccil by the use of IGISOL. The yields of fission products were
determined by a gamma-ray spﬁ‘:ctrometry. The obtained isomeric yield ratios were converted
to the angular momenta of primary fission fragments by assuming a statistical spin
distribution,

P(J)=Po(2J+1)exp( -J(J+1)/<12>),

The Jms=<J2>1/2 was taken as an indicator of the initial fragment angular momentum. The
de-excitation process of the primary fragments was calculated with the modified GROGI-II
codel). ‘

The obtained angular fnomentum of fission fragments is shown in Figure 1 as a
function of fragment mass number. It is found that the angular momentum increased with the
fragment mass number and that the fragments of shell closure were found to have
‘considerably small angular momentum. The same tendency has been found in the system of
24 MeV proton-induced ﬁssio*‘x of 238UJ2),

Despite the differences in various quantities, such as complementary fragment and
available energies of the primary fragments, the obtained Js was almost the same for the
same nuclide in both systems of 238U+p (24 MeV) and 232Th+p (24 MeV) as seen in Figure
2. This comparison between 238U+p with 232Th+p suggests that the fragment angular
momentum is not affected by the fission system but by the nature of individual fragment or by
the mode of fission?).
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Fig. 1. Deduced J_ of fission products produced in 24 MeV protons on 232Th.
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Fig. 2. Comparison of J_,,; between 238U+p (24 MeV) and 232Th+p(24 MeV) systems,
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I. 8. An 56Fe(d, p)57Fe Mossbauer Measurement

Nasu S. and Hanada R. *

Department of Material Physics, Faculty of Engineering Science,Osaka University
Institutq for Material Research, Tohoku University*

Introduction |

It is well recognized that the Mssbauer spectroscopy is one of the powerful technique
to study physical and chemical properties of solids through the hyperfine interactions of probe
nuclei embedded in solids. Especially the 57Fe Mossbauer spectroscopy has been applied to
many research fields, becausei iron is an important element in material research and the
resonant gamma-ray photon of f7Fc has a quite narrow line width. Narrow line width of the
resonant gamma-ray of 77 Fe is identical to an extremely high energy resolution in the range of
nano eV and make it possible to detect the ultra-small energy-shifts like a gravitational red-
shift of photon. Generally for the >7Fe Mdssbauer measurements, gamma-ray from 57Co in
Rh matrix which is relatively long-lived radioactive isotope and a mother nucleus of >7Fe has
been used as a photon source. To perform the Mdssbauer spectroscopy the rather large
facilities are not necessary in ;general and many researchs in material science have been
performed in rather small size lz;xboratories.

However, recent dcvclo‘Fment and progress in the synchrotron radiation facility and its
use for research in natural science show clearly the possibility to perform nuclear excitation
experiments with synchrotron radiation. In fact, the new research field has been opened and
started for the nuclear excitation experiments with synchrotron radiation. Nuclear excitation

with synchrotron radiation sho‘uld be performed in-beam condition, in which the coherent
excitation and the subsequent%dc-excitation of the resonant nucleus have been detected
simultaneously. In-beam MGdssbauer spectroscopy using a short-lived radioactive isotope
produced by a nuclear reaction 1n accelerator is also a technique to perform the simultaneous

|
excitation and the detection of de-excitation photon from resonant nucleus. In-beam

Mdossbauer spectroscopy has many advantages for material research, since the method is
principally source experiment in which nuclear excitation and de-excitation occurred
simultaneously. These mcthod‘s make it possible to perform some experiments which have
not been possible in a convcnqonal Maossbauer spectroscopy using a long-lived radioactive

isotope.
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In this letter, we present a brief description what kinds of in-beam Mossbauer
spectroscopy are available now and preliminary results obtained by an 56Fe(d, p)*”Fe reaction
at CYRIC of Tohoku University.

In-Beam Méssbauer Spectroscopy

It is well known that the Mdssbauer spectroscopy is related to the recoilless nuclear
resonant absorption and emission of gamma-rays and its experiment has been performed
using a combination of gamma-ray source and absorber or scatterer. In a conventional
Massbauer spectroscopy long-lived radioactive isotope embedded in standard material like Rh
has been used as a gamma-ray source and a probe nucleus in the specimen is used as an
absorber and/or scatterer. Such long-lived radioactive isotope was originally produced by the
nuclear reaction using accelerators and/or nuclear reactor. Since the long lifetime of the
isotope it is possible to use the gamma-ray source as off-line source from accelerator for the
Mossbauer measurements. When the lifetime of the gamma-ray source is quite short, it is
always necessary to perform the on-line measurements in which the creation of the source by
the nuclear reaction and the detection of the resonance should be performed simultaneously.

One can define the in-beam Mdssbauer spectroscopy as an Mdossbauer spectroscopy
by simultaneous creation of Mossbauer levels and detection of the resonant absorption or
scattering using accelerator beams. Nuclear excitation of the Mdossbauer levels with
synchrotron radiation from the electron or positron storage-ring may be one of the in-beam
Mossbauer spectroscopy because of its on-line measurement. From the above discussion,
there are two distinguishable methods for the in-beam M&ssbauer spectroscopy. One is an in-
beam Mossbauer spectroscopy with synchrotron radiation and the other is the spectroscopy
using accelerator like cyclotron. Following reactions have been reported for the in-beam
Massbauer spectroscopy using accelerators.

(1) 54Cx(a, p; @, pY)’’Mn —> 37Fe
(2) 55Fe(n, Y)*"Fe

(3) 3%Fe(d, p)*"Fe

(4) Coulomb excitation

Especially the coulomb excitation method (4) using a high energy heavy ion beam is very
important for the material research, because this method can create 57Fe Mossbauer levels by
Coulomb excitation and simultaneously recoil-implant the °7Fe atoms into any kinds of
materials even if the solid solubility of Fe is practically null.

In the reactions (2) and (3), 37Fe Mossbauer levels have been created in the specimen
by the bombardments of neutron or deuteron to the target of 36Fe nuclei whose natural
abundance is 91.8%. Mossbauer measurements have been performed using the gamma-ray
followed by de-excitation of the nuclear levels and it is possible to perform a time dependent
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Mossbauer measurement as a function of period from just after the nuclear reaction. Since the
deuteron energy to accomplish the reaction (3) is much larger than the energy of neutron beam
for (2) from nuclear reactor, the recoil energy of atoms and the radiation damage given by the
reaction (3) are larger and heavier than those in the case of (2).

56Fe(d, p)°7Fe Mdssbauer Spectroscopy

Details of the reaction f6Fc(d, p)’Fe have been reported previously!) during the
course of the nuclear structural study of 37Fe nuclei and the cross section of the reaction is
relatively large. ‘

Although the first Mossbauer measurement followed by this reaction was performed
by the group in John-Hopkins University using a Van de Graaff accelerator? and followed by
the group in Hahn-Meitner Insi'tute-""'), a detailed study for the material research has not yet
been reported as one of the apT:Jlications of the in-beam Mdssbauer spectroscopy. We are
interested in 56Fe(d, p)37Fe Mossbauer spectroscopy to apply the material research, because
from this method it is possible to examine the detailed behavior of resonant Fe atoms in iron
based intermetallic compounds just after nuclear reaction. For instance, one can ask and
discuss from this method where is and how many final landing positions of Fe in such
compounds just after reaction }and how are their temperature dependencies. Present study
aimed to perform the first step for such kinds of material research using simple combination
of target material and detection system.

There is a sever tcchnicé}l problem for the in-beam Mdssbauer spectroscopy, which is
a high counting rate of the bJackground noise superimposed on the Mossbauer resonant
gamma-rays. Mossbauer gamma-ray has a relative low energy and the background noise is
mainly due to the X-rays emitted after photoelectric effect induced in the target material. By a
conventional detection system @sed in Mdssbauer spectroscopy the signal to noise ration (S/N
ratio) is too low to construct aj good Mossbauer resonance pattern. In order to get a good
Mossbauer resonance pattern, ft is essential to extract the Mossbauer gamma-rays from the
high intense X-rays induced by the deuteron bombardment to the target in accelerator. For
57Fe in-beam Mossbauer spectroscopy, some methods have been proposed and performed to
extract the Mossbauer gmma-§ay from the intense background noise in order to increase the
S/N ratio. One method is to use the coincidence technique between 14.4 keV Massbauer
gamma-rays and 122 keV gamma-rays emitted beforehand. Other methods are to use a
delayed coincidence technique between the pulses for the operation of the accelerator beam
and the detection signals from the target in order to avoid the high intense prompt signals. In
present investigation, we havei used another method to extract 14.4 keV Mossbauer gamma-
rays from high intense backg‘found noise, that is to use the resonant conversion electron
detector which contains a resonance material enriched by 57Fe and is nearly insensitive to the
X-ray photons. This method is the similar one to extract the photons to excite the nucleus
from the broad band synchrotr?n radiation using a nuclear resonance filter.
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Experimental conditions in present study are as follows:

(1) Accelerator : AVF cyclotron of CYRIC at Tohoku University.

(2) Energy of deuteron beam : 6 MeV.

(3) Current of deuteron beam : 600 nA.

(4) Target : 310 stainless steel foil whose thickness is 25 pum.

(5) Detector : Resonant conversion electron detector containing a 310 stainless steel foil
enriched to 7Fe 1mg/cm?.

Figure 1 shows the top and side views of the resonant conversion electron detector
containing an °/Fe enriched 310 stainless steel foil. Using this detector, the S/N ratio during
the continuous operation of the cyclotron at the above conditions is high enough to construct
the good Mossbauer emission spectrum of 310 stainless steel foil. Figure 3 shows the
Maossbauer emission spectrum obtained by 310 stainless steel foil in which 56Fe(d, p)°7Fe
reaction occurred under the above conditions of the cyclotron. By the relatively short
measuring period the quality of the emission spectrum is not excellent but we can see a single
resonance line of 310 stainless steel whose full width at half maximum (FWHM) seems to be
large compared to the spectrum obtained from usual transmission geometry using a 57Co
radioactive source. It is not yet clear that the large FWHM causes by the deuteron
bombardments or after effects of the nuclear reaction. It is worthwhile to continue the
measurements of 56Fe(d, p)>’Fe Mossbauer spectroscopy in order to clarify the effect of
recoil and nuclear reaction in target material.

Summary :
We performed an 56Fe(d, p)’’Fe Mossbauer spectroscopy using AVF cyclotron of
CYRIC at Tohoku University. Using a resonant conversion electron detector containing an
57Fe enriched 310 stainless steel foil, an Mdssbauer emission spectrum has been successfully
obtained from the target of 310 stainless steel foil at 300 K.
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|
Fig. 1 Schematic drawing of the conversion electron Méssbauer defector containing an S7Fe enriched 310

stainless steel. Top and side views are shown.
|
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Fig. 2 Experimental arrangement for in-beam 56Fe(d, p)>7Fe Mossbauer measurements at CYRIC of Tohoku

University.
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Fig. 3 57Fe Mossbauer spectrum of 310 stainless steel foil at 300 K resulting from 56Fe(d, p)57Fe reaction by
600 nA, 6 MeV D-beam at CYRIC of Tohoku University. Detection was performed by using a CEMS
detector and an experimental setup as shown in Figs. 1 and 2.
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I. 9. The Practice of Ion Implantation of 111In and Stable
Isotopes Using ISOL at CYRIC.

Hanada R.

Institute for Materials Research, Tohoku University

Introduction

1111p is the most populér nuclear probe for PAC spectroscopy because of its proper
intermediate state (I=5/2) half dccay time(84ns) for solid state studies and of it's convenient
half decay time (2.8 days) of 11%1In to 111Cd in the radioactivity handling. Several attempts by
the present author to prepare the; source specimens by a diffusion methed (800Cx a few hrs in
H2 or in UHV (ultra high vacuum) were successful for some elements but not so for Fe and
Si. Since the ISOL (Isotope Separator on Line) at CYRIC (Cyclotron Radioisotope Center,
Tohoku University, Sendai) beﬁ;omcs available for ion implantation work, 111In implantation
has been attempted for PAC spectroscopy of Si and Fe, of which practical side will be
described in the followings. |

Ion Implantation by ISOL
11115 IMPLANTATION |

Several mCi of 1111nC1J was charged to the crucible of the 910 type ion source for the
ISOL and accelerated to 40 keV for the implantation. A separate experiment for natural Cd
which has 8 isotopes with the WU (atomic mass unit) between 106 and 116 to examine the
capability of the isotope separation of the ISOL reveals that 14 mm separation is achieved for
the AMU difference AM=1 in this AMU range at 40 keV (Figure 1). So two slits were made
(Figure 2), one for 111In and one for 115In at the distance of 55 mm and a small electrical
current (nA-pA) due to the natural In (115In:95.7%) was monitored to keep it maximum
during the implantation. This marker method seemed to work that about 10 Ci of My js
always implanted to a specime‘fl after 6 hrs of implantation after employing the double slits
system. In the radioactivity implantation some marker method is necessary since the current
by the radioactive ion is negligibly small for the monitoring and yet small drifts in the
accelerating voltage and the current for the analyzing magnet are always present, which results

in the radioactivity beam shift from the specimen position.
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STABLE ISOTOPES IMPLANTATION

In order to prepare alloyed specimen or to implant gas impurities ,several stable
isotopes are implanted to mostly to Si. Rare gases implantation is rather easy since it is
achieved by just substituting the carrier gas for the ion source (Ar) by other rare gases
(He,Ne,Kr,Xe) He gives a very small ion current because of the poor ionization in the present
ion source. The acceleration energy was limited to 26 keV for Ne since some discharge was
observed above it. Other rare gases give 10 u A ion current for an unit area (1 cm?) at most
and so a high dose implantation can be achieved in a reasonably short time, of which
application for TDS (Thermal Desorption Spectroscopy) for Ar in Fe will be described in a
separate report in this volume. Carbon and oxygen beams were obtained by using CO as the
carrier gas and N beam with N2 gas as described in the manual of the ISOL.

Elements with the low melting point (Zn,Cd,Ga,In,Pb,As,Sb,Bi,Se,Te,Ca) and a
high vapor pressure at about 1000 C (the crucible temperature with the heater on) give several
10 to 100 nA beam. Sn and Cu beams were difficult to obtain because of the low vapor
pressure at the temperature though several nA beam was obtained for several hours.

Since the isotope separation capability is excellent in the present ISOL, only one
isotope with one AMU can be implanted for elements with many isotopes. Unfortunately at
present, this merit of the isotope separation capability is not utilized for solid state studies of
implanted materials. One good example of the application of stable isotope has been found in
Si solid state studies where the hyperfine interaction of impurities trapped electrons with 29Si
nucleus (4.7%) has been utilized to determine the electron distribution around the impurity.

For other elements with the high melting points, a different type of ion source or the
chloride method will be necessary. The latter has not been applied because the possible
corrosion of ISOL parts by Cl ion was feared. If the former becomes available, the
implantation of 57Fe (2.2%) or 119Sn (8.6%) to the dose above 1013/cm? will be useful for
Mossbauer spectroscopy of implanted materials.
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I. 10. TRIM Calculation of Distribution of Ions Implanted to Si
in the Energy Range of ISOL(10-60keV)

Hanada R.

Institute for Materials Research, Tohoku University

Introduction

The method of ion implantation is one of the most convenient way to introduce
radjoactive probe nuclei into specimen materials. Recently the ion implantation of 111In, a
most convenient PAC (Perturbed Angular Correlation) probe, has been attempted by the
present author using the ISOL (Isotope Separator on Line) in CYRIC. The details of the
implantation practice and results of PAC spectrum measurement using the probe are described
in separate reports in this volume.

In this report, results of a calculation to examine the ion distribution and the radiation
damage after implantation of several ions into Si matrix will be described. Here, a simulation
program, TRIMY), has been used for the purposes.

The purposes of the calculation are : (1) to find the optimum implantation energy of
several ions to obtain a maximum overlap with the implanted 111In and (2) to know the degree
of the radiation damage introduced by the implantation.

The Method of Calculation _

Six ions (C, Ne, Ar, As, In and Bi) between the energy 10-60keV in Si were
simulated to obtain (1) Ions concentration, (2) Longitudinal straggling (3) Depth and (4)
Number of Frenkel pairs produced by the implantation. The results are plotted against the
AMU(atomic mass unit) of the implanted ions as the implantation energy as a parameter. The
calculation was done by an IBM compatible personal computer with the calculation time of
several hours to finish 10°-1 events. For the radiation damage calculation ,the displacement
energy of 20eV,the default value in TRIM, and the Kinchin-Pease model (one altemative in
TRIM to estimate the cascade effect) were assumed to estimate the cascade damage. The
calculated damage is the total number of Frenkel pair( a pair of a lattice vacancy and an
interstitial) produced by one incident ion and no effect of annealing ( the annihilation of the
pair by the recombination) was taken into account. Usually about 10% of th_ein are left in a
form of cluster or isolated point defect (vacancy) because of the annealing after the
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implantation at RT (the room temperature) as shown by experimental recovery results of low
temperature irradiated metals.

Results and discussion |

Figure 1 through Figure 4 show results of the calculation. Namely, Figure 1 for the
ion range, Figure 2 for the ion concentratlon, Figure 3 for the straggling (the full width at half
maximum for the ion dlStl’lbllthll) and Figure 4 for the number of Frenkel pair (designated as
vacancy as TRIM does) producpd The solid lines in the figures are obtained by fitting six
calculated points by a smooth curve.

Figure 1 shows 40keV 111In has a maximum concentration at 100A and 400A from
the surface for the implantation %ncrgy of 10 and 60keV, respectively. If one wishes to obtain
a maximum overlap for implanted carbon ions ,as an example, with the 40keV 111In(ion
range 300A), Figure 1 tells that the carbon implantation energy should be 10keV to obtain the
same magnitude of the range or the maximum overlap.

Figure 2 shows the maximum ion concentration given in (ion/cm3/ion/cm?) for the

abscissa in the left and the mol fraction (number of ion/number of Si atom) in the right. If one
wishes to calculate the maximum local concentration of 40keV 111In of 10uCi (3.7x10°Bq or
1.3x10!1  jons) implanted per unit area, Figure 2 tells wus it is
4.5%105x1.3x10'1=5.8x1016/cm® or 111In/Si=1.2x10° (1.2 part per million) that is
comparable with the impurities éoncentration in high purity metals and the those of dopants to
make Si as n-or p-type. As shown in a separate report in this volume, several element were
intentionally implanted to Si to prepare alloyed specimens. In that case the dose was chosen
typically as 2x10'4/cm2?, that gives a local impurity concentration of
3.5x10°%2x10'4=7x101%/cm3, as an example for 40keV As (arsenic ion). These examples
show the local impurity concentration becomes quite high for a reasonably small implantation
dose. This is because the implanted ions distribute in a narrow range of several 100 A for the
implantation energy of several 10keV as shown in Figure 3 for the straggling. In Figure 3
one can see the trend that the width of the distribution becomes smaller for heavier elements
and for lower implantation enLrgy. Correspondingly in Figure 2, the local concentration
becomes higher for heavier element ions and for lower implantation energy.

Figure 4 summarizes thﬁ: number of Frenkel pair produced (designated as vacancy/ion)
as a function of incident ion A‘MU with the energy as a parameter. The damage increases
almost linearly with AMU up to As (AMU=75) and saturates above it. For the case of 40keV
111[p, the value is about SG0 per one incident ion. So even in the case of RT implantation,
considerable amount of damage should be present after the implantation.

Although not shown :here, similar results as in Figure 1-Figure 3 for the ion
distribution were calculated for the damage distribution. For the case of 40keV 111In in Si,
the maximum of the damage distribution is at 170A from the surface and the width (FWHM)

is about 250A. So the damage is present in a localized volume near the ion that causes the
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damage. The local damage concentration may be estimated as high as 1.2x10-3. The
estimation was done by approximating the local damage zone by a sphere of which diameter is
250A and 500 Frenkel pairs are distributed uniformly in the sphere. As a characteristic of the
low energy implantation, this high density of the radiation damage is always associated with
the implanted ion even when the dose of the ion approaches to null. If the dose of the
implanted ion exceeds a certain limit, the local damage zone starts to overlap and in that case
only the average defect concentration should have meaning. This limit dose may be estimated
as 2x1015/cm? for the 40keV 111In in Si that is obtained by the projected area of the damaged

zone to the surface.
In several years ago a dispute took place that no damage effect should be present

when a light probe as B is implanted to Si as usually done in B-NMR experiment. If one
applies the same argument as above for 40keV C in Si using TRIM results for it
(vac/ion=200, damage zone diameter of 1500A), the local concentration is estimated as
2.5x10-5, a factor of 5%102 smaller than the 111In case. So the probability of C to meet with
point defects that the ion itself creates should be much smaller than the 111In case, though one
can never say no damage effect should be present for the light probe atom implantation.
Indeed a recent B-NMR experiment with varying the implantation temperature?) has shown the
magnitude of the substitutional component depends strongly on the temperature suggesting
the damages created interact strongly with the probe atoms.

During the course of the calculation described above, several limits have been noticed
for the simulation code TRIM. The first is that it does not take into account the effect of
accumulated implanted ions on the energy loss for the subsequently incoming ions. When the
dose of the implanted jons reaches to the order of 1016-17/cm?2, the local ion concentration
becomes so high that an alloy phase is formed. The energy loss (electronic and nuclear) in the
alloy then should be different from those of the matrix and hence the ion distribution should
be a function of the dose.

The second is that it does not take into account the effect of the nuclear transmutation
or spallation when the incident energy of ion exceeds several 106 eV. No such nuclear
reaction takes place in the present energy range of ISOL though several plans are now in
progress using high energy accelerator as proton synclotron (600MeV). If one wishes to
perform implantation works using such an accelerator, a modified TRIM code taking into
account the nuclear reaction and the damage created by these nuclear reaction products will be
certainly required.
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I. 11. Effects of External Magnetic Field on PAC
- Spectrum of Ni.
|

Hanada R.

Instituttja for Materials Research, Tohoku University,

Introduction

Effects of external magnetic field on PAC spectrum have been worked out theoretically
and summarized in Ref.)). When the numerical coefficients are evaluated for the PAC
spectrum, R(t)=[N(ar)-N(3v/2)]/[(N(7t)+N(7t/2)] where N(x) and N(zt/2) are the counts for the
stop detectors placed at ® and 7/2 relative to the start detector respectively, R(t) reads as
eq.(1) for the magnetic field applied vertical to the detector plane.

R(t)=bz cos(2w.t) | 1) |

where wy, is Larmor frequcncy]and given as -gunB/h, where g is the nuclear g factor. u is
the nuclear magneton and B is the hyperfine field at the nucleus. The bz is calculated to be
-0.132 for the case of 111In (11;1Cd)2). This expression agrees with the classical picture of the
nuclear precession with the mgulm frequency of wr, which is detected by the Y ray emission
that has the s symmetry anc] hence should give two maxima during one period of the
precession. |

For the case of the random spin direction, namely, without any external magnetic
field, eq.(2) is obtained for R(t) based on the calculation by Matthias et al.).

R(t)=b2 [ 0.2 +0.4 cos(®1£)+0.4c0s(2,) | )

This expression is different from eq.(1) with the presence of the unperturbed term of
0.2 and the 2nd term with @y of which amplitude is the same with the third term of 2oL, The
€q.(2) can be derived from the%fundamental formulation for PACY. There, the property of 3j
symbol, that gives the tmnsitio?n probability among 2I+1 magnetic sublevels, is used to show
only the terms N=(ma-mp)=0, =1, +2 survive to give the finite amplitude of Nw, frequency.
Since this probability is indepeindcnt of the value of I, we have only one precession frequency
with H=0 and only two with H=0 for any I. This is different from the quadrupole interaction
where the number of frequenc‘y increases with I. (For instance 3 for I=5/2, 6 for I=7/2). So



the magnetic interaction gives a much simpler spectrum than that of the quadrupole interaction
and will be quite useful for the PAD experiment where a high spin nuclear probe is utilized.

The purpose of the present work is to verify eq.(1) and (2) for 11In in Ni by
measuring PAC spectrum with and without the vertical external magnetic field. Although
Matthias et al have experimentally shown that eq.(2) is valid for 111In in Ni, they gave the
spectrum without extracting the precession term and also no comparison was made for the
case with the vertical magnetic field.

The other purpose of the present work is to find an optimum conditions to prepare a
Ni specimen with 111In by a diffusion method. For this purpose, the diffusion treatment was
performed at lower temperature than the reported ones*5) and subsequently the specimen was
annealed at higher temperatures stepwisely to find the temperature to give the maximum
amplitude in the PAC spectrum.

Experimental

A high purity polycrystalline Ni (99.995% by Johnson-Matthey Inc.,) specimen
(10x5%0.2mm?3) was annealed in 1 atm hydrogen atmosphere for 12 hrs at 400C with 400
uCi of dried 111InCl3 solution to diffuse 111In into the Ni bulk. After measuring the PAC
spectrum by a three detector system, the specimen was annealed in an UHV for 1.5hrs from
500C to 980C stepwisely. After the each annealing, the PAC spectrum was measured at RT
with and without the vertical magnetic field of 0.25T supplied by a pair of permanent magnet.
The spectrum was analyzed by a FFT program to obtain the power spectrum.

Results

Figure 1 shows the PAC time spectrum for Ni with the annealing temperature as a
parameter. The spectrum with and without the external magnetic field was measured for the
temperatures between 873K and 1250K. Figure 2 shows part of the corresponding Fourier
spectra for Figure 1. Figure 3 shows the amplitudes of the two components in Figure 2 as a
function of the annealing temperature.

Discussion
EFFECTS OF THE EXTERNAL MAGNETIC FIELD

From Figure 1 nd Figure 2 it is evident that two angular frequencies take place for the
case without magnetic field and only one for the case with the magnetic field. This result
agrees exactly with the theoretical prediction of eq.(1) and (2).

The close inspection of Figure 2, however, reveals that the value of 2wy, for the H=0
case is about 4% lower than that of the H=0 case. This is due to the fact that the hyperfine
field at the nucleus is reduced by the external magnetic ficld. Namely, the external magnetic

field H is subtractive from the hyperfine field B or similarly the sign of B is negative. From
the measured wy, for the H=0 case, the hyperfine field B can be determined as-6.34T with

45



knowing the nuclear g factor of 111y (111Cd)®). Indeed the ratio of the external field to the
hyperfine field, 0.25/6.34=4%, roughly agrees with the observed shift of 4% in the 200r, If
one can measure the shift as ai function of the magnitude of the external field H, one can
determine both g and B at the same time with an appropriate extrapolation method for H=0.

AMPLITUDE OF THE PRECESSION PATTERN

As seen from Figure 1 or Figure 3, the amplitude of the precession is qﬁite low right
after the diffusion treatment at 4POC. It grows with the annealing temperature and reaches to
a maximum at 600-700C and then gradually decays between 700 and 1000C.

The low amplitude at 4900 can be interpreted that only part of 111In diffuse into Ni
bulk as the substitutional impurity and the other part are still on the surface. Indeed Figure 3
as well as Figure 1 reveal that there exists a very low frequency component (10Mrads-1) at
400C or 500C. The site corresponding to this low frequency is not known at present.
Possibilities are:(1) 111In adsorbed at the surface or (2) 11'In in the InCl3 solution that has not
been reduced by the Hz annealing.

The maximum amplitud’ R for the H=0 case is 0.11 at 700C that is comparable with
the theoretical value of | bz | = E 132 . So most of 111In are at the Ni substitutional site at this
temperature. The remaining part of 0.132-0.11=0.022 should be in the other sites that do not
give unique precession frequencies, of which species are not known at present. Indeed
Figure 3 shows the magnitude of the a broad frequency distribution above and below 2wr,
increases with the annealing tcmpcrature

Practically, the above results suggest that 700C is the most appropriate temperature if
one wishes to prepare a Ni sour}ce specimen by a diffusion method. |

The present results shov;v the theoretical prediction of eq.(1) and (2) are quite valid
with respect to the effect of the external magnetic field (the vertical magnetization) for the case
of Ni.
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I. 12. PAC Spectroscopy of Fe and Fe Alloys by 111In Implanted
or Diffused

Hanada R.

Institute for Materials Research, Tohoku University,

Introduction

Although Mossbauer or NMR/ON spectroscopies have been used to investigate solid
- state of Fe or Fe alloys, the applications of PAC spectroscopy to them have been rather
scarce. Since PAC spectroscopy utilizes very dilute radioactive probes, studies of point
defects or impurities in Fe will be most suited subject by the method.

Since the technique of the ion implantation of PAC probe,111In, has been established
using ISOL at CYRIC, several research subjects by PAC spectroscopy by it are now in
progress, among which the part to investigate Fe and Fe alloys will be reported in the
followings.

The subjects are classified into 4 categories.

(1) PAC spectroscopy in pure Fe.  This experiment is aimed (i) to examine the magnetic
hyperfine interactions in Fe host as done in Ni and (ii) to find possible interactions with point
defects introduced during the implantation.

(2) PAC spectroscopy in interstitial impurities doped Fe. This is aimed to find possible
interactions with interstitial impurities, C, N, O. For this purpose, interstitial impurities, C,
N, O were implanted to Fe specimens first and subsequently the PAC probe 111In was
implanted for spectroscopy.

(3) PAC spectroscopy in substitutional impurities doped Fe. Fe-V and Fe-Si alloys
specimens were chosen for 111In implantation and PAC spectroscopy was performed. The
aim is the same with the case (2).

(4) PAC spectroscopy in pure Fe given by a diffusion treatment to prepare 111In PAC
specimen. This is (i) to compare the PAC spectrum with those prepared by the
implantation method and (ii) to compare with the results by others who have applied diffusion
methods to prepare the 111In specimens.

Experimental
Details of the specimens investigated in the present are summarized in Table 1. Some



specimens were given an etching treatment using a chemical solution [HF(20), H202(400),
H20(50)] to remove the surface layer until a metallic luster was obtained.

All specimens except Fei(diff) were implanted by 40keV 111In with using ISOL and
PAC spectrum was measured a}t RT without the external magnetic field. Also an isochronal
annealing schedule (100K step, 0.5-1hr, 10-7 Torr UHV) was given to each specimen and the
spectrum was measured after each annealing. The purpose of the annealing is (1) to anneal
out the radiation damage due td implantation and (2) to make impurities to diffuse or point
defects to form a pair with 11y, Inthe present runs, no intermediate annealing was given to
specimens between the impurities (C, N ,0) implantation and 111In implantation.

The diffusion treatment for Fe(diff.) is exactly the same with that for Ni described in a
paper in this volume and also an isochronal annealing was given up to 700C.

Results and discussion
PURE Fe

Figure 1 shows the PAC spectrum for a pure Fe specimen(JM) implanted by 40keV
1I1[n, Although small in magnitude, a modulation pattern, of which period is 11.2nsec, is
present at annealing temperatures upto 600C. Since the spectrum measurement was
performed without the external magnetic field, there should be two frequencies wr, and 2wy,

according to theoretical treatments for magnetic hyperfine interactions. Such theoretical
results have been proved to be valid by experiments, one of which is reported in a paper in
this volume for Ni. A Fourier analysis of Figure 1 however, shows only one frequency of
560Mrads-1 which should be oL and not 2w;. As shown by the Ni result, PAC spectrum
should show a small 2wy, rotation component (5.6nsec) between those of the wy, component
(11.2nsec) for the Fe case without magnetic field. Unfortunately this 2wy, component is not
resolved in the present PAC spectrum of Figure 1. This is probably because of the small
amplitude of the modulation pattern and also by the rough time scale (80nsec/60channel) used
in the present . Indeed such 2wy, term has been observed in Refs.1 and 2 for the Fe spectrum
without the external magnetic field.

The hyperfine field B at f“lln nuclei in Fe substitutional site is determined as-39 T by
the measured value of wg, with the relation wy=-guB/h. Here a tabulated value of g=(u/I) is
used?. |

|
To examine the possiblc‘ interactions with point defects introduced by the implantation,

the spectrum in Figure 1 is Fouﬁer analyzed to look for the defects component. However, a

clear component is only that of ‘Ulln at the substitutional site (S-site,y=560Mrads™!) and no
other clear component was resolved for all annealing temperatures. However, the magnitude
of the S component is depcndeﬁt on the annealing temperature as shown in Figure 2 together
with those of other specimens. As shown in Figure 2, the magnitude is highest for pure Fe
among all specimens and shows a broad maximum at 200-400C. This shows that part of

1111n in the S site without trapping any defects or impurities is highest for pure Fe and also
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some recovery to perfect crystal takes place between RT and 400C. Also shown in Figure 2,
the S component decays to almost null between 600 and 700C. This shows 111In atoms
diffuse a'long distance at this temperatures and reach to some sites other than S-site.
Although several components are present after the annealing at 700C where the S-component
is completely lost, the reproducibility must be examined before going into discussing the
nature of them. The diffusion coefficients of S impurities in Fe have been measured to be in
the range of 10-14-10-15cm?2 s-! between 600C and 700C. If this value is used for 111In in
Fe, the diffusion distance ¥ Dt is about 200A in the present 1hr annealing and hence 11In
should reach to the surface, grain boundaries and impurities, which leads to the observed
loss of the S-component. Indeed some evaporation of 111In from the specimens was noticed
at 600-700C annealing. This leads to a radioactivity loss at these temperatures and results in a
low counting rate after the annealing.

INTERSTITIAL IMPURIRITIES IMPLANTED Fe

The PAC spectra in impurities (C, N, O) implanted Fe are almost the same with that of
Fe.Namely ,the only clear component is S-component although the magnitude is reduced.
Figure 2 also shows the annealing behavior of the S-component in the impurity implanted Fe.
The magnitude is almost half of that of pure Fe in specimens implanted by low (2x1014) or
intermediate (1015) doses C, N, O. It gradually grows to that of pure Fe up to 300C and
decays to null between 600 and 700C as in the case of pure Fe. If the dose becomes high
(5%1015 for C or O), the S-component is completely lost at all annealing temperatures
investigated. Unfortunately no clear component other than the S-component that can be
ascribed to 111In-Interstitial impurity pair has been observed so far in the present. This
suggests interstitial impurities has no attractive interaction with 111In and no unique hyperfine
field is present to give a modulation pattern with different period other than that of the S-
component. The gradual recovery to that of pure Fe up to 300C is probably due to the
precipitation of implanted impurities since C or N has been known to precipitate around this
temperature. The complete loss of the S component in specimens implanted to a high dose
shows the presence of interstitial impurities with the local concentration of several at. %
completely destroys the unique hyperfine field of the substitutional site.

ALLOYS WITH SUBSTITUTIONAL IMPURITIES

V and Si were chosen for the alloying elements since these elements are soluble to Fe
and so a complete solid solution (isolated substitutional impurities) is obtained. The PAC
spectra in the alloys, however, more or less are similar with those of the interstitial impurities
implanted Fe and only a reduced S-component has been observed. The magnitude of the S-
component is also shown in Figure 2. No component corresponding to 111In-V or 111In-Si
pair has been observed so far. This is different from Mossbauer spectroscopy results where
these alloying elements cause about 10% reduction in 37Fe hyperfine field and gives rise to
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clear satellites in the spectrum"‘)‘; The situation is the same for interstitial impurities which
cause about 20% reduction and also give rise to clear separated satellites in the Mossbauer
spectrum. The very dilute concentration of the PAC probe, and so each of them feels
different hyperfine field due tq imperfections in Fe lattice, might be responsible for the
difference. |

DIFFUSED Fe

Figure 3 shows the PAC spectrum for pure Fe where 111In is intended to diffuse into
the bulk. Although small in m?gnitudc, a modulation pattern is present up to 600C. The
period of 36 nsec is, however, is quite different from that of the S-component (11.2 nsec) in
the 111In implanted Fe. So the 111In to give the modulation pattern in Figure 3 should be in
different site from the S site iy the bulk to give Figure 1. The spectrum was measured
without the external magnetic field and a Fourier analysis reveals two components (wy, and
2wy ) are present in the spectrum. So the hyperfine interaction to give rise to the modulation is
magnetic and not quadrupolar. The conceivable sites are (1) 111In on the Fe surface. (2) 111In
in the grain boundaries. At present the author prefers to the case(1) since the specimen used
is almost a single crystal with small islands and so 111In is adsorbed at a unique site on the
surface that have a unique hype\"ﬁnc field, of which magnitude is about 1/3 of the S-site.

Several experiments to prepare the Fe source specimens by a diffusion method at
about 1000C have been reportqldl’z) and only the bulk S-component (11.2 nsec) has been
observed. The higher annealing temperature (1000C) than the present (700C) seems to be
necessary for 111In to diffuse into Fe bulk. Further experiments will be necessary to confirm
this. ;
The angular frequency for Figure 3 and the comresponding hyperfine field are
summarized in Table II togethcrf with those of pure S-sites in Fe, Ni and Co specimens. Ni
results are taken from a sepmaﬁc paper in this volume and Co result is not shown here but
obtained by the implantation mqthw by the present author.

!
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Table 1. Summary of Specimens for PAC Spectrum Measurement.

Fe * MRC poly 99.99(RRR=1500)
** M quasi-single 99.995
| Fe(diff.) JM(quasi-single) 400Cx12hrs in 1atm H, with InCl, |
Fe-V poly 4at.%(Melt)
Fe-Si single 6at.%(Melt)
Implantation ***] ocal Max.Conc.(TRIM)/at.%

Fe-O 2x1014/cm2, 15keV 0.09
1x1015/cm2, 15keV 0.45
6x10%5/cm?2, 15keV 2.7

Fe-C 1x10%5/cm?2, 16keV 0.35
6x1015/cm2, 16keV 2.1

Fe-N 4x1014/cm2, 20keV 0.17

*MRC:Materials Reserch Co. **JM:Johnson Matthey Inc.All the specimens were annealed at 800C before the
treatments.*** The local max.concentrations are estimated by TRIM code for Fe host.

Table 2. Summary of Hyperfine Field at 111In in Ferromagnetic Hosts.

Host Prep. Method Period/ns ,; /Mrads-1 B/T
Fe Implanted 11.2 560 -39
Fe Diffused 36.5 172 711.9
Ni Diffused 66.0 95.2 -6.34
Co Implanted 15.3 410 228.3

?: the sign is not determined.

R | MFe (40keV, !111n)

ot As lmpl, A

X —

b73K
MAMW\ANV—M\W\NMJ"“W"

A ccnn AN P A

IR .. s
»~mwwww’w\h\f\.‘vf»\"”\l ‘\.;’ﬁ""'\;'.;

1 I 1 I 1 I ]
0 50 100 150 200 250 300 330
DELAY, #/nsec

Fig. 1. PAC spectrum by 111In implanted to an Fe(JM) host.
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1. 13. Thermal Desorption Spectroscopy (TDS) Study of Rare
Gases Implanted to Pure Fe

Hanada R. and Saito S.

Institute for Materials Research, Tohoku University,

Introduction

Rare gases are practically insoluble to Fe and yet can be implanted if accelerated to
several 10keV by ISOL. This paper reports the result of TDS study of Ar and Kr implanted
to pure Fe with the energy between 20 and 60keV. The purpose of the experiment is to
examine the effect of the phase transformation on TDS of rare gases from Fe. Such an
example has been reported for Ar from Co. (1)

Fe has three phase transformations. Namely,!) Ferromagnetic to paramagnetic
transition at 768C(1041K). (2) bec (body centered cubic) phase (o-phase) to fcc (face
centered cubic) phase(y-phase) at 906C(1179K) and (3) fcc-phase(y-phase) to bee phase(d-
phase) at 1401C(1674K). In the present study, TDS was measured between RT and 1000C
to examine the effect of the transformations (1) and (2).

Experimental

Fe specimens are high purity (99.995%) polycrystalline foils(10x15x0.3 mm?) from
Johnson Matthey Inc. They were anmealed at 800C for 2 days in an UHV for the
recrystallization. Because of the long annealing time, the grains grow to 2-5mm in diameter.
Ar and Kr were implanted to them at RT using ISOL at CYRIC. The acceleration energies
were 20-60keV and the doses were between 1016-1017/cm2. The method of the TDS
measurement is exactly the same with those reported in ref. (2).

Result

Figure 1 shows the TDS for Kr implanted to Fe at 40keV with three different doses.
One prominent gas release is observed at 1000K for the specimens implanted above
4x10'6/cm? and the other at 1200K for all specimens. Similar results are obtained for Ar
implanted Fe and especially the TDS peak at 1200K has been observed all specimens

investigated.
These results clearly show a prominent rare gas release takes place at or right after the
phase transformation (2), namely, at the a.-y phase transformation.
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Discussion

First let us discuss the site of the implanted rare gases in Fe lattice. Since rare gases
have much larger atomic sizes( ] Ne'3 20,Ar:3.82 ,Kr:4.0 and Xe:4.40A)3) than the interstitial
sites of bce Fe lattice (the o-(octahedral) site:0.19 and the t- (tetrahedral) site:0.36A) or fcc Fe
lattice(the o-site :0.28 and the t-sxtc :0.52A)9, it is very unlikely that they can stay at these
sites as interstitial impurities. Sp even when they happen to land on these interstitial sites after
the implantation, they should cfpange the site to the substitutional site either by pushing out the
Fe atom or by finding a lattioe% vacancy and sitting in it. Although the energetics of these
processes will be a subject oq further considerations, it is usually found in the hyperfine
interactions studies that the implanted heavy ions are found at the substitutional site. So let us
assume that the implanted Ar or Kr are at the substitutional site.

The first possibility to explain the observed gas release at the phase transition will be
the different diffusion ooefficiqnts in the different phases. Namely, the diffusion coefficient
in the fcc phase (Y-phase) is h%gher than that of the bcc phase(o-phase) so as the immobile
rare gases in the bee phase start to migrate when the host bec lattice changes the structure to
the fcc structure. However this model does not apply to the substitutional impurities in Fe.
Pmpilcd data in Fe reveals that the diffusion coefficients in the
fcc phase is 2 order of magnitude smaller than that of the bce phase for all substitutional
impurities investigated®). So iﬁmis rule applies to the rare gas atoms in Fe, we cannot ascribe
the observed gas release up¢n the phase tramsition to the difference in the diffusion
coefficient. |

The second possibility is to ascribe it to a short circuit diffusion (The faster diffusion
that takes place in the paths other than the bulk ,for instance, along the grain boundaries or the
dislocations)®). Namely, it is usually found that a high density of dislocations are formed
during the phase transformation, for instance, in the martensitic phase transformations in the
alloyed steels. The cause of the dislocation production has been known as to relieve the
internal stress caused by the different unit cell volume in the different phase, that can be
imagined easily by the Kurdjun?ov-Sachs relation for bec to foc transition”).  If this applies to
the present case, a high density of dislocations is formed at the phase transition temperature
and the rare gas atoms diffuse ;along the dislocation lines (a pipe diffusion, one mechanism of
a short circuit diffusion) to be rpleased from the surface. One difficulty of this model is that
whether a high density of dislocations is formed during the slow warming up rate (20K/min)
as in the present and also if formed they may be annealed out instantaneously because of the
high temperature (1200K) whe'fc the release takes place.

The other mechanism of the short circuit diffusion is the grain boundary diffusion. If
the oy phase transition is caused by the nucleation and growth mechanism ( the production
of the small ¥ nuclei in o matrix and the subsequent growth that results in the y bulk), new
grain boundaries are formed in the y phase. So rare gas atoms diffuse along the new grain

Namely, the inspection of the ¢

boundaries. As has been known from the diffusion experiments, grain boundaries as well as
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dislocations have been known as a path for a short circuit diffusion. One difficulty of this
model is then why no grain boundary diffusion takes place in the & phase up to 1200K.

Several possibilities above are based on the assumption that the implanted rare gases
are present in the Fe lattice more or less as an isolated solute. However as has been discussed
in ref.?), the implantation dose is high in the present and the local rare gases -atom
concentration becomes quite high as to form gas bubbles. Also a channeling study bf Kr
implanted to Al has revealed that an ordered compound of Kr is formed in the Al lattioes). If
these are the case for the rare gases in Fe, the interaction of the gas bubble or the comlﬁound
with the stress or the structure change due to the phase transformation must be examined that
is the beyond the scope of the present paper. |

Technologically, the sudden gas release from the structure materials at the phase
transformation temperature might be hazardous in a fusion or fission reactor operation and the
methods of the protection must be found.

Further experimental works are now in progress.
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I. 14. Development of an Imaging Plate Radiation Detector

Takebe M., Abe K., Souda M., Satoh Y., and Kondo Y. *

Department of Nuclear Engineering, Tohoku University*

The imaging plate is a reusable storage phosphor film, formed with a large area of thin
plastic plate coated with photo-stimulable phosphor (e.g. BaFBr:Eu2*)1), which is sensitive to
nuclear particle radiations as well as X-rays and energetic electrons and now widely used in
various fields.

The latent images caused by irradiation of the imaging plate are usually read out by
measuring the Eu?* luminescence at about 390 nm stimulated by 633 nm light of a He-Ne
laser scanner, and are reconstructed as two-dimensional dot images on a computer's display.

The imaging plate has many striking performances of radiation detection, such as a
simple usage, a high position resolution (25-100 um), a large detection area, a high detection
sensitivity with good signal-to-noise ratio, long time dose accumulation, good dose linearity,
extremely wide dynamic range of dose and easy erasing for reuse. In addition to these, we
have reported previously that the imaging plate has a feature of good particle discrimination in
itself, which is performed using two or more stimulation lights?). |

As to the particle energy measurement with the imaging plate, two techniques have
been proposed which are based on the absorber method34). No feature of energy
determination in the imaging plate itself was expected there.

It has been widely conceived that the imaging plate itself can offer no information of
incident particle energy, which comes from its character of two-dimensional optoelectronic
film, usually formed of thin mono-layer phosphor, and read out by the aid of only superficial
scanning with stimulation light. However, while re-examining optical properties of the
imaging plate as to establishing particle discrimination for various nuclear particles of various
energies, we found that the imaging plate has also a full potential ability to determine the
incident particle energies with no additional means, keeping all the high performances of the
imaging plate intact. Moreover, the range of the energy covered by the method is wide and
the energy resolution is good, the reason of which is not yet clear. This energy determination
is quite similar to the particle identification reported previously except that photo-bleaching is
not applied in this method?. ‘

The experimental procedures were as follows: 1] specimen: pieces of imaging plate
of 10 mmx20 mm in size were cut out from a BAS3000-UR imaging plate (Fuji Photo Film
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Co. Ltd.). The imaging plate' was composed of 135 pwm thick photo-stimulable phosphor
layer of BaFBr:Eu2* on a 230 ﬁm thick supporting substrate and a 10 pum thick polymer film
covering the surface of the phosphor layer for protection; 2] measurements of stimulation
spectra: A light from a; 50-W halogen lamp was dispersed by a grating
monochrometer(JASCO CT-50) and was focused on the piece of imaging plate at an incident
angle of 60° through a glass filter (Toshiba Y-45), but finally the light was a little diffused to
elliptical shape of 4 mmx5 mm in shape at the imaging plate in order to reduce the surface
light intensity for the convenience of multiple readout in the present. The photo-stimulated
luminescence (PSL) was observed at a right angle with respect to the surface through an
interference filter (IF-400, Vacuum Optics Corporation of Japan) which passes light of 390-
410 nm full width at half maximum. The intensity of the luminescence was monitored with a
Hamamatsu R955 photomultip;licr. The output current of the photomultiplier was recorded in
an NEC-9801 computer through an 16-bit A/D converter as a function of the wavelength of
the stimulating monochromatic light. The intensity of the stimulating light was reduced by
ND-filters to the extent that the readout fading of the PSL center was negligible (less than 1%
by one scan). One measurement scan over the range of 440-750 nm of stimulation lights took
310 seconds at the rate of 1 sec‘/ 1 nm. All measurements and irradiations were carried out at
room temperature; 3] irradiati{)ns: The used proton beam was prepared by a dynamitron of
FNL (Fast Neutron Laborato ‘ ), the alpha beam by a cyclotron of CYRIC (Cyclotron and
Radioisotope Center) and th‘c clectron beam by JEM-2000EXII transmission electron
microscope of High Voltage Electron Microscope Laboratory, which facilities are all in our
university. The proton irradizﬁtions were done perpendicularly on the pieces of the imaging
plate covered with 8.2 um th‘ick aluminjium foil in a vacuum scattering chamber through
Rutherford scattering method that was useful to defocussing and spreading the protons on the
imaging plates and to easy bez%m handling and background rejection. A scatterer of 0.2 pum
thick gold foil was set at the c(;:nter of the chamber at a right angle to the proton beam. The
imaging plates were put at 153 mm away from the scatterer with the scattering angle of 5.5
and the number of incident p}rotons was measured through a silicon solid state detector,
located 98 mm far from the gofd foil, with an angle of 165". The number of incident protons
on the imaging plates were 2.2}x 10° - 2.8x10° protons/cm? and the irradiation times were 1-
17 minutes for proton energiesiof 3.2-1.5 MeV. The alpha measurement was done in air with
the imaging plates covered witl;1 10 pm thick aluminium foil at the course 1 of CYRIC and the
electron one in vacuum chamber without wrapping. The imaging plates had been left in dark
for initial 18 hours after each iirradiation in order to avoid afterglow following the erasing
and/or the irradiation, short time thermal fading, possible energy-dependent fading and the

effect of difference of the cnergy-dcpendcnt irradiation times.
Figure 1 shows a PSL stimulation spectra made of the proton measurements and

preliminary measurements of alpha and electron irradiations, normalized at 500 nm in order to
show the clear relative variations around 600 nm. Figure 2 shows the ratios of PSL
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intensities of 600 nm to those of 500 nm versus the incident proton energies. A direct
relationship between the PSL ratio and the energy is evident. The deviations from the straight
line in the figure were within a few percent. The reason why the imaging plate can offer the
particle energy determination in itself is not clear, even if the path length of the particle and/or
the sharp rise of Bragg curve at the particle ending may be relevant to the evidence. Taking
into account that the spatial resolution of the imaging plate is, at most, 50-25 um and the path
length of 3.2 MeV protons is about 80 pm after passing both the wrapping aluminium foil and
the surface protection cover, the accuracy of 'a few percent deviation' appears unreasonably
good. From the figures the particle energy determination with the imaging plate may be
expected to be valid for alphas and electrons as well.

An alpha measurement of a wide range of energy was started by the cooperation with
Prof. A. Yamaya and his crew.

The authors are grateful to Prof. M. Fujioka and Prof. D. Shindo for the preliminary
alpha and electron irradiations, respectively.
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I. 15. On the Equivalent-Current Method for a Permanent-
Magnet Circuit

Fujioka M. and Honma T.

Cyclotron and Radioisotope Center, Tohoku University

In the course of an orbit study of extraction of accelerated negative ions converted into
positive ones by a suitably located stripper foil in our CYRIC cyclotron, we were led to a
conclusion that a compact steering dipole magnet is required, which from geometrical
restrictions must be manufactured using a permanent-magnet circuit (PMD)1). A model
magnet was actually designed and constructed, and the details of its performance studied?.
In the numerical part of this study we utilized the equivalent-current method of a permanent
magnet having a uniform magnetization Mp, In the following we summarize a derivation of
this method for convenience.

For a steady-state magnetics we start from:

rotB=rot M+ g, i, » ¢))

where Tc is the convection-current density and M is the magnetization of the component

permanent magnets. The vector potential is then obtained as
A@) =(1/47) j [Got M+ 1, T/ 1F - Fllav' . | @)
Here ' signifies that the relevant quantities are to be evaluated at T

We then consider a permanent magnet having a uniform magnetization M =M in the
absence of the convection current. Then from eq.(2) we have

A@) =(1/4n) f (ot My /17— T1lav'. e

Eq.(3) is transformed as

f [rot M' /17 - T1]dv' = f [(rot (M /1T — 1) + M' X grad ‘(1 / I£ = F)1dv" . (4)
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We denote the boundary surface of the magnet in question by S, and further consider
two surfaces S; just inside and 8’2 just outside the S, respectively, S; and S; being apart by €.
Then, eq.(4) can be written as

|
f [rot M'/Ir — T'l}dv' = f [rot' (M' /It — T'l) + M x grad '(1/ It = T')]dv". (5)

V2
Here, the equality holds because inside S; rot M '=rot ﬁo = 0, and the second part of

the right hand side vanishes when € — 0: V2 is the volume between S; and Sa.
Here we are reminded of the "second form" of the Gauss's formula of vector analysis:

Lrot'f'dv=j;ﬂxfdo. ©6)

|
We apply this to the region Vi Petween Sjand Sy:

AG) =(1/47) f rot (' /I — F)dv' = J' XM/t - Tlde
Viz ! 5145
Noting that the integral over S; ;vanishes because M '=0, and comparing with eq.(2) we get

-

A@) =(1/4x) f (Moleq' /I =TV =—(1/47) f ' xM, it — r'ldv',

the minus sign comming from jthe convention of the outward unit normal vector for i. Thus
we finally obtain the equivalen§¥cumnt density on the surface of the magnet as

)

T W Mx350

Because the equivalent current is of a surface density we put a delta function in the direction
of 1 at the boundary surface.

We acknowledge Dr. Shinozuka for discussions.
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I. 16. Measurement of Torque Working on the
Permanent-Magnet Dipole

Honma T., Fujioka M., Matsumoto N.* and Shinozuka T.

Cyclotron and Radioisotope Center, Tohoku University
Tokin Corporation *

Introduction

A proto-type permanent-magnet dipole(PMD)!) with adjustable field strength and
polarity has been designed and constructed.Since the magnetic properties of the PMD were
described in the previous reports!.2), in the present report we deal with the torque working on
the PMD.

A set of three permanent-magnet rods is arranged inside the return yoke. The two sets
are driven through worm-gear systems; they are rotated in the opposite direction to each other
by a single-phase induction motor. Advantages of the worm-gear system employed for the
PMD are to give a large gear-ratio even in a small space, and to keep the system rest when the
motor is switched off. The total gear-ratio of 400 to rotate the rods by two sets of worm-gear
systems having a gear-ratio of 20 was adopted. Main parameters of the worm-gear system
are listed in Table 1.

To estimate the total torque T working on the six permanent-magnet rods the total
magnetic energy stored in the PMD was calculated for various rotation angle 6 of the rods.
If we consider a small change of 8 the magnitude of the torque T is given by (Note that the
differentiation below must be made for 6 in radian).

T = - w , (1)
dé : :
where W(PMD) is the total magnetic energy as a function of 6 .
The code PANDIRA, however, can not calculate this energy for a permanent-magnet
problem, so that we calculated the energy using the method of equivalent-cutrrent3) applied to

the code POISSON in the following way?).

(PMD) = W(POI)+[f£2Q(ﬁin)2 dV-I

in in

1_(B,
g (Baf dV] PAN), @
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where Hi, (PAN) is the magnetic field in the rod calculated from Bj, (PAN) for various 6
using the relation of B’in = Yy I_fm +M ,and [ denotes integration within the six magnet rods.
In Figure 1 both W(PMD) and W(POI) are plotted together with the torque T calculated by
numerical differentiation of the former according to eq. (2). The dependence on 6 of both
and W(PMD) and W(POI) are seen to be well described by a function W(8)=a+b - cos26 .

is thus predicted to be T¢a (max)=46 N. m at 6 =+45 deg.

Also, the maximum value of |71

Measurement of torque

We measured torque wbrking on the drive shaft. When measuring the torque, the
drive shaft is released from the jcoupling. A simple method was applied to measure the torque
as follows.

1(r.
Fm—' 2-(Fl F2)$ | (3)

where F is the force in a dir¢tion of increasing magnetic field and F; is the force in the
direction opposite to F; ; then}Fm should be the net amount of force working on the drive
shaft due to the magnets. Fron"# such measurements of F; and F, using a spring balance the
torque Tpg working on the drive shaft is derived as

Tps= -Fn ¢, | 4

where £ (=1 m) is the distance between the axis of the drive shaft and the measuring point of
the forces F; and F;. Differenf‘:es AF= (F,-F,) are plotted in Figure 2 for the various angles
0

In order to compare the measured values of T with those of design calculation (Figure
1) we have to consider the ef! fect of mechanical transmission efficiency n of one set of the
worm gear system, which is given4.5) by

_ tany.(1+f tany.)
© tany+f

, )

where f =x/cos o, y=3° 35'and o,=20° are lead angle and pressure angle of the worm-
gear system, respectively(see 1p Table 1), and « is the coefficient of sliding friction between
the worm and the worm wheelT1 As can be seen in eq.(5) the efficiency is affected remarkably
by the value of ¥ In the case of the worm (made of steel) and the worm wheel (made of
AIBC-2; aluminum bronze cas‘ﬁng) rubbed together with lubricating oil the coefficient x is
estimated in the range of 0.04 to 0.074.5). Suppose that we have a value of ¥=0.055 as the
middle value of this range. Then from eq.(5) we have 7n=52%. Therefore, the maximum
(through negative by definition) measured torque due to the six magnets Teas(max)= Tyeas(0

|
=45°) is derived as follows (Fi‘gure 2).
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% AF(A45°) xEx2xm
= % x 62.3 gw x Im x 202 x 0.522= 3.4 kgwm =33 N.m.

Considering the expected scatter of the value of x, the agreement between experimental and
theoretical values of the torque can be said to be good.
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Table 1. Parameters of worm and worm wheel®).

Worm
Type ; WI1SUR+B and W1SUL1+B
Material ; SUS304
Module ; m=1mm
Pressure angle ; o = 20°
Lead angle ; y=3°3%
Pitch diameter ; di=16 mm
Number of thread ; Za=1
Worm wheel
Type ; G1A20R1+6 and G1A20L1
Material ; Aluminum bronze castings
Gear ratio ; i=20
Number of teeth ; 22 =20
Pitch diameter ; d2 =20 mm
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broken curve. Note that differentiation of T be made
with respect to @ in radian. :

68

Rotation Angle of Permanent-magnet rods ; 9 [deg.]

Fig. 2. Diference of the force AF(see the text)
=F, - F, measured at various rotation angles 6
are indicated by solid circles. The curveisa
least-squares fit to the data as AF=a+b.sin 2 6.



... CYRIC Annual Report 1994

I 17. ‘Development of a Negative Ion Source for Uhstab_lg_, o
‘Nuclear Beams -

Kanai Y., Shinozuka T.*, MoriY. **, Fujita M. *** Watanabe A. *** Kohda T.*,
Shinto K. **** Takagi A.*****, Yoshii M.****¥ Fujioka M. *, and Kotajima K.

Department of Nuclear Engineering, Tohoku University
CYRIC, Tohoku University*
Institute for Nuclear Study, University of Tokyo™™
Department of Physics, Tohoku University ex
Graduate University for Advanced Studies™™**
National Laboratory for High Energy Physics (KEK)

skeafeokok ok

A negative heavy ion source for unstable nuclear beams is under development on the
basis of new concepts to ionize negatively radioactive isotopes. The radioactive nuclei
61Cu(T1/2 = 3.4 hrs ) have been ionized negatively with high efficiency and mass-separated
by an EMIS (Electro-magnetic Isotope Separator ). The negative ionization of the radioactive
metal species is the first result in the Isotope Separator On-Line experiments.

There is presently a strong and world-wide interests in the physics which can be
studied with radioactive beams. Proposals for RIB( Radioactive Ion Beam ) facilities have
been put forward in various countries, which are in the various stages of completion. Among
the types for RIB facilities the ISOL-type RIB is considered as one of the substantial methods
to obtain a highly qualified beam property.

The most crucial part in the R&D ( Research and Development) tasks for an ISOL-type
RIB facility is on the ion source development. Most works are presently devoted to obtain
intense radioactive positive ions. On the other hand, there are few ion sources to obtain the
radioactive negative ions, and especially no ion source for negative ionization of radioactive
metal species.

We shortly report the ion source development for negative ionization of radioactive
species.

The basic design concept for negative ionization is of the plasma sputtering type ion
source, which has been developed for high intense negative ion source of stable metal
species, copper and gold and so on, at Berkeley, Los Alamos and KEKY). This ion source is
nicknamed the BLAKE negative ion source. In this ion source, negative ions of stable
elements are produced at the metal surface of the converter block which is placed in a Xe
plasma confined by a cusp magnetic field generated with Sm-Co permanent magnets. The
metal surface is covered with a thin Cs layer (several atomic layers), which is always supplied
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with a temperature controlled Cs reservoir. This ion source has proved to give more than 10
mA of Cu- and Au- ion beams. The details of this ion source is described in ref. 1.

The application of the BLAKE ijon source to an ISOL was programmed in the
following steps. *

1. Preparations for negative ion acceleration at CYRIC ISOL ( power supplies and a control

system ).

2. Check of the ionization efficiency by the negatively ionized radioactivities.

3. On-line extraction of negatively ionized radioactive nuclides, which are produced by the
cyclotron beam. The radioactivity is:

* directly produced at the sputtering surface, or,

» produced at the thick-target oven and transferred to the sputtering surface by

evaporation.

All of the power supplies are now equipped for negative ion acceleration, and they are
fully computer-controlled by an optical-GPIB system. Interactive operations and monitoring
are realized by the software Lab-VIEW?) on the IBM-PC.

The efficiency of negative ion formation and extraction has been measured by the
radioactivity 81Cu( T1/2 = 3.4 hrs ), which was produced in the Ni-converter by the
58Ni( @ ,p)%1Cu reaction. During a sputtering process in the plasma, both stable Ni isotopes
and %!Cu radioactive isotope are negatively ionized on the surface of the converter. Two
aluminum collection foils are placed just behind the extraction from ion source and behind the
magnet for mass-separation, respectively. Four data sets for radioactivity of 6!Cu were
obtained by a HP(Ge) y-detector; the two sets are the radioactivities of 6/Cu in the converter
before and after ion source operation, and the other 2 sets are the radioactivities on the foil
behind the extraction and on the foil behind the magnet for mass-separation.

The existence of the radioactivity on the foil after mass-separation shows that the
negative ionization has really been realized for Cu radioactivity on the surface of the Ni
converter in the ion source. The resulting efficiencies for negative ionization are 2.3 % after
extraction and 0.12 % after mass-separation, respectively.

The efficiency for the former is rather competitive in the comparison with the other
positive ion sources for metals, but the efficiency for the latter indicates the necessity of
improving the ion-optics of our ISOL system. It seems that the space-charge effect has
deteriorated the beam transport efficiency, since the stable Ni beam is nearly 1 mA intense just
behind the extraction from the ion source. The magnetic quadrupole focusing system are now
designed in stead of the einzel lens system for beam transport line behind the extraction
region.

The on-line experiment for short half-life radioactivity 38Cu( Tiz = 3.2 s ) is also
presently under progress.
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Introduction

The Au-Si surface barrier nuclear detectors have shown good performance for the
charged particle detection. However, radiation damage in the semiconductor detector is
serious problems because of the effect of carrier trapping with deep levels14).

The purpose of this report is to investigate the irradiation effects of the detectors
bombarded by 10 MeV a-rays. Degradation characteristics are studied by I-V(current-
voltage), C-V(capacitance-voltage), radiation counting response and DLTS*)(deep level
transient spectroscopy) measurements.

Experimental

The Au-Si surface barrier nuclear detectors used in this study were fabricated from
phosphorus doped n-type Si wéfcr with a resistivity of about 2 k2-cm and thickness of 400
pm. After removing the oxidized layer of the one side of the Si specimens(9 mm¢), in order
to make the rear ohmic contact, the aluminum spattering was carried out. The front surface
barrier contact was formed by the evaporation of gold.

The detectors were irradiated with o.-rays by using the Tohoku University Cyclotron.

The irradiations with the 10 MeV a-rays were carried out perpendicularly on the Au surface
|

side of the detector in the vacuum chamber at room temperature. The irradiation doses were
up to 5.5x101%n/cm?. |

In order to study the; irradiation effects on the detectors, the reverse current,

capacitance, counting response to 241 Am o.-rays(5.48 MeV) and DLTS were measured before

and after irradiation. The DLTS is a capacitance transient thermal scanning method at high

. frequency(1 MHz) and is used to determine the energy levels of deep traps in semiconductors.

Results and Discussion
In the I-V measurements, it was observed that the reverse currents increased after
irradiation and with increasing of the a-ray irradiation doses. It is thought that the increasing
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of the reverse cumrents is due to the carrier generation through the irradiation defect-states
introduced in the depletion layer of the detector.

Figure 1 shows the C-V characteristics before and after irradiation with the 10 MeV o.-
rays. As seen in this figure, when the bias voltage is over 10 volts, the C-V characteristics
after irradiation does not decrease in proportion as the bias voltage increases. This
phenomenon is thought as next. Since the depletion layer width of the detectors for the 10 V
bias corresponds to the range(70 um) of the 10 MeV a.-rays in the Si and the induced defect
density is condensed in this region as shown by the profile of the Rutherford scattering cross
section, the depletion layer does not increase, and consequently, the capacitance does not
decrease even if the bias voltage increases.

Counting response of the detector to 241Am a-particles at 20 V bias is shown in
Figure 2, before and after irradiation. After irradiation with the a-ray fluxes of
5.5%101%/cm?, the spectrum is markedly degraded. Small peaks at 5.44 MeV and 5.39 MeV
disappear, and the peak position shifts toward the lower channel numbers. The full width at
half maximum(FWHM) of the spectrum before irradiation is 26.2 keV, but after irradiation,
FWHM becomes 78.4 keV. As this reason, it is thought that the carrier collection efficiency
became degraded due to the trapping centers which were introduced by irradiations.

From the DLTS measurements, two energy levels are observed. The energies of two
levels are estimated as 0.38 eV and 0.52 eV to the conduction band, respectively. It is
thought that the 0.38 eV and 0.52 eV level are the states due to the divacancy and the
interaction between divacancy and oxygen, respectively.
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I. 19. The Influence of Helium on High Temperature Strength of
Fe-15Cr-20Ni Austenitic Stainless Steel for Fast Reactor
Applications

Hasegawa A., Abe K., Satou M., Kudoh Y., Briyatmoko B., and Masuda N.

Faculty of Engineering, Tohoku University

Introduction :

Type 316 austenitic stainless steels have been used for fuel cladding materials of fast
breeder reactor such as Monju, a Japanese prototype fast breeder reactor. Maximum
irradiation damage of cladding material in Monju will be about 115dpa and maximum
temperature is 773K%. In a future power reactor, total amount of damage will be higher than
150dpa and helium contents will be higher than about 200appm?), therefore, further
improvement of void swelling resistance, creep strength, high temperature strength and
corrosion resistance will be required. The PNC1520, which is a Fe-15Cr-20Ni base alloy, is
one of the candidate alloys for the power reactor?).

The purpose of this work is to study the helium effect on high temperature tensile
behavior of Fe-15Cr-20Ni model alloy from the stand point of view of basic study to apply
the alloy development by clarifying temperature dependence of tensile behavior of solution
annealed specimen.

Experimental

The chemical compositions of Fe-15Cr-20Ni austenitic stainless steel is given in table
1. The Fe-15Cr-20Ni alloy was supplied by PNC (Power Reactor and Nuclear Fuel
Development Corporation). The specimens were annealed at 1293K for 120sec in avacuum-
shield quartz tube for solution annealed treatment.

Helium implantation was carried out using 36MeV helium ion beam of the cyclotron
in CYRIC. A tandem-type energy degrader system was used to obtain uniform helium
distribution along the implanted direction. The total amount of helium in a specimen was
evaluated to be approximately 100appm for 12h irradiation and the level of displacement
damage was 0.04dpa. The He concentrations of 5 and 30appm specimens were also
prepared. Maximum specimen temperature during the implantation was kept below 429K.

After implantation, tensile tests were conducted from room temperature to 1123K in a
vacuum furnace (1x10-4Pa) with an Instron-type testing machine. Fracture surfaces of
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ruptured specimen were examined in a scanning electron microscope(SEM). The detail of the
experimental condition has been described elsewhere?).

Results , . . - : :

Results of 0.2% proof stress (yield stress:0y) of unimplanted and helium implanted
specimens are shown in figure 1. Yield stress increase by the 100appm helium implantation
is observed at room temperature and the Oy decreased with increasing test temperature but it
did not fully recover even at 1123K. Figure 2 shows temperature dependence of total
elongation of helium implanted and unimplanted specimens. Reduction of total elongation by
helium implantation is observed at all test temperatures, but remarkable decrease of elongation
is observed above 723K. Temperature dependence of uniform elongation is almost the same
as that of total elongation.

Figure 3-a shows fractograph of the 100appm helium implanted specimen tested at
698K. Fracture mode of figure 3-a is transgranular mode and it shows ductile behavior.
Fracture mode of unimplanted specimen was transgranular and had large reduction-of- area at
all the test conditions. Figure 3-b shows the fractograph of 100appm helium implanted
specimen tested at 923K. Fracture mode of Figure 3-b is intergranular mode. It is a typical
fractograph of brittle specimen. !Intergranular fracture surface was observed in the implanted
specimen tested above 723K. The results show that significant reduction of elongation above
723K is caused by the grain boundary fracture. Therefore, the fraction of grain boundary
fracture surface to the total fracture surface can be considered a indication of the extent of
helium embrittlement under each testing conditions34).

Figure 4 shows the relationship between fraction of intergranular fracture and helium
concentration at various temperatures. It shows the helium embrittlement strongly depends on
helium concentration and tcsting temperature. The results and estimation method -of this work
will contribute to estimate the effects of alloying elements or heat treatment on suppression of
helium embrittlement.
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Table 1. Chemical compositions of Fe-15Cr-20Ni (wt%).

Cr Ni C - N 0 Si P
15.02 | 20.17 | 0.006 {0.0017} 0.009 [<0.005]0.0009
S Mn Al Co Cu Fe
0.002 |<0.001| 0.002 | 0.003 [<0.001| bal. (Wt%)
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Fig. 1. Helium effects on proof stress.
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(a) tensile tested at 698K (b) tensile tested at 923K.

Fig. 3. SEM micrographs of 100appm He implanted and tensile tested specimens.
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Introduction

By the use of crystal blocks?), Positron Emission Tomography (PET) has been much
improved?3) in the space resolution and the range of axial view. PETs with a wide axial
view of 15~20cm have recently been developed for 3 dimensional data acquisition (:volume
measurement of positron Y rays).

Anew PET system (Shimadzu SET 2400W), which has the axial view of 20cm and
32 slices was recently installed in Cyclotron and Radioisotope Center. In addition to 2
dimensional data acquisition, 3 dimensional data acquisition can be performed with this
system(:3D PET). Using the 3 dimensional data, we can obtain a volume image by a
technique of 3 dimensional image reconstruction. The sensitivity of this method will be 5~10
times higher than that of a usual method (:2 dimensional deta acquisition)®). However,
corrections for the Compton scattering, detector efficiency and attenuation lie as troublesome
problems on 3D PET. Among them the comection for the Compton scattering is very
important for the quantitative analysis in PET study?). Up to the present, some methods for
this correction were proposed and examined but they were not satifactory. A novel technique
for this correction is now in progress at our institute. We studied the effect of the Compton
scattering in PET system and examined availability of our new technique.

Experimental
Figure 1 shows a coincidence circuit for the Compton scattering measurement. The
lower discri level of SCA(:Single Channel Analyser) was changed in accordance with

demmand, but the upper discri level was fixed to be 650 keV during the experiment. The
scattered Y rays were detected with two BaF; scintilators of 10mm diameter and 50mm

length, which can rotate about a central axis. A positron source of 22Na of 100 uCi was
placed on the center axis, and, as a y-ray scatterer, a water phantom of 20cm diameter and
25cm depth was used ( see Figure 2 (a) ). To measure the contribution of one detector, we
shielded one of the detectors with a lead collimator (see Figure 2 (b)). If a lead rod is placed
in front of a detector, normal coincidence measurements are prevented and the scattered



coincidence events are mainly d?tected. This is our idea to measure the scattered coincidence
events. We placed a lead rod of 10mm diameter and 20cm length at an edge of the phantom
(see Figure 2 (c)) to investigate an effect of this rod on the Compton scattering data.

Results and discussion

Figure 3 (a) shows the angular distributions of the Compton scattering in air and in the
phantom under the condition of Figure 2(a), where the lower discri level of SCA was 300keV
for each detectors. In this figure, we can see the contribution of the Compton scattering
spreading over wide angles ané it is approximately 1% of the total coincidence events for a
detector pair. However, this effect becomes remarkable because the contributions of the
Compton scattering from a whole of hot area are integrated over a LOR. For an example, the
hot area of Figure 2(a) is approximated to be 0.125 cm3 (=(0.5cm)?) from the detector size,
and the contribution of the Compton scattering for the hot area of 8cm? is estimated to be 60%
of the total coincidence events. | Figure 3 (b) shows the angular distributions as a function of
the lower discri level of SCA in a case of the phantom. The dashed line represents a simple

calculation for the Compton scattering. The agreement between the theory and the experiment
is very good in the region of forward angles and the contributions at large angles (>60°)
would be due to the Comptoﬁ scattering from bound electrons. If photons are scattered
mainly at the position of half ‘width of the phantom, the maximum scattering angles are
calculated to be 107.6°, 54.17 and 30.4° for the discri levels of 200keV, 300keV, and
400keV, respectively. The dependence on the discri levels in Figure 3 (b) is quite consistent
with this prediction. The expérimctal result obtained under the condition of Figure 2 (b) is
shown in Figure 3 (¢). Here, the discri level of SCA was 200keV. The Compton scattered
events in the region of scatterin‘g angle over 10° are reduced with the lead collimator, however
in the region of small angles tl?e coincidence events with the collimator are a little lager than
those without the collimator. This increase must be due to the conribution of the Compton
scattering in the lead collimator;, therefore the Compton scattering in crystal blocks should be
corrected in the PET system. ‘Figure 3 (d) shows a result obtained under the condition of
Figure 2 (c). The intensity of normal coincidence events is well reduced with the lead rod,
whereas that of the scattered coincidence events does not change. This is a very convenient
result for the measurement of the Compton scattering with our technique.

Summary

The Compton scattering has been studied on the PET system and it was pointed out
that the contribution of this effect is significant in the image of 3D PET. A technique for
measurement of the Compton scattering was examined and it is confirmed that this is a useful
technique for the correction of Compton scattering.
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Introduction

Recently, artificial neural network techniques have been developed and successfully
applied in the spectrum analysis in various fields. We have also proposed a analysis method
based on the linear associative neural network (LANN) technique for the high speed analysis
of the gamma-ray spectrum?-2). The principle of the LANN is very simple and calculation is
very fast. In this paper, the LANN technique is introduced as a new method for the PIXE
spectrum analysis; the method has high potential for the analysis in the on-line real-time
and/or automatic modes.

LANN Method

The principle of the LANN technique has been described elsewhere,2 but brief
explanation is given here. The LANN can realize the direct mapping of the observed pulse
height spectrum to elemental content of samples. Namely, the function of the network is the
linear transformation of an input vector x=[x;, .-... , Xn]» where T denotes the transposition
and x; is counts of channel i of the objective pulse height spectrum, to another space vector
y=[y1, ..., ym]T, where y; is the concentration of element j in the sample, as shown
schematically in Figure 1. The mapping is carried out just by multiplying the mxn weight
coefficients matrix W, whose elements are gained by the leaming phase of the network before
the analysis, to x as y=Wx. The values of the matrix elements of W are determined to
satisfy the condition: [[Y-WX[P=min.3-¥), where the nxm matrix X consists of x;j's, the
reference spectra of the each element j's, and the mxm matrix Y consists of output yj's
corresponding to xj's; for j=1, m, y; is usually taken as a unit vector y;j=[y1;=0,. ..., yjj=1,
.er» Ymj=0]T. Thus, Y is a unit matrix, and the matrix W turns out to be X*: the Moore-
Penrose pseudo-inverse matrix of X. The matrix elements of W are usually obtained by a
supervised learning method of the network called Widrow-Hoff?), or by a pure mathematical

algorism.
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Experimental .

| We conducted performance test of this method for two types of samples: the first ones
were mixed metal samples conjsisting of iron and nickel of various compositions, and the
other one was a thin SUS 316i sample. Here we show only the results for the SUS 316
sample. A sample of SUS316 Fmd pure metal samples of chromium, manganese, iron and
nickel, the principal elements of the SUS316 (a trace element copper not included) were
prepared by the evaporation method on Mylar films in vacuum. The experiment was carried
out in the PIXE course at Cyciotxon and Radioisotope Center, Tohoku University using a
proton beam of 3 MeV. We employed a graphite collimator of 3-mm diameter to limit the size
of the proton beam on the samples. The beam after passing through the samples stopped in a
Faraday cup at 3 m behind the sample position. A 100-pm Mylar absorber was inserted
between the sample and X-ray (j?etector to suppress the strong Bremsstrahlung continuum and
elastically scattered protons. ‘ X-rays emitted from the samples were observed by a
conventional type Si(Li) detector in the direction of 90 deg. with respect to the incident beam.
The pulse signals were malyicd by a 1024-ch PHA, and the data were stored in a bulk
memory of a micro-computer. We have measured a set of spectra for all alloys as well as the
single elemental samples, and a sample of backing film alone.

Spectrum Analysis

First, we constructed an LANN having 1024 input units and 5 output units
corresponding to the four principal elements of SUS316: Cr, Mn, Fe, and Ni, and Mylar
backing. The reference spectra 3f0r the network learning were made by subtracting the Mylar
data from each metal sample Qata after normalization by Coulomb numbers of the proton
beam bombarded. Here, we adetcd a conventional single-spectrum leaming method?: The
analysis of the objective spectTa from the Fe-Ni alloys and SUS316 were made just by
feeding those to the network. |

The output of the is compared to those of the peak fitting analysis using a
sophisticated code SAPIX>) as shown in Figure 2. Error bars for both results in the figures
are due to the statistical uncemLinties. The uncertainties for the network output dyj's were

evaluated by the following form‘ula as variance matrix,

} <dydyT>=W<dxdxT>WT,

where <.> denotes the ensemble average, dy=Wdx, and dyT=dxT™W7T. We adopted the
assumption of independence bejtwcen counts in each channel as follows,

<dxidxk>=(5xixk)1/ 28:x (Oix=1, if i=k; =0, otherwise).
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Both results are almost consistent for the Fe and Ni alloys. As for the SUS316, the
agreement is good except the manganese case ((1) of Figure 2 for SAPIX). In the manganese
case, the SAPIX result is not correct because the resulting Kp/Kq, value for manganese is far
from the data base value given in (Ref.6). In the network analysis, the Kp/Kq is in principle
assured because the both K, and Kg peaks were included in the experimental observed
reference spectrum used for the network learning. Figure 3 presents the comparison of the
constructed spectra using the output of the network and the reference spectra data with the
objective SUS spectrum. Excellent agreement is shown except the small discrepancy both in
the lower and higher tails of the Ni-Kg peak that correspond to the Ko and Kg peaks of
copper, respectively, not included in the reference spectra as mentioned above. The simple
use of the SAPIX code could not correctly resolve the overlapping of Cr-Kg and Mn-K,
peaks. These two peaks were too close with each other, and the separation problem was
quite ill-posed. Conversely using the data of Kg/K, for these elements, another result for Mn
could be obtained as SAPIX(2) (Figure 2), and is consistent with the network result. Such
additional information was necessary to resolve the ill-posedness. The present network
analysis is almost free of this kind of problem because the each reference spectrum includes
all X-ray peaks of a single element, not only peaks of K-X lines but also of L- and M-lines, if
observed; whereby the independence among the spectra for the different elements is very
high.

More detailed description on the present method and tests is given elsewhere?).
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Fig. 1 Structure of linear associative neural network for the spectral analysis. The symbol (O) represents a
unit of the network, and w;; is weight coefficient of unit j for i input value.
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Fig. 2 Comparison of the results for SUS 316 with those of the SAPIX code. See text for the two results
(1) and (2) of manganese. ‘
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I1. 1. Extraction Behavior of Technetiuni(Vll) in the Prilméry
Amine - Heptane - Aqueous (H, NH,)F Solution System

Ito K.

Institute for Advanced Materials Processing, Tohoku University

Technetium-99 is one of the fission products produced in a nuclear reactor and has a
very long half-1ife(210,000 y) and long B-activity decay chain. Primary amine extraction is
favorable for the separation of technetium from uranium in a nitric acid solution!.?) and in a
hydrofluoric acid solution3). The extraction behavior of technetium(Vl1l) in a primary amine
(Primene JMT) - heptane containing 1-octanol - aqueous fluoride solution system has been
studied for the purpose of obtaining enhanced extraction of Tc by the determination of
distribution ratios (Dr.) and of volume ratios (R) between the organic and aqueous phases,
and of pH.

The Primene JMT in heptane solution was mechanically shaken for 1 h at 25 °C with
an equal volume of aqueous solution containing 95MTcOy4-. After equilibration, the aqueous
and organic phases were separated by centrifugation, and portions of the two phases were
submitted to y-counting 95mTcO,- using a well-type Nal(T1) scintillation counter. From the
values, the distribution ratios were determined. The volume ratios were measured from the
total volumes of organic and aqueous phases after equilibration. The pH measurements were
carried out using a plastic strip derived from MACHERY -NAGEL Co. Ltd. Germany.

Changes of the distribution ratio of technetium(VIl) and of the volume ratio between
organic and ageous phases in the solvent extraction process are indicated in Figure 1-(a) as
functions of concentrations both of Primene JMT in heptane solution and of hydrofluoric acid
in 1M (H, NHg)F aqueous solution. The values of volume ratios remained nearly constant at
unity in the Primene JMT concentration region of below 0.26 M, however, the decrease of R
values corresponded to that of Dt values except in the case of 0.1M HF - 1M (H, NHy)F.
In the decreasing region of R and Dy, the reaction mixture produced a micelle, which
dissolved in the aqueous phase, increasing the aqeous phase volumes. When using 0.1M
HF, this third phase did not occur, however, the distribution ratios reached not more than 50
in the technetium extraction stages.

Replacement, in the organic phase, of single heptane by a mixed solvent of heptane
and 1-octanol, upgraded extraction performance in the case of 0.5M HF as shown in Figure
1-(b). Moreover the organic volume reveals a swelling of the organic phase, indicating the
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increase of R values as shown m Figure 1-(b). The swelling of the organic phase indicates
the formation of microemulsion®.

In the Primene JMT concentration region of over 0.65 M, the pH values were nearly
neutral, indicating poor amine extraction performance, since amine extraction needs protons.
The low Dr, values in the solution of 0.1M HF in IM (H, NHy4)F appears to be responsible
for the nearly neutral pH region; of the aqueous phase as indicated in Figures 1-(a) and (b).

The effects of l-ocwnpl concentration in a heptane solution on the extraction
performance at different mnceﬁtrations of Primene JMT are shown in Figure 2. The figure
indicates the changes of the Drc and R values with the concentrations of both Primene JMT
and 1-octanol in the technetium extraction from aqueous 0.5M HF -1M (H, NH4)F solution.
The volume ratios increased steadily with the Primene JMT concentration in the JMT
concentration region of over 50.65 M, and decreased with the increase of 1-octanol
concentration. The D, values§at any given level of Primene JMT concentration decreased
slightly with increasing l-octan(‘)l percentages, which agreed with the results of the study by
S.YuS. The rate of increase for R decreased with increasing 1l-octanol percentages in the
organic phases.
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IL. 2. Snthesis of Technetium Complexes in High Oxidation State
I: Formation of Nitridotechnetium(VI) p-oxo Dimer Compexes
with Edta and Edda

Takayama T., Kani Y., Sekine T., Kudo H., and Yoshihara K.*

Department of Chemistry, Faculty of Science, Tohoku University
Tohoku Culture School™

Introduction

Growing interest has been paid to preparation of nitridotechnetium complexes,
because the oxidation state of technetium in nitridotechnetium complexes ranges from +5 to
+7 and the nitridotechnetium core (Tc=N) is stable toward hydrolysis and ligand exchange
reactionsl-4).

The formation of nitridotechnetium complexes like [TcNCly(PPhs);] and
[TeN(Etydtc),] was first reported by Kaden et al. ) and by Baldas et al. 6. The latter authors
investigated interconversion between the monomer, p-oxo dimer and di(n-oxo) dimer of
nitridotechnetium(VI) complexes in aqueous solution’-8). They have pointed out that the p-
oxo and di(u-oxo) dimers are favorably formed under moderate conditions and the monomer
tends to be formed only under high acidic conditions in the presence of coordinating anions.
The p-oxo dimers shows an intense visible absorption peak in the region around 470-510 nm
due to a transition in the linear Tc-O-Tc three center p-bond system. For monomers and di(p-
oxo) dimers, no absorption peaks are observed in the same region.

We report the synthesis and properties of newly synthesized 99TcVIN-EDTA and
99TcVIN-EDDA complexes. The UV-Vis absorption peak of these complexes was found in
the same region as that of the p-oxo dimer complexes synthesized by Baldas ez al.7.8). The
result suggests that the TcVIN-EDTA complex has a Tc-O-Tc structure in the frame.

Experiental
PREPARATION OF TCVIN-EDTA ; SODIUM m-OXO-BIS[(ETHY LENEDIAMINE-
N,N,N',N-TETRAACETATO)NITRIDOTECHNETATE(VI)] PENTAHYDRATE
NA4[TCyN2(4-O)(EDTA2] « 5H,0

The starting material [TcNCly]- was prepared in the same manner as described by
Baldas et al.1l). Two milliliters of ammonium pertechnetate solution (7.60x10-2 M) was
mixed with 10 ml of concentrated hydrochloric acid, and then 1 ml of aqueous solution
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containing 0.1 g of sodium azide was added to the mixture. The solution was stirred for 15
min at 50 °C and then evaporated to dryness using a rotary evaporator. The residue was
extracted with 10 ml of acetone and the insoluble salts were filtered off. The color of acetone
solution obtained was Qraﬁgé. S ‘ '

When 60 mg of NagHzer, dissolved in 2 ml of water, was added to the orange
acetone solution, the color of the solution changed immediately to reddish purple and the
similar colored precipitate was formed. The precipitate was filtered, washed with acetone,
and dried in vacuo. The yield of the product was 41.8 mg (55%). The product was
recrystallized from a minimum almount of NaClOy4 solution. The addition of ethanol gave fine
reddish purple powder which was soluble in water but insoluble in a variety of organic
solvents (Found: C, 23.1; H, §.36; N, 8.25; Tc, 20.7. Cy9H34Ng0y2NagTc, requires C,
24.0; H, 3.43; N, 8.40; Tc, 19.8%).

PREPARATION OF TCVIN-EI?DA; u-OXO-BIS[(ETHYLENEDIAMINE-N,N'-
DIACETATO)NITRIDO-TECHNETIUM(VI)JPENTAHYRATE [TcyNj(u-O)(EDTA),] »
5H,0 l |
When 30 mg of Hoedda dissolved in 2 ml dil .NaOH solution was added to the
acetone solution of [TcNCl4]- at room temperature, the color of the mixture rapidly changed
to dark purple and then a purplei precipitate appeared in 15 min. The precipitate collected by
filtration was washed with acetone and dried in vacuo. The yield of the product was 33.6 mg
(65%). The final product was slightly soluble in water, but insoluble in a variety of organic
solvents (Found: C, 21.2; H, 4.04; N, 12.6; Tc, 29.5. C;3H3oNgO;4Tc, requires C, 21.2;
H, 4.44; N, 12.4; Tc, 29.1%). 1

i
Results and Discussion

The infrared spectrum of the TcVIN-EDTA complex gave absorption bands at 1041
cm! (Te=N) and 1634 cm! (C=0). The TcVIN-EDDA complex showed the absorption
peaks at 1057 cmrl (TCEN)‘ and 1631 cm'l (C=0), indicating the formation of
nitridotechnetium complexes of EDTA and EDDA. The atomic ratio of C, H, N and Tc was
10: 17 : 3 : 1 for the TcVIN-EDTA complex and 6: 15: 3 : 1 for the TcVIN-EDDA complex.
The ratio of technetium nitrido c}ore to the ligand was one to one for both the complexes.

The TcVIN-EDTA complex showed a reddish purple color in aqueous solution, with
an absorption maximum at 504 nm (e=4.94x103 M-lcm-!). The color of the TcVIN-EDDA
complex was purple in aqueous solution, with an absorption maximum at 556 nm (e=2.68
x103 M-lcm-1). Both the complexes were stable in aqueous solution for several hours at an
ambient temperature. The absorption. peaks of the these complexes were found in the same
region as the p-oxo dimers synthesized by Baldas et al.7:8), which can easily distinguish from
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the monomer and di(u-oxo) dimer these hae the absorption below 400nm. The fact suggests

that both of the TcVIN-EDTA and TcVIN-EDDA complexes are p-oxo dimers.
Chappuis et al. prepared a TcYN-EDDA complex starting from [TcNCl4]- and Hyedda

in a mixture of water and acetonitrile!9), The UV-Vis spectrum of their product showed no
absorption attributed to a m-oxo dimer. Their spectrum is obviously different from that of the
99TcVIN-EDDA complex prepared in the present work. There is a difference in the oxidation
state of Tc between their complex (TcV) and ours (TcVl), even though both the complexes
were synthesized from the same starting materials. It should be pointed out that the solvents
used for preparation of these complexes are different. Although the TcYN-EDDA complex
was prepared in a mixture of water and acetonitrile Chappius ez al. , we used a mixture of
water and acetone in preparation of the TcVIN-EDDA complex.

Electrophoresis of the TcVIN-EDTA complex indicated that technetium species moved
toward only the anode side. The electrophoretic patterns observed at pH 4 and 10 were
similar as shown in Figure 1. In the electrophoresis of TcVIN-EDDA, the technetium species
were distributed from the neutral to anionic region. When perchlorate solution was used at
pH 10, the fraction of neutral species was smaller than that at pH 4 (Figure 2). These results
indicate that the neutral TcVIN-EDDA changed to an anionic form in the alkaline solution.
The migration distance of the peak of anionic TcVIN-EDDA was two thirds of TcVIN-EDTA.
This fact implies that the negative charge of TcVIN-EDTA is larger than anionic TcVIN-
EDDA.

Consequently, it is conceivable that the TcVIN-EDTA and TcVIN-EDDA complexes
are p-oxo dimers, as shown in Figure 3. Although the TcVIN-EDDA complex is essentially a
neutral species, the coordinated carboxyl group in the trans position of the nitrido ligands is
dissociated by the attack of OH- through the strong trans effects. Namely, the neutral TcVIN-
EDDA complex is converted into the anionic form of [TcVIN-EDDAJ?- in an alkaline solution
as shown in Figure 4.

In conclusion both the 99TcVIN-EDTA and ?°TcVIN-EDDA complexes obtained in the
present work must be the m-oxo dimeric complexes.

References

1) Mutalib A. et al., Radiochim. Acta 63 (1993) 123.
2) Baldas J. and Colmanet S. F., J. Chem. Soc., Dalton Trans. (1988) 1725.
3) Baldas J., Colmanet S. F. and Mackay M. F.,J. Chem Soc., Chem. Commun. (1989) 1890.
4) Abram U. et al., Inorg. Chim. Acta 109 (1985) L9.
5) Kaden L. et al., Isotopenpraxis 17 (1981) 174.
6) Baldas J. eral.,J. Chem. Soc., Dalton Trans., (1981) 1798.
7) Baldas J. et al., Inorg. Chim. Acta 204 (1993) 199.
8) Baldas J. et al., Radiochimica Acta 63 (1993) 111.
9) Baldas J. et al., J. Chem. Soc., Dalton Trans. (1984) 2395.
10) Chappuis. P. Ph. et al., J. Radional. Nucl. Chem., Lett 175 (1993) 113

93



(@)

(b)

Radioactivity / arbit. units
Radioactivity / arbit. units

25 0 5 10 15 17.5 -25 0 5 10 165 517:5

Distance / cm Cathode Distance / cm Anode

Cathode Anode

Fig. 1. Electrophoretic patterns of TcY'N-EDTA complex in 0.05M perchlorate solution at (a) pH 4 and (b)
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Fig. 2. Electrophoretic patterns of TcYIN-EDDA complex in 0.05M perchlorate solution at (a) pH 4 and (b)
pH 10.
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II. 3. Synergistic Extraction of Mn(II) with
2-Thenorytrifluoroacetone and Terpyridine

Satake S., Tsukahara S. and Teramae N.

Department of Chemistry, Faculty of Science, Tohoku University

Introduction

Manganese is one of the elements that exist widely in biological and geological
environment. Mn?* has less extractability among the first transition series, and its
quantitative extraction can not often be attained with only a bidentate acidic chelating reagent.
Since Mn(II) tends to have two auxiliary ligands in a crystal with an acidic chelating reagent,
the extracted species of Mn(II) would contain two molecules of water and its hydrophobicity
would not be very high. For an extracted metal ion the coordination number of which is not
saturated with chelating reagents only, the synergistic extraction using a neutral ligand have
been frequently adopted to increase extractability.

For the synergistic extraction of Mn(lI), tributyl phosphate, trioctylphosphine oxide
or pyridine derivatives have been used as unidentate ligands, and 1,10-phenanthroline or 2,
2'-bipyridine (bpy)") was examined as bidentate ligands. The adduct formation constants of
these bidentate ligands are lmgér than that of unidentate ligand of similar structure, and thus
the extractability is more imprO\j'ed. A neutral ligand having a coordination site of more than
two is expected to show a funhé,r large synergistic effect, but no report on such a ligand has
appeared.

We reported that a tridentate ligand, 2, 2" 6', 2"-terpyridine (terpy)® showed a large
synergistic effect in extraction gf lanthanoids(III). In this study, 2-thenoyltrifluoroacetone
(Htta) is employed as an acidic (%helating reagent and the synergistic extraction of Mn(II) with
terpy is characterized.

Experimental ‘

Htta and terpy were purchased and purified by sublimation?. Benzene was stirred
with concentrated H,SO, and distilled over CaH,. Water was double-distilled and deionized.
A radioisotope 54Mn, used as a tracer, was purchased from New England Nuclear Co. A
radioactive solution of Mn(II) was prepared by adding the radioisotope to a sample of a
standard solution of Mn(II), evz;iporating to dryness, and redissolving the residue in a 1x10-3
M (1 M =1 mol/dm3) HCI solution containing 0.25 M ascorbic acid.
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An aqueous solution (5 cm®) containing 1x106—1x10"5> M Mn(ll) labeled with its
radioisotope 3*Mn and 1x10*— 1x10-3 M ascorbic acid was placed in a 20 cm? centrifuging
tube. The pH of the aqueous phase was adjusted to 6—7 with 1x102 M of 2-(N-
morpholino)ethanesulfonic acid (pK 6.15) and sodium hydroxide solutions. The ionic
strength was fixed at 0.1 M with sodium perchlorate. A benzene solution (5 cm3) containing
1x104—3x103 M Htta and 8x 10— 1x10"2 M terpy was added to the aqueous solution and
shaken for 1 h. After centrifugation for phase separation, a sample (3 cm?) of each phase
was pipetted and y-activity was measured with an Nal(T1) well-type scintillation counter. The
distribution ratio of Mn(II) was obtained as the y-activity ratio. The equilibrium pH of the
aqueous phase was measured with a glass electrode immediately after the phase separation.

From the organic phase separated after the first extraction, Mn(II) was back-extracted
into a fresh aqueous phase whose pH and ionic strength were adjusted to 6—7 and 0.1 M,
respectively (without ascorbic acid). The distribution ratio of Mn(II) was calculated as
mentioned above.

All procedures were done in a thermostatted room at 25+ 1 °C.

Theoretical
The distribution ratio (D,) of a divalent metal ion (M?*) with an acidic chelating reagent

(HL) can be expressed as:

_ [ML,] : Kex Py 2L7)2
[M2+] + %[MLm(z'm)"'] KHL2(1 + %ﬁLm[L-]m)

o

(1)

where Ky and Py are the acid-dissociation constant and partition coefficient of HL,
respectively, and the upper-bar denotes the organic phase. B ., and L™ are the formation
constant of ML, (™* and the acid-dissociated anion of HL in the aqueous phase,
respectively, and K, denotes the extraction constant. In the region where the concentration
of L™ is very low, the 3B; ,[L]™ term is negligibly small in Eq. 1, and hence D, is
proportional to [L-]2. ‘

In the synergistic extraction of M2* with HL and a neutral ligand (S), the distribution
ratio (D) can be expressed as:

oo ML+ SMLS  KePr L7 0+ 26alS))
- [IVI2+] + %NLm(z'm)"‘] . KHLZ(]. + %ﬂLm[L-]m) 4

()

where f; ,, is the adduct (ML,S,) formation constant in the organic phase. The next equation

is obtained from Egs. 1 and 2:
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DID =1+ Zﬂs,n['gln' 3)

If ML, S,, is the dominant specﬁes in the organic phase, D/D, will be proportional to the n-th -
power of [S]. The synergistic extraction constant (K ex.s.n) for the following equilibrium:

M2+ +2HL +nS == ML,S, + 2H* @

can be calculated as Koy B 5.
\
-
Results and Discussion
EXTRACTION OF MN(II) WITH HTTA
The extraction of Mn(II)iwas done with various Htta concentrations in benzene and the
plots of log D, against log[tta‘] are shown in Figure 1. The equilibrium concentration of tta”
in the aqueous phase is calculated with the initial concentration of Htta in the organic phase,
Ky (10%-23) and Pyy; (101:52). The plots show linear relationship with a slope of 2.0. This
indicates that two molecules of tta” participate in the extraction of Mn(II) according to Eq. 1.
It was sometimes reported that Mn(II) was oxidized during the extraction!), but the oxidation
of Mn(II) is negligible in this ﬂ:ase. This is also supported by the fact that plots for the back-
extraction (without ascorbic acid) are located on this line.
K., is calculated with Eq 1 as 10199 which agrees well with the literature valueD,
101097, K is vary small, therefore quantitative extraction is not attained with Htta only (cf.
Figure 1). |

SYNERGISTIC EXTRACTION OF MN(II) IN HTTA-TERPY SYSTEM

The synergistic extraction of Mn(II) was done with various concentrations of Htta and
terpy. To prevent Mn(II) from oxidizing, ascorbic acid was added also in the synergistic
extraction systems.

The plots of log D againét log[tta’] are shown in Figure 1. A large synergistic effect is
observed as compared with Htta only, that is, D is 10,000 times larger. In the presence of
terpy, the plots also give a linear relationship with slopes of 2.0. Therefore it proves that two
molecules of tta” participate in the synergistic extraction of Mn(II). Plots of the back-
extraction agree with those of the forward extraction, and this indicates that the oxidation state
of Mn is kept to divalent. .

The plots of log (D/D,) against log[te—rpy] are shown in Figure 2, where the D, value is
calculated with Eq. 1 using the K, 'value. We had made sure that the equilibnum
concentration of terpy in the benzene phase was equal to the initial concentration in these pH
ranges?). The slope of the p;lots in the Htta-terpy system is 1.0, which implies that the
dominant extracted species is Mn(tta),(terpy). The B ; and Ky ¢ values are calculated as
106.96 and 10°3-10,
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ADDUCT FORMATION CONSTANT AND COORDINATION NUMBER OF MN(II)

Terpy has three nitrogen atoms for coordination. In fact, it was suggested that terpy
functioned as a tridentate ligand for light lanthanoids in the organic phase?), and three
nitrogens of terpy coordinate fully to a éuropium(III) B-diketonato complex in a crystal
state’). The Bs.1 value of Mn for terpy (log B, 6.96) is smaller than that for bidentate
ligand, bpy (log B ; 8.00)1, the basicity of which is nearly equal to terpy?. This indicates
that only two nitrogen atoms of terpy coordinate to Mn and that a remaining free pyridyl-
group causes either steric hindrance or an increment of the activity of the extracted complex.
(The latter influence of the free pyridyl group would be brought on by exposure of the polar
N-atom of this group to the non-polar phase.) The coordination number of Mn(II) is
sometimes more than six#>). In this study, this phenomenon was expected, but the
coordination number of Mn(II) would be normally six (i.e., octahedral) as mentioned above.
In other words, the four coordination sites of Mn(lII) are filled with two molecules of tta” and
the other two sites are occupied with terpy, which functions as a bidentate ligand.

The extraction equilibrium of Mn(Il) is clarified in a novel synergistic extraction
system, i.e., the Htta-terpy systems. Mn(II) is extracted into benzene as Mn(tta),(terpy).
Large synergistic effects observed in this system allow the quantitative extraction of Mn(II),
which is hard to attain with Htta only.
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IL. 4. Production of Several C-11 Labeled Fullerens by Charged
Particle Irradiation and Recoil Implantation

Masumoto K., Ohtsuki T., Sueki K. *, Kikuchi K.*

Laboratory of Nuclear Science, Faculty of Science, Tohoku University
Department of Chemistry, Faculty of Science, Tokyo Metropolitan University*

Recently fullerens and their derivatives occupy the attention of many scientists of the
world due to their interesting physical and chemical properties. The production of labeled
fullerens is interesting and important for studying the behavior of trace amount of fullerens.
In this work, the recoil implantation of radioactive carbon into fulleren network has been tried
by cyclotron irradiation to study their reaction mechanism and open a new labeling method.

The production of 11C labeled fullerens was already succeeded in our previous
experiment using photonuclear reaction!). In this case, !1C is produced from carbon of
fullerens by 12C(y,n)11C reaction. As the recoil enegy of !1C is extremely larger than the
chemical bonding energy, it can be considered in our common sense that !1C produced by
photonuclear reaction can not stay in the skelton of fullerens and carbon network is broken by
recoil energy. Beyound our expectation, it was confirmed by HPLC separation coupled with
the UV- and BGO-detectors that the 60-70% and 30% of total 11C activity remained in Cgg
and Csg, respectively. Futhermore, 80-90% of labeled 11C existed in fulleren dimer. This
11C labeled fulleren dimer is isolated in the state of carrier-free, because it could only be
detected by BGO-scintillation detectors and could not be detected by UV-spectrometer. Two
important question are raised, that is, 1) why such a high yield of 11C-labeled fullerences can
be produced ? and 2) why 11C-labeled fullerences prefer the coalescence reaction ?

Itis very important to confirm whether the same experimental result can be obtained
by chraged-particle irradiation, in order to make clear the labeling mechanism. As !1C was
produced by using 11B(p,n)11C, 14N(p,a)11C and 19B(d,n)!!C reactions, the mixture of
fullerene/boron or fullerene/nitrogen compound was irradiated with proton or deuteron.
Therefore the possible production process of labeled fullerene by charged-particle irradiation
is the substitution reaction between carbon atom of fullerene and 11C recoiled out of boron or

nitrogen.

Experimental | ‘ |
Fullerenes, Cgo and Cyq are dissolved into CS; and mixed with the same amount of

bofon, SizN4, CH,;N4 After evaporation of CSQ, 10mg of samplé was wrapped with
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aluminium foil of 10 um thickness. Irradiation was done at the No.1 irradiation facility for
radioisotope production of C§clotron Radioisotope Center, Tohoku University. Samples
were irradiated by 12 MeV proton and 10 MeV deuteron for 20 min at the average current of 1
HA. Sample surface was cooled by He-gas and the hldden s1de was cooled with water
indirectly.

Irradiated samples were dissolved into CS, and filtrated by milipore filter to remove
recoil sources such as boron powder and insoluble byproducts. After CS; was removed,
CS; soluble fraction was dissojlved.into toluene-hexane mixture (7:3) and injected into HPLC
column (Bucky-clutcher, 25¢ mmx10 mm id) to separate Cgo and/or C7o and their
derivatives. Flow rate was ?.djusted at 3ml/min. After separation, the absorbance and
radioactivity of eluate were measured by UV-detector at 290 nm and BGO-scintillation
detectors in series. After the absorbance measurement, a elution tube was coiled and
sandwiched between a pair of BGO-scintillation detectors which were coupled with
coincidence counting circuit to detect 511keV anihilation gamma-ray from labelled
compounds. Eluate was collected by the fraction collector every 1 min and checked a
radiochemical purity with the Ge-detector.

Results and Discussion

It was found from the result of 12 MeV proton irradiation of a pure Cgg that the
activity of 13N and 11C produced by the 13C(p,n)13N and 12C(p,pn)11C reaction respectively
were negligible. ‘

Figure 1 shows the radiochromatogram after proton irradiation of the Cgg and boron
mixture. Horizontal and vertical axes are the retention time and radioactivity detected by the
coincidence counting system. The count rate at each elution time was normalized as the count
rate at the injection time according to the half-life of 11C. The first peak appeared at the
retention of 6 min was anﬂqu as Cgo molecule labelled with 11C, such as 11CCsg. The
second large peak appeared at 10 min seems to be a Cgo-dimer. The third broad peak, which
may be a Cgo-trimer was obgerved around 20 min after injection. The peak area ratio of
above three peaks was 1:5:1. iThe same chromatograph was also obtained in the case of the
Ceo mixture with SizN4and CHyNy4

Figure 2 shows the result of the C7¢ and boron mixture. The first and second large
peaks are assigned as C79 monomer and dimer. The second peak was broader than that of
single component. It seems to be the compound peak of three types of geometrical isomer of
C7o dimer, because the C7o molecule resembles a rugby ball in shape. Three small peaks
apeared at 6, 10 and 14 min were caused by the small amount of Cgo impurity and expected to
be Cgo-monomer, Cgo-dimer and Cgo-Cr, respectively.

Above results are the ifsame as the results of bremsstrahlung irradiation)- Therefore,

the 11C labeling induced by nuclear reactions is mainly caused by the substitution reaction
‘ .
| .
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between a stable carbon in fullerene and ! 1C. When fulleren network is opened by the attack
of 11C, the open end of carbon network can easily combine with neiboring fullerene
molecules.

Yeretzian et al. reported the coalescence products observed in a hot and dense vapor
generated by laser desorption of a fullerene film.2) McElvany et al. found that the coalescense
reaction can be catalyzed by ozone and produces odd mass molecule, such as C;;9 (Cgg +
Csg), C129 (Cgo + Ceo or Cs9 + C0) and Cy39 (Cqg + Cgo).3) They could not isolate these
compound as chemically stable species. On the other hand, the Buckyclutcher column can
separate these compound according to their molecular size. Our results are the first evidence
that the chemically stable fullerene dimer and trimer can exist in liquid phase.

In the case of deuteron irradiation of Cgp, 13N labeled compound appeared at the
retention time of 6 and 14 min The retention time of the first peak is that of the Cqq itself and
the second peak seems to be a new 13N labelled compound. As the insertion of hetero atom
into fullerene cage is a recent theme of the fullerene chemistry, recoil implantation method is
very effective to study this kind of work. The 13N labeling experiment will be continued to
confirm the structure of 13N labeled compound.

As this labeling method is very simple, easy and rapid, this method is very useful for
preparing a complex molecule labeled with a short lived radioisotope, such as 11C and 13N.
This work will open not only several application fields, such as tracer chemistry and nuclear
medicine, but also a new fullerene chemistry for the insertion of heteroatom into fulleren cage
and/or the production of higher fullerenes.
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Introduction

Acid soils widely spread all over the world, while, few area of such regions is now
utilized as arable lands because of its low productivity of crops. In acid soils, growth of
plants is severely inhibited by acidity (low pH, high concentration of hydrogen ion (H*)) and
phytotoxicity of soluble aluminum (Al) in soil solution. Development of new line of crops
tolerant of acid soils is demanded for food production in near future. However, mechanism
of phytotoxicity of hydrogen ion (low pH) and Al to plant root is still remained unclear. The
aim of our work is to observe short-term events occurring in roots exposed to low pH or Al
stress. It was reported that effects of those two stress factors appeared within 6 h as
retardation of root elongation in alfalfa (1). In this study, changes in composition of some
minerals (P, K, and Cl), which play important roles in plant cells, were analyzed by PIXE
method. While there are some other chemical methods for the determination of content of
individual minerals in root tissue, PIXE method was applied because of the following two
advantages; (1) many elements can be measured simultaneously in less than 5 min for a
sample using only a small fragment of root-tip without any pretreatments (such as, wet
digestion), and (2) contamination from reagents or instruments for pretreatments can be
avoided.

Material and Methods
PLANT MATERIAL

Twelve seedlings of alfalfa (Medicago sativaL.. natsuwakaba) with a 4-5 mm radicle
were transferred to 100-ml non-stressed or stressed (low pH or Al) rooting solution and
grown at 22 °C under continuous lighting.

STRESS TREATMENT , : , .
Composition of rooting solutions is; (1) Basal solution: 1 mM CaCl; in distilled

water, (2) Control: pH of solution (1) was adjusted to 5.0 with 0.01 N HCI, (3) Low pH: pH

of solution (1) was adjusted to 4.3 with 0.1 N HCI, (4) +Al: AIC13 * 6H,0 was added to the
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solution (1) (final Al COhéentration and pH were 20 uM and 5.0, respectively, without any
pH adjustment). Culture pots were placed in a growth chamber (22 °C, continuous lighting)
and sampled 4, 8 and 20 h af t_eq transfer of plants to the rooting solutions.

PIXE ANALYSIS |

PIXE spectra were obtained using a measuring system of Tohoku University
Cyclotron and Radioisotope Center (Sumitomo Co., model CGR-MeV680 AVF cyclotron).
Protons were accelerated to 3 MeV, and X-rays were detected with a Si(Li) detector. The
beam was collimated to 3 mm in radius on the sample. One or two fragments of root-tip (4-5
mm in length) were placed on very thin PVF (polyvinyl formal) membrane prepared by the
method developed by Iwata et él.(2) and allowed to be air-dried.

Results and Discussion |
OVERVIEW OF MINERAL COMPOSITION IN ROOT-TIP

|
PIXE spectra are shown in Figure 1 after normalization by the peak count of

phosphorus (P-K, 2.015 keV). Measuring time for each sample was less than 10 min
(normally 5 min). Only a piece of root-tip was sufficient to obtain a PIXE spectrum. Root of
the control treatment showed continuous elongation (data not shown) without any significant
change in the K/P ratio (Figure 1). This means that balance of these elements is
physiologically maintained in ;the root-tip grown under the non-stressed condition. Increase
in the relative Cl content in the %control root come probably from CaC1l, and HCl added to the
rooting solution. Under the low pH or Al conditions, alteration of mineral composition (K/P
ratio) occurred within 4 h aff tenz exposure to these stresses.

K/PRATIO

The K/P ratio fell down dramatically within 4 h after exposure to the low pH solution
(pH 4.3). In the Al treatment, the degree of decrease in K/P ratio was less than that in the
low pH treatment. Decrease in K caused by Al or low pH stress was previously reported for
other plant species (3, 4, 5). Phosphorus is a component of large and constitutive molecules,
i.e. DNA, RNA and proteins. Most of potassium in cells exists as a free cation (K*) and
balance of its influx and efﬂux§ is very important for maintenance of cellular homeostasis. For
example, K* is known to play fakey role for regulation of osmotic potential. The decrease in
K/P ratio and K content would be a reflection of disorder in homeostasis in cells. However,
it is not sure whether the decreés;e is due to destruction of plasmamembrane as an ion barrier
or change in physiological active export (or incorporation) of K+.
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K/CIRATIO

Chlorine is an essential microelement for plant growth (6). The KCl ratio was lower
in both low pH and Al treatments than that of the control (Figure 1). Chlorine exists as a free
ion (CI) in cells as well as K+, while, K/Cl ratio in the low pH and Al treatments was quite
different each other. It might come from the differences in permeability of plasmamembrane
to K+and CI- (7). In fact, the barrier function of plasmamembrane remained under Al stress
but not under low pH stress as was reported in our previous work (1).

TIME DEPENDENCE OF ALTERATION OF MINERAL COMPOSITION

Almost all alteration of the mineral composition had been completed within 4 h after
exposure of the germinating seeds to the three kinds of rooting solutions (control, low pH
and Al). The ratio of Al to P increased gradually for 20 h or more. These results suggest that
the alteration of mineral composition of root is brought about by contact of H* or Al ion with
the root, and is not by gradual accumulation of H* or Al in the root.

Ca CONTENT _

Calcium plays important roles in many physiological processes in cells, and is one of
macro essential elements for plants. Relation between Al and destruction of Ca homeostasis
has been examined (7). In PIXE, accurate amount of Ca is difficult to be estimated as
overlapping of Ca-K, (3.68 keV) and K-Kp is not negligible. If appropriate correction for
Ca-peak count is available, it will also be able to discuss the relation between alteration of Ca
(if any) and Al stress from the PIXE spectra.

Concluding remarks

By application of PIXE, alterations of mineral composition of alfalfa root-tip exposed
to low pH or Al stress were observed, and difference in the toxic effect between low pH and
Al in short-term to plant root is suggested. Using micro-PIXE in air, target sites of hydrogen
ion or Al on the surface of root-tip will be found. It will lead much information for
elucidation of the mechanism of low pH and Al stress in plant roots. By PIXE method, it is
possible to detect light elements (from Na to Ca) using only a small fragment of plant root-tip
in a short time. PIXE will be very useful when the number of sample is limited.

References

1) Yokota S. and Ojima K., Plant Soil (in press, 1994).

2) IwataY. etal., Int. J. PIXE 2 (1992) 381.

3) Holst W. J. etal., J. Plant Physiol. 140 (1992) 174.

4) Ryan P. R. et al., Plant Physiol. 99 (1992) 1193.

5) Delhaize E. et al., Plant Physiol. 103 (1993) 685.

6) Terry N., Plant Physiol. 60 (1977) 693.

7) Bennet J. R. and Breen C. M., Plant Soil 134 (1991) 153.

107



4h 8h 20 h

Control
K
P P
Cl cl
S
j Ca S
Zerotime

- Low pH p
S P P
c
c
2
L K cl cl K
€ cl K
=3
]
o

Aluminum

X-ray Energy P P
K P K
Al
Cl
Al Cl

Fig. 1. PIXE spectra of root-tip of alfalfa under low pH or Al. Each spectrum chart was normalized to the
count/channel of phosphorus at 2.015 keV(P-K).

108



. BIOLOGY AND MEDICINE (Basic)



CYRIC Annual Report 1994

III. 1. On-Column Preparation of [11C]Fatty Acid
and [11C]Amino Acid

IwataR., Ido T., and Tada M*

CYRIC Tohoku University
Institute of Development, Aging and Cancer, Tohoku University*

Extraction is one of troublesome procedures in PET radiopharmaceutical preparation
which usually requires the use of a remote-controlled or automated system. This procedure is
conveniently substituted for solid phase extraction with a short silica gel or C;g column.
However, solid phase extraction is not always applicable. For example, in the [1!C]acetic acid
preparation liquid-liquid extraction is the only practical way for the separation from the reaction
mixture. Column extraction with a commercially available granular kieselguhr of giant pores,
Extrelut® (Merck), is a feasible method for automation of liquid-liquid extraction. Extrelut can
hold water and allow a hydrophobic solvent to flow to extract a lipophilic compound from the
aqueous layer. In this report we describe excellent appliactions of column extraction to on-
column preparation of [11C]fatty acids, [11CJacetate and [!!C]palmitate, from [11C]CO, and
[11Clamino acid, 1-aminocyclopentane-1-[! 1 C]caroxylic acid ([1! CJACPC).

On-column preparation of [11C]fatty acids

Figure 1 shows the semi-automated synthesis system used for the on-column
preparation of [!1C]fatty acid. Two glass columns (I.D. 4 mm, O.D. 6 mm, L. 10 cm) were
closely packed with Extrelut to a length of approx. 4 cm and the first column (reaction column)
was served as support for the Grignard reagent, and the second used to catch overflowed
aqueous HCI from the first column. The third column was a disposable Extrelut column
(Extrelut-1; Merck) for [!1Clacetic acid or a Sep-pak silica (Waters) for [11C]palmitic acid. A
short disposable column of Na;SO4 (Sample drying device; Whatman) was placed between
Valve 4 and the third column.

Prior to use, the valves, lines and columns were washed with dilute HCI followed by
water and acetonitrile, flushed with anhydrous THF, and fully dried by flowing He. Just
before the radiosynthesis started, 0.2 mL of the Grignard solution had been carefully injected
directly onto Extrelut in the first column through the stop valve while He was flowing through
the column. The [11C]carbon dioxide, which had been trapped and concentrated in a copper
spiral immersed in liquid Ar, was introduced with a He current at 30 mL/min into the reaction
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column. The 6-way valve was then switched to the reagent line and the 3 N HCl was injected
into the column to quench the reaction mixture and to bring the radioactive product into the free
acid form. The aqueous phas%_oyerﬂowing from the reaction column was caught by the
second Extrelut column to protect the final product solution from contamination with Mg2+.
The columns were then heated to 70 °C and flushed with a He flow for 2 min to remove the
[11C]carbon dioxide remaining unchanged. The extractant was flowed through the columns to
extract the free [11C]fatty acid from the acidified aqueous solution and transferred through the
Na; SO, onto the third column, where the [11CJacetic acid was extracted back into the NaHCO3
phase or the [} C]palmitic acid was adsorbed by the silica gel. The product was finally eluted
with ethanol from the column into a flask, and the product solution was evaporated to dryness
to remove the organic solvents.

The present method based on column extraction with Extrelut enables to perform rapid
and efficient syntheses of the [1C]fatty acids. They were usually completed within 15 min.
Table 1 demonstrates that the system provides radiochemically pure [!!Clacetic acid and
[11C]palmitic acid in yields high enough for clinical PET use. Column extraction offers a
convenient way to accomplish remotely operated extraction by a simple on-line procedure.
Another remarkable feature is tilat Extrelut allows a gas to flow through the column without
washing away the liquid phase jand to interact efficiently with the liquid phase. The flowing
['1C]carbon dioxide reacts almost quantitatively with the Grignard reagent even at room
temperature. Since the method consists of simple on-line processing, the synthetic procedure
is suitable for automation. In addition, as the purification is based on extraction, the present
method can be applied to the préparation of a wide variety of [11C]fatty acids by the Grignard
reaction. Moreover, the washing and drying procedure allows the system to be used for
repeated preparation without che;mge of the Extrelut columns.

|
On-column preparation of [11C]amino acids

The synthesis of [11C]ACPC was first reported by Hayes et al.) using the modified

Biicherer-Strecker reaction as Lhown in Scheme I. This rapid synthesis requires a high
reaction temperature and pressure with addition of carrier cyanide, whereas the alternative
method, which we developed later, employs moderate reaction conditions and needs no carrier
addmonz) (see Scheme II). Both routes, however, are not so easily adaptable to automated

synthesns for example, the former requires a pressure-tight reaction vessel, whereas the latter

needs liquid-liquid extraction.
Figure 2 is flow chart of the remote-oparated sustem employed for the on-column
preparation of [“C]ACPC frorrjl [LICJHCN. Extrelut was packed in the first column for the
trapping and substitution reacu'qn of [I1CJHCN. The aqueous substrate solution in an amount
sufficient for overﬂowing was injected into the column, and air was then passed to push out
the exceeding aqueous solution. ‘ The second Extrelut column was a glass column (I.D. 5 mm,
Pharmacia HR5/5) for acid hydroly81s It was first charged with Extrelut to a length of 3 cm,
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then plugged at both ends with a small portion of quartz wool, and finally firmly fitted with
plungers. An acid solution was loaded in the same way as the first column.

The [1ICJHCN, converted from [11C]CO; and carried with a He flow, was passed
through the first Extrelut column and the sodalime column. The radioactivity accumulating on
the Extrelut column was monitored with the radiation detector. When it reached a maximum,
the 6-way valve was switched and the column was heated with the hot blower at ca. 60 °C for
3 min to complete the substitution reaction. A 5 mL portion of diethylether was then
sequentially passed through the first and second Extrelut columns. The radioactive substituted
product, 1-aminocyclopentane-1-[!1C]nitrile ([11CJACPN), was in this way extracted from the
reaction mixture to the ether layer and then from the ether layer to the acid solution. The
hydrolysis with 6 N HCI was carried out after the back-extraction of [11C]JACPN into the
second Extrelut column. After hydrolysis at 160 °C, most of the HCI was eliminated from the
column by sweeping with a He flow at a rate of 200 mL/min for 2 min while the column was
cooled from 160 to 80 °C. The residue remaining in the column was washed out with 1 mL of
water, and the washing was applied to solid phase extraction with a short disposable column of
cation exchange resin (H*, SCX, Whatman). The column was washed with an additional 2
mL of water and the [ 1C]ACPC retained was then eluted with 6 mL of saline.

Results at optimization of the on-column preparation of [11C]JACPC are summarized in
Table 2. One of the advantages of the present system has been amply demonstrated in the
column extraction with Extrelut. Efficient extraction and back-extraction can be accomplished
at the same time by the single procedure of flushing ether through two columns, and this
excellent feature can facilitate a synthesis automation.

In our previous study, HCl was chosen for the acid hydrolysis of the [1!C]JACPN
because this volatile acid could be easily removed by evaporation and consequently no further
purification was necessary. This procedure was repeated on-column in the present study and it
was found that the yields by on-column hydrolysis were comparable to those by conventional
methods. Ten-min heating provided over 80% conversion yields. The HCI used for the
hydrolysis was very effectively removed from the column by the He flow. The washing from
the column was usually around 3 without adjustment of pH. Most of the [1!CJACPN and
unknown !1C-imtermediate product remaining in the second Extrelut column after the
hydrolysis was swept away together with the HCI, while the [11CJACPC stayed in the
column. The [1!C]ACPC could be simply purified by solid phase extraction with a disposable
SCX column and finally obtained in saline without solvent evaporation. Thus, the [!!1CJACPC
was prepared in decay-corrected radiochemical yield of over 60% within 40 min.
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Table 1. Production of the [1!C]fatty acids by the column extraction method.

Fatty acid Colut;nn [''CJCO; trapping | Radiochemical | Radiochemical
temperature efficiency yield purity
[''CAcetic -5°C >99% 91~96% >99%
acid Room temp. 99% 60~72% >99%
['CJPalmitic -5°C <10% ~1% 96%
acid 0°C 87% 34~40% >98%
Roomtemp. 98% 43~55% 298%
Table 2. Summary of the on-column preparation of ['!CJACPC.
Trapping yield of [''C]CO; by.the reaction column 98~99%
Extraction yield of [* lEC]ACPN from the reaction column 95%
Bact-extraction yield of f' 'CJACPN into the hydrolysis column 86%
Hydrolysis yield 82%
Overall radiochemical yield >60%
Radiochemical purity ~98%
Ovefrall synthesis time 40 min
|
i
HYCN, KCN )
o _(NHCOy NH4CI \NH _ NeoH 'COOH
10min, 210°C 10min, 210oc NH,
Scheme |
|i><so,ma e M'eN 6N HeI "'COOH
NH,  Smin, 60°C NH, 15min, 160°C NH,
1 2 3
Scheme Il
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Introduction

In previous papers!-2), we reported that w-O-tosylfatty acid methyl esters were good
precursors for [18F]fluorofatty acid synthesis. While, for m-O-tosylfatty acid ester synthesis,
commonly w-hydroxyfatty acids and w-bromofatty acids are commercially available as
starting materials. From this viewpoint, in order to establish the general synthetic method of
starting materials for [18F]fluorofatty acid synthesis, we have studied the mutual conversion
among w-hydroxy-, w-bromo- and w-O-tosyl-fatty acid derivatives. In this paper, the simple
and easy conversion methods of w-hydroxyfatty acids and w-bromofatty acids into w-O-

tosylfatty acid esters are described.

Materials and Methods

16-Hydroxyhexadecanoic acid (1a) and silver p-toluenesulfonate (silver tosylate) were
purchased from Aldrich Chem. Co. Inc., 11-bromoundecanoic acid (2b), 8-bromo-n-octanoic
acid (2c), ethyl bromoacetate, y-octanolactone, p-toluenesulfonyl chloride (tosyl chloride),
were from Tokyo Kasei Kogyo Co. Ltd, 25% hydrogen bromide in acetic acid solution was
from Wako Pure Chem. Ind. Ltd. ~

The total synthetic scheme of w-O-tosylfatty acid esters is shown in figure 1.
Synthesis of w-O-tosylfatty acid esters from w-hydroxyfatty acids (Method A): As a typical
example, the synthetic procedure for methyl 16-O-tosylhexadecanoate is described.
Methyl 16-hydroxyhexadecanoate (3a): To a suspension of 16-hydroxyhexadecanoic
acid (1a) (3.0 g, 11 mmol) in abs. MeOH (90 mL), SOClI; (21 mL) was added dropwise at O
°C. The mixture was stirred at O °C for 15 min after then refluxed for 1hr. After removal of
the solvent, the residue (crude 3a) was used for the next synthesis without further
purification. ' - ' o ' = -
Methyl 16-O-tosylhexadecanoate (6a): To a solution of the crude 3a dissolved in abs.
CH,Cl, (200 mL), a solution of tosyl chloride (6.0 g, 31 mmol) dissolved in abs. CH»Cl,
(200 mL) and triethylamine (6 mL) were added. The mixture was stirred at room temperature
for 5 days. After removal of the solvent, water (100 mL) and conc. HCIl (40 mL) were
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added, followed by ether extrabtained by the evaporation was purified by column
chromatography (Hexane/ CH,Cl2=1/1 (VIV)) to give 6a (2.0 g). Yield : 41% (from 1a).
mp 56-58 °C. i.r. (CHCl3)\ 1730 cm™! (CQOMe) MS (m/e): 440 (M*), 409 (M+-OMe).

H-NMR (CDClg) ) 094~184 (26H m) 2.30 (2H, ¢, -C_HZ-COOMe) 244 [3H, s, p-
CHj (tosyl)], 3.66 (3H, s, -COOCH3), 4.00 (2H, t, Tos-O-CHj5-), 7.26 [arom. 2H (tosyl),
d; J=9 Hz], 7.77 [arom. 2H (tpsyl), d; J=9 Hz].
Synthesis of w-O-tosylfatty acid esters from w-bromofatty acids (Method B): The
conversion of w-bromofatty ac:i'd esters into d)—O-tt)sylfatty acid esters (route (g)) was carried
out by a method similar to dlat described in the literature®). As a typical example, the
synthetic procedure for methyl 11-O-tosylundecanoate is described.
Melh;d_]_LbLQmoundﬁcanQaIQ(Ab) 4b was synthesized from 11-bromoundecanoic acid (2b)
(1.0 g, 3.8 mmol) in a manner similar to the synthesis of 3a. The obtained residue was
purified by column chromatogmphy (Hexane/CH,Cly=1/1) to give 4b (701 mg). Yield :
67% (from 2b). i. r. (neat) : 1740 cm-! (COOMe). MS (m/e) : 278, 280 (M), 247, 249 (M*-
OMe), 199 (M+*-Br). 1H-NMR (CDClz) : & 1.04-2.00 (16H, m), 2.30 (2H, t, -CHp-
COOMe), 3.40 (2H, t, Br-CHjy-), 3.66 (3H, s, -COOCH3).
Methyl 11-O-tosylundecanoate (6b): To a solution of 4b (696 mg, 2.5 mmol)
dissolved in dry acetonitrile (H mL), silver tosylate (839 mg, 3.0 mmol) was added. After
refluxing with protection from light for 1 day, the reaction mixture was poured into water (50
mL), followed by ether extraction (50 mLx3). The residue obtained by the evaporation was
purified by preparative TLC (Hexane/CH,Cl,=3/7) to give 6b (742 mg). Yield : 80% (from
4b). m.p. :<30°C.i. 1. (CHC13) : 1730 cm! (COOMe). MS (m/e) : 370 (M*). H-NMR
(CDCl3) :0 0.92-1.88 (16H, ﬁ1), 2.30 (2H, t, -CH,-COOMe), 2.44 [3H, s, p-CH3 (tosyl)],
3.66 (3H, s, -COOCHj3), 4.00 (2H, t, Tos-O-CHj-), 7.32 [arom. 2H (tosyl), d; J=9 Hz],
77.76 [arom. 2H (tosyl), d; J=9 Hz].

Then, as a special example for the preparation of bromofatty acid methyl esters, the

synthesis of methyl 4brom@Moate 1s described below.
Methyl 4-bromooctanoate: f-Octanolactone (1.0 g, 7.0 mmol) was dissolved in 25%
HBr/AcOH (25 mL) and the mixture was heated at 100 °C for 14 hr. After cooling to room
temperature, excess HBr/AqOH was evaporated in vacuo. The residue (crude 4-
bromooctanoic acid) was used for the next esterification without further purification. Methyl
4-bromooctanoate was synthesized from the crude 4-bromooctanoic acid in a manner similar
to the synthesis of 3a (SOCl,:(25 mL) and MeOH (25 mL) were used). The obtained residue
was purified by column chromatography (Hexane/CH;Clp=1/1) to give methyl 4-
bromooctanoate (1.3 g). Yie}d : 78% (from y-octanolactone). i. r. (CHCl3) : 1740 cm-!
(COOMe). MS (m/e) : 236, 2:?8 (MH), 205, 207 (M*-OMe), 157 (M*-Br).
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Results and Discussion :

As starting materials for w-O-tosylfatty acid ester synthesis, w-hydroxyfatty acids and
w-bromofatty acids are commercially available. For example, in the cases of 16 carbon-
membered and 11 carbon-membered fatty acids, 16-hydroxyhexadecanoic acid and 11-
bromoundecanoic acid can be available, respectively.-

In the conversion of w-hydroxyfatty acids into w-O-tosylfatty acid methyl esters
(method A), the procedures described here are general. The chemical yields of methyl 16-O-
tosylhexadecanoate and methyl 11-O-tosylundecanoate were 41-64% and 49-60% (from w-
hydroxyfatty acids), respectively. While, in the conversion of w-bromofatty acids into w-O-
tosylfatty acid esters (method B), experimental data in O-tosylation with silver tosylate (route
(g)) are shown in Table 1. We previously reported the conversion of w-bromofatty acids into
w-O-tosylfatty acid methyl esters by way of w-benzyloxyfatty acid methyl esters (previous
method) (Figure 1 ; route (c) — route (¢) — route (f))1). For example, in the coinpim'son of
method B with previous method in methyl 11-O-tosylundecanoate synthesis, the total yield
using method B is 54% (route (d) : 67% , route (g) : 80%), while that using previous method
is 26% (route (c) : 60% , route (€) : 65% , route () : 66%). This result shows the usefulness
of O-tosylation with silver tosylate. Furthermore, in the reaction of methyl 4-bromooctanoate
with silver tosylate, several attempts to prepare methyl 4-O-tosyloctanoate were unsuccessful.
On the basis of the main process of elimination in the reaction of silver tosylate with a
secondary or tertiary halide reported by Emmons et al.4), formation of the unsaturated fatty
acid methyl ester (methyl octenoate) is possible.

The synthesized w-O-tosylfatty acid esters were characterized by i.r. spectra, 'H-
NMR spectra and mass spectra. Generally, their ester groups showed a strong i.r. band at
1730-1740 cm! and the presence of OMe or OEt was supported by mass spectra.
Additionally, by !H-NMR spectra, both triplet signals of the following two methylene partial
structures, Tos-O-CH,- and -CH,-COOR (R=Me, Et) were observed at & 4.00 and 2.30,

respectively.
Now, route (g) (method B) has been applied to the conversion of 3-benzyl-1-
butanoyl-2-(16-bromopalmitoyl)glycerol into 3-benzyl- 1-butanoyl-2-(16-O-tosyl

palmitoyl)glycerol, which is a starting material for the synthesis of 1-butanoyl-2-(16-
[8F]fluoropalmitoyl)glycerol, a potential tracer for second messenger system imaging by
PET. This result has been suggested that O-tosylation with silver tosylate was widely
effective for the synthesis of terminal O-tosyl-compounds.
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Table 1. Experimental data in the conversion of o-bromofatty acid esters into o -O-tosylfatty acid esters.

Starting Materials \ Products yleld (%)
Br-(CH2)1s-COOMe (4a) T0s-O-(CH2)1s-COOMe (6a) 69
Br-(CHz)10-COOMe (4b) Tos-O-(CHz)10-COOMe (6b) 80
Br-(CHz)-COOMe (4c) | Tos-O-(CHz)7-COOMe (6¢) 66
Br-CH2-COOEt Tos-0-CHz-COOEt 85
CaHs-CH-(CH2)2-COOMe ‘ CaH7-CH=CH-CH2CH2-COOMe -

Br or  CaHs-CH=CH-CHz-COOMe

a) not Identified

HO-(CH2)n-COOH ——— »  Br-(CH2)n-COOH

1.

2.
(Method A’)/b) V (Nethod B)

HO-(CH2)n-COOMe € PhCH20-(CHz)n-COOMe

Br-(CHz)n-COOMe

3. | 5. 4.
U] (9
(Method A) (Method B)

T0s-0-(CHz)r-COOMe
6.

J (h)

'8F-(CH2)n-COOH
7.

Fig. 1. Total synthetic scheme of w-O-tosylfatty acid esters.
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(a) 25 % HBr / AcOH

(b) SOCI2, MeOH

(c) 1) PhCH20Na ; 2) SOCl2, MeOH .

(d) SOCI2, MeOH

(e) H2/5 % Pd-C

(f ) tosyl chloride, triethylamine

(g) silver tosylate

(h) 1) [Kryptofix 2,2,2]* °F ; 2) KOH-MeOH
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Nagasawa H., Araki T.*, and Itoyama Y.*
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Introduction

Transient cerebral ischemia leads to neuronal damage in selectively vulnerable areas.
The extent of neuronal damage is dependent on the duration of ischemia!:2). Neuronal
degenerative processes occur especially in the hippocampus of the rat®) and the mongolian
gerbil? induced by transient forebrain ischemia. Transient focal ischemia also induces
neuronal degeneration in specific brain areas in the rat. Postischemic delayed neuronal
damage has been reported in the ipsilateral thalamus and substantia nigra which lay outside
ischemic areas of rat brain after middle cerebral artery (MCA) occlusions:6). In these reports,
the histological appearance of these remote areas was characterized by degeneration of most
neurons with no necrotic changes of neuroglia and blood vessels. The mechanism of such a
delayed phenomenon in the exo-focal remote areas is unclear, but it has been speculated that it
might be caused by a transsynaptic process neuroanatomically associated with ischemic foci
and that intracellular and transsynaptic signal transduction systems might play important roles
in this mechanism?-11).

Acetylcholine is a major neurotransmitter in the central nervous system and is thought
to contribute to memory and cognitive processes!2). The anatomical distribution of
muscarinic acetylcholine binding sites in the brain has been mapped by an autoradiographic
method using the radiolabeled antagonist [PH]quinuclidinyl benzilate. ~Autoradiographic
studies suggest that acetylcholine is very rich in the cerebral cortex, the striatum, the
hippocampus, and the thalamus. In the present study, we examined chronological changes of
acetylcholine binding sites of the rat brain after 90 min of MCA occlusion and after such
occlusion followed by different periods of recirculation in order to clarify the damage to the
cholinergic system in the postischemic brain areas during the chronic stage of ischemia.
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Materials and Methods
ISCHEMIA MODEL

Adult male Wistar rats 9f the SPF strain weighing 280 - 300 g were allowed free
access to food and water before and after all procedures. * Six rats were used in each
experiment. A detailed descﬁptﬂon of the surgical proéedme has been previously reported!3).
In brief, after induction of anesthesia with a gas mixture of 70% N,O and 2% halothane (the
balance being O,), the right middle cerebral artery (MCA) was occluded with a silicone
rubber cylinder attached to a nylon surgical thread introduced from the bifurcation of the
internal carotid artery immediateily after ligation of the ipsilateral common and external carotid
arteries. The cylinder was mide of 4-0 nylon surgical thread (Nitcho Kogyo Co., Ltd.,
Tokyo, Japan), 16 mm long. This cylinder was coated with silicone (Xantopren, Bayer
Dental, Leverkusen, FRG) which was mixed with a hardener (Elastomer Activator, Bayer
Dental) to increase the thickness of the distal 5 mm to 0.25-0.30 mm. After introduction of
the embolus, the internal carotifd artery was ligated just distal to the point of insertion. The
embolus extended from the bif u}caﬁon of the internal carotid artery to the proximal portion of
the anterior cerebral artery (ACA). The origin of the right MCA and that of the right posterior
communicating artery were occluded by the silicone rubber cylinder. In 6 sham-operated
control rats, the right internal and external carotid arteries were ligated. Surgery was
performed within 15 min with no bleeding. Body temperature was kept at normal limits with
a heating pad. Following suirgery, anesthesia was discontinued and all rats exhibited
neurological deficits characterized by left hemiparesis with upper extremity dominancy and
right Horner's syndrome. After 90 min of MCA occlusion, the 6 rats were decapitated with
no recirculaion, and in the other rats, recirculation was achieved by pulling the thread out of
the internal carotid artery undér the same anesthetic conditions as during surgery. Once
again, the rats were allowed fref: access to food and water. Although the ipsilateral common
and external carotid arteries had been ligated, the ischemic area could be reperfused via the
cerebral arterial circle (circle of Willis) through the contralateral carotid and basilar arteries,
and by collateral circulation of the cortical branches of the cerebral arteries. The rats were
killed by decapitation 3 h, 6 h, 1 day, 3 days, 1 week, 2 weeks, and 4 weeks after
recirculation. After decapitatiﬂ‘)n, the brains were quickly removed and frozen in powdered
dry ice, and stored at -80 °C until assay. Serial coronal sections 12 pm in thickness were cut
on a cryostat and thaw-mounted onto gelatin-coated slides. Adjacent sections were stained
with cresyl violet and Luxol fast blue, as well as with hematoxylin and eosin, in order to
confirm the ischemic areas.

Muscarinic acetylcholine réceptor autoradiography

Muscarinic acetylcholine receptors were quantified using [H]quinuclidinyl benzilate
(BH]QNB, spec. act. 41.5 Ci/mmol, Amersham, International plc, Buckingham, UK)
according to the method of Onodera et al.!4). Sections were incubated with 1 nM [PHJQNB
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in phosphate buffer (pH 7.4) at room temperature for 90 min. The slides were then washed
in the buffer at 4 °C for 5 min and dried under a cold stream of air. Non-specific binding was

determined using 1 puM atropine (Sigma, Chemical Company, St. Louis, USA).
Autoradiograms were prepared from the sections by exposing them to [3H]sensitive
hyperfilm (Amersham, Sweden AB, Solna, Sweden) with a tritium standard microscale
(Amersham, International plc, Buckingham, UK) for 2 weeks in standard X-ray cassettes.

Areas of the brain were identified with reference to the atlas of Paxinos and
Watson!3). The optical density of the brain regions was measured with a computer-assisted
image analyzer (Zeiss, IBAS image analyzer system, FRG) without the examiner knowing
the experimental protocol. The relationship between optical density and radioactivity was
obtained with reference to the [3H]microscales co-exposed with the sections using a third-
order polynomial function. The optical density of the brain regions measured in the present
study was in the range where optical density and radioactivity of the 3H]microscales showed
a near linear relationship.

Statistical analysis

Values were expressed as means +S.D. fmol/mg tissue using six animals. Data
regarding the QNB binding sites in each structure of the brain were analyzed using Duncan's
multiple range test with p<0.05 and p<0.01 considered to be statistically significant.

Results

Chronological alterations of [PH]JQNB binding sites in each structure of rat brain after
90 min of MCA occlusion and after such occlusion followed by different periods of
recirculation are summarized in Table 1. Representative autoradiograms are shown in Figure
1. After 90-min ischemia followed by 3-day recirculation, significant decreases of the
[BH]QNB binding sites were first observed in the anterior neocortex (FrPaSS) and the lateral
part of the caudate putamen (CPu-L), both of which were supplied by the occluded MCA.
Thereafter, FBHJQNB binding sites of the ischemic side decreased to approximately 20% in
the FrPaSS and to 30% in the CPu-L of each control value 4 week after the ischemic insult
(Table 1). Moreover, 3 days after the ischemia, a significant reduction of PH]JQNB binding
sites was observed in the ipsilateral thalamus, the amygdala, and also 1 week after the
ischemia, in the substantia ni gra, areas remote f) rom the precedent ischemic areas. Thereafter,
the binding sites decreased progressively in the thalamus and the substantia nigra on the
ischemic side. There were no significant changes of [BHJQNB binding sites in the
contralateral non-ischemic hemisphere.

Discussion
The present study indicated that two different alterations of muscarinic acetylcholine

binding sites associated with the mechanisms of neuronal damage took place in the
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postischemic rat brain. First, in the ischemic foci, the ipsilateral FrPaSS and the CPu-L,
BHIQNB binding sites decreased after 90 min of ischemia followed by 3 days of
recirculation. We previously reported that more rapid changes of second messenger systems
than of muscarinic acetylcholihe binding sites were observed concurrent with abnormal
calcium accumulation in the FrPaSS and the CPu-L on the ischemic side using the same
ischemia model10-11), In this model of ischemia, the anterior neocortex (FrPaSS) and lateral
segment of the caudate putamen (CPu-L), which were supplied by the occluded MCA, were
the regions most frequently damaged as so-called ischemic focil3). The reduction of
muscarinic acetylcholine bindin:g sites in the FrPaSS and the CPu-L is explained by the direct
damage to intracellular components including cell membrane following damage of second
messenger systems and disruption of calcium homeostasis by ischemia-induced energy
failure.

Second, in the exo-focal postischemic brain areas, the ipsilateral thalamus and the
amygdala, a significant decrease of [BH]QNB binding sites was observed 3 days after the
ischemia. Moreover, in the ipsilateral substantia nigra, PH]JQNB binding sites decreased
significantly compared with the value of sham-operated control rats 1 week after the ischemia.
The alteration of BH]QNB binding sites in the substantia nigra was minimal because of their
initial low binding activity. 1

These changes of muscarinic acetylcholine binding sites observed in the thalamus and
the substantia nigra on the ischemic side were concurrent with the abnormal calcium
accumulation detected there in our previous study>). Moreover, both phenomena, i.e., the
reduction of PH]QNB binding sites and abnormal calcium accumulation, in two remote areas
on the ischemic side preceded; the histologic findings of delayed neuronal damages. In
contrast with the FrPaSS and jthe CPu-L, the ipsilateral thalamus and the substantia nigra
were remote from these ischemic areas, and both areas had not been directly affected by the
original ischemic insult5). Delayed neuronal damages in the exo-focal remote areas might be
caused by a transsynaptic proc‘ess associated with the ischemic foci®). lizuka et al. reported
that delayed neuronal degen;eration of the ipsilateral thalamus was observed after
somatosensory cortical infarct of rats using the Fink-Heimer silver staining method!6).
Reduction of muscarinic acetylcholine binding sites in the thalamus on the ischemic side may
be explained by retrograde neuronal degeneration due to thalamocortical fiber damage in
ischemic cortical regions.

We realize that the mechanisms of delayed neuronal damage in the exo-focal brain
areas may be variable and are 4omplicated in remote areas, i.e., the thalamus, the amygdala,
and the substantia nigra on the ischemic side. Yamada et al. reported that basic fibroblast
growth factor prevented neuronal degeneration of the thalamus after MCA occlusion in
rats!?). This indicates that trophic substances may play an important role in the mechanism of
neuronal damage of the thalan“)us which might be caused by retrograde ‘degeneration of the
thalamo-cortical pathway after ischemic insult. On the other hand, in the substantia nigra, we
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speculate that delayed neuronal degeneration may be induced by disinhibitory overexcitation
caused by diminished inhibitory regulation from the caudate putamen, which was affected by
the precedent ischemia’.11). Further detailed investigation is required in order to clarify the
mechanisms of delayed neuronal degeneration caused by neuronal network disturbances after
ischemia.

It is well known that thalamic damage results in some behavioral neurological
disturbances, such as amnesic syndromes, dementia, or aphasic syndrome!8.19). There have
been few studies on clinical symptoms in multi-focal brain damages during the chronic stage
after stroke, and such delayed neuronal degeneration in the exo-focal remote areas after
ischemia have only recently been revealed by animal experiments. Based on the present
study, we suggest that multi-focal postischemic alterations of muscarinic acetylcholine
binding sites may exacerbate the clinical symptoms of patients during the chronic stage of
stroke. However, further study is required to confirm the clinical meaning of multi-focal
neuronal degeneration after stroke.
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Table 1. Time-course of PH]JQNB binding in each structuré of the rat brain after 90 min of MCA occlusion
followed by different of recirculation.

Structumr e Control 90-min ischemia 3 hours 6 hours ] day
Ischemic side

FrPaM 367.4 £ 24.1 366.4 + 31.9 361.1 & 20.0 364.1 + 35.1 3h6.7 £ 20.7
FrPaSSs 348.5 ¢+ 1.2 352.3 + 38.9 340.0 & 32.5 357.4 £ 36.5 337.4 = 37.4
Chu(l) 397.7 £ 21.3 414.4 £ 43.2 415.1 £ 48.5 405.3 + 43.2 409.8 + 37.1
CPu(M) 395.4 £ 37.3 382.3 + 43.9 390.5 + 32.9 397.2 = 38.2 364.9 + 22.2
Hi ppocampus 3650.2 + 18.3 376.0 £ 12.4 359.5 £ 43.8 383.4 & 48.3 339.1 + 38.9
Thal amus 139.0 ¢+ 19.1 141.0 £ 21.6 134.0 £ 26.9 143.8 ¢+ 22.8 123.2 £ 34.9
Amygdala 284.9 + 12.1 281.8 + 26.2 338.6 ¢ 36.2 317.9 £ 47.6 283.0 £ 35.2
Substantia nigra 62.9 £ 19.2 69.4 £ 18.9 64.9 + 11.3 58.9 ¢+ 10.0 66.4 £ 12.6
Pons 98.1 + 15.8 95.3 + 28.4 103.0 &£ 32.3 104.7 + 34.9 93.7 + 15.2
Non-ischemic side

FrPaM 340.9 = 29.2 369.4 £ 27.5 367.1 £ 25.9 359.5 + 34.2 348.5 + 13.9
FrPaSs 346.4 £ 30.8 369.0 + 28.1 351.8 £ 21.1 352.8 £ 40.2 345.7 £ 23.1
CPull.) 387.8 + 28.5 380.2 & 41.6 415.7 + 49.3 394.4 + 40.4 358.3 + 46.6
CPu(M) 383.5 2 42.5 385.9 ¢ 33.2 377.7 + 49.2 389.3 1+ 41.9 347.1 + 27.8
1li ppocampus 347.6 £ 16.1 370.9 + 31.4 363.6 + 45.7 378.3 + 42.9 336.4 + 42.7
Thal amus 145.6 £ 25.4 156.5 £ 25.5% 158.9 + 35.9 151.8 + 20.9 146.1 ¢ 26.9
Amygdala 291.4 = 39.9 325.2 + 40.3 323.1 & 47.3 311.8 & 40.7 278.4 + 21.5
Substantia nigra 66.3 £ 14.7 C64.5 = 14.2 63.5 £ 11.4 69.4 ¢+ 10.8 63.2 + 10.5
Puns 112.2 £ 10.6 103.3 £ 18.0 97.2 + 21.2 96.1 ¢ 20.1 93.9 & 15.6
Values are given in Mean £ S.D. fmol/mg tissue using six animals.

FrPaM: frontoparietal cortex, motor area, supplied by anterior cerebral artery;
FrPaSS: frontoparietal cortex, somatosensory area, supplied by middle cerebral artery;

CPu(l.):

#p<(), 05 *#p<0.01, significant difference from sham-operated control values using
Ducan's multiple range test.

lateral scgment of caudate putamen; CPu(M): medial segment of caudate putamcn,

Table 1. Time-course of PH]JQNB })inding in each structure of the rat brain after 90 min of MCA occlusion
followed by different of recirculation(continued).

Structure 3 days 1 week 2 weeks 4 weeks
Ischemic side

Fri‘aM 354.3 £ 23.8 363.8 £ 45.9 356.9 £ 34.4 J48.0 £ 29.4
Fria8s 248.9 + 23,3%¢ 198.0 £ 190.6%% 91.4 + 18.5%% 74.0 % 15.6%*
CPu(l.) 327.9 £ 27.8%  250.4 & 48.4%% 158.1 & 30.1#% 122.9 % 42.0%+
Chru(M) 366.7 % 24l| 370.2 & 45.1 361.1 &+ 28.2 362.1 ¢ 34.9
Iti ppocampus 362.3 & 42[2 374.2 £ 40.2 351.3 ¢ 35.3 347.7 + 28.7
Thal) amus 91.1 2 23,5%% 96.6 £ 34.1%% 98.2 + 22,7%* 4.8 £ 16.1%%
Amygdala 178.9 3+ 39.4% 229.8 + 37.3% 203.6 & 28.3* 99.2 t 20.9%%
Substantia nigra 62.6 & 22.7 38.9 + 17.6% 44.0 £ 13.1%* 43.9 ¢ 18.6=*
Pons 92.9 ¢+ 1.4 93.5 ¢ 11.7 99.1 ¢ 1.7 86.9 ¢ 18.5
Non-ischemic side :

FriaM 3651.5 & 37.6 367.2 ¢ 27.1 358.3 ¢ 26.5 349.7 + 27.4
FriraSs 354.6 2 43.7 350.4 ¢ 23.6 353.8 + 33.6 358.2 + 26.9
CPu(l. 385.8 £ 27.4 378.8 ¢ 44.9 402.8 ¢ 37.4 387.0 ¢ 26.2
CPu(M) 381.6 + 43.7 370.6 &+ 38.3 384.2 = 37.1 375.9 ¢ 32.8
11i ppocampus 353.2 + 34.7 J66.2 £ 35.9 344.2 2 40.6 329.4 ¢ 21.9
Thalamus 141.7 ¢ 22.7 161.0 £ 24.8 149.6 £ 37.1 146.2 + 17.2
Amygdal a 265.9 & 43.0 3316.9 2 36.1 304.2 £ 23.5 300.7 ¢ 26.1]
Substantia nigra 60.8 ¢ 13.1 60.7 ¢+ 10.8 69.9 + 28.6 62.3 t 13.6
Pons 97.2 + 26.2 90.0 + 13.3 85.9 + 23.9 103.9 + 29.8
Values are given in Mean t SKD. fmol/mg tissue using six animals.

FrPaM: frontoparietal cortex, motor area, supplied by anterior cerebral artery;

FrPa8S: frontoparietal cortex, somatosensory area, supplied by middle cerebral artery;
CPu(l.): tateral scgment of caudate putamen; CPu(M): medial segment of caudate putamen;
*p<0.05; **p<0.0l, significant difference from sham-operated control values using

Duncan's multiple range test.
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90 min 90 min 90 min 90 min
1 day  3days 1 week 4 weeks

Control

Fig. 1. [*H]JQNB autoradiograms of the brains of sham-operated control rats and those obtained after 90 min
of MCA occlusion followed by 1-day, 3-day, 1-week, and 4-week recirculation. Representative autoradiograms
show coronal sections at the level of the caudate putamen (top), the thalamus (middle), and the substantia nigra
(bottom). Three days after the ischemia, a significant reduction of the binding sites was first detected not only
in the cerebral cortex and the lateral segment of the caudate putamen, but also in the ipsilateral thalamus
(arrowhead) on the ischemic side and these findings continued up to 4-week recirculation.
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Introduction

It had been believed that 18F-FDG was an inadequate tracer to detect inflammationl),
until clinical PET studies of high 18F-FDG uptake by abscess were reported2.3). However,
in previous study, we demonstrated that 18F-FDG accumulated in the abscess rim and the
surrounding tissue by autoradiography#>). In this study, we examined the effect of blood
glucose level on 18F-FDG uptake in inflammatory tissue by tissue distribution study.

Materials and Methods

Male Donryu rats weighing 100-120 g were used. To induce inflammation, animals
were inoculated with 0.2 ml of turpentine oil subcutaneously in the left groin. Animals were
selected 4 days after inoculation since maximum 18F-FDG uptake was observed on the same
day during the longitudinal study>) and they were divided into two groups (n=6, each). Six
rats of one group were subcutaneously injected with 2 units of insulin, and were injected
with 740 kBq (20 nCi) of 18F-FDG through the tail vein 5 min later. Other 6 rats as control
group were injected with the same dose of 18F-FDG without insulin injection. They were
killed by cervical dislocation 1 hour later. The inflammatory tissue sample, including
inoculated turpentine-oil, was excised and trimmed off the neighboring subcutaneous tissue.
The muscle, heart and liver were excised and blood collected from the heart. Each sample
was weighed and the 18F radioactivity was counted with a well-type NAI(TI) autogamma
counter and corrected for decay. Data were expressed as the differential uptake ratio (DUR).
Simultaneously, blood glucose concentrations were measured by standard enzymatic
methods.

Results and Discussion

Table 1 shows the blood glucose of two groups. Mean blood glucose in control
group was significantly higher than that in insulin group. Table 2 summarizes results of 18F-
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FDG uptake-in various tissues of rats 4 days after the inoculation of turpentine oil. The
uptakes in blood, liver and inflammation in control group were significantly lower than those
in insulin group, respectlvely There was no sngmﬁcant dlfference in heart between control
and insulin groups However the uptake m muscle in contro] group was S1gmf 1cantly higher
than that in insulin group In this study, 18F.FDG uptakes in blood and liver were directly
affected by injected insulin. 18F-FDG uptake in inflammatory tissue is thought to depend on
the blood flow?). Therefore, the decreased 18F-FDG uptake in inflammatory tissue in insulin
group may reflect on the decreased blood glucose level. The increased uptake in muscle in
I

|
i

insulin group may reflect the mcreased movement due to hypoglycemla and the insulin effect.
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Table 1. Blood glucose.

Bloodii glucose (mg/ml)

Control group 13317
~ Insulin group 52+20

* Mean=SD for 6 rats.

Table 2. '3F-FDG uptake in rats 4 (?ys after inoculation of turpentine oil.

Bloo‘d Heart Muscle Liver Inﬂainmation

Control group  0.26x0.02 8.73x2.01 0.870.16 0.27+0.04 1.59:0.23

Insulin group 0.0920.01 7.56+0.56 1.45:0.14 0.11:0.02 0.76x0.14
(p<o.po1) (NS)  (p<0.001) (p<0.001) (p<0.01)

* MeanzSD for 6 rats. NS: not significant.
( ): p value between Control group and Insulin group.

i

127



CYRIC Annual Report 1994

IIL. 5. Effects of a Cyclic AMP-Selective Phosphodiesterase
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Introduction

Recent studies have shown age-related changes in neurotransmitter systems in
mammalian brain!2). In particular, age-dependent changes are known to occur in the
hippocampus, which is important in cognitive function such as learning and memory.
Calcium ions also play critical roles in various neuronal functions. Age-related changes in
calcium metabolism may affect neuronal function, especially neurotransmitter release. Both
stimulated and basal releases of a number of neurotransmitters have been shown to change
during senescence3-5).

Rolipram is a clinically effective antidepressant with selecive cAMP
phosphodiesterase (PDE) inhibiting properties. Rolipram inhibits a Ca2*/calmodulin
independent cCAMP selective PDE isoenzyme®-®) leading to increased brain cAMP levels®). In
this study, we investigated the regional age-related changes in the binding sites of muscarinic
acetylcholine, presynaptic cholinergic terminals, protein kinase C, and of a voltage-dependent
L-type calcium channel blocker using in vitro ligand autoradiography together with the effects
of chronic treatment with rolipram on the regional age-related changes in these binding sites in
the rat brain.

Materials and Methods
EXPERIMENTAL ANIMALS

Male Wistar rats (CLEA JAPAN INC., Tokyo, Japan) 15 weeks and 80 weeks old,
were used. Rolipram (Meiji Seika Kaisha, Ltd., Yokohama, Japan), or vehicle (distilled
water), was administered orally at a dose of 0.01 mg/kg or 0.1 mg/kg once a day for 4
weeks. The animals were killed by decapitation and the brains were frozen in powdered dry
ice. Sagittal sections, 12 ym in thickness, were cut on a cryostat and thaw mounted onto
gelatin-coated slides.
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IN VITRO RECEPTOR BINDING AUTORADIOGRAPHIC ASSAYS

Muscarinic cholinergic jreceptors were quantified using the radiolabeled antagonist
BH]quinuclidinyl benzilate (QNB; specific activity 43 Ci/mmol, Amersham) as reported
previously!0). Autoradiographic localization of [PH]hemicholinium-3 (HC3) binding in the
brain was performed according to the method of Forloni and Angeretti!!) with minor
modifications. Autoradiography with PH]phorbol 12,13-dibutyrate (PDBu) was carried out
essentially as described by Worley et al.12). Binding sites for 1, 4-dihydropyridine calcium
antagonists were located with [?H]nimodipine essentially as reported previously!3).

The sections were appo§ed to Hyperfilm-3H (Amersham) for 2-4 weeks with a set of
tritium standards. The optical density of the brain regions was measured using a computer-
assisted image analyzer (IBAS Image Analyser System, Zeiss).

Results
[H]QNB BINDING

In young animals, high [PHJQNB binding was noticed in the hippocampal CA1
sector, the nucleus accumbens, the dentate gyrus, and the striatum, followed by the frontal
cortex and the hippocampal CA3 sector (Table 1). In old animals, the BFH]JQNB binding was
relatively similar to that of young animals. However, a significant decrease was seen in the
thalamus and the cerebellum compared with young rats. Chronic treatment with rolipram of
the higher dose induced significant decreases in PH]JQNB binding in the frontal cortex, the
striatum, and the hippocampali CA3 of the old rats, but no changes were seen in the young
rats (Table 1). ‘

[FHJHC3 BINDING

In young animals, high density of [PHJHC3 binding was found in the striatum and the
accumbens nucleus. In the hi]inpocampus, the density of [3BHJHC3 binding was intermediate
(Table 2). In old animals, the density of PH]JHC3 binding was relatively similar to that of
young animals, but the frontal cortex showed a slight reduction. After rolipram treatment,
[BHJHC3 binding in old rat brains was largely unchanged except for slight changes in the
stniatum and the thalamus (Table 2). No effects of the treatment was found in young rats.

[BH]PDBu BINDING

In young rats, the highest density of the BHIPDBu binding was noted in the
hippocampal CA1 sector, the hmolecular layer of the cerebellum, the dentate gyrus, and the
lﬂppocampa] CA3 sector. The accumbens nucleus, the frontal cortex, the parietal cortex, and
the striatum exhibited relatively high [PH]PDBu binding sites (Table 3). In old rats,
significant elevations in the PH]PDBu binding were found in the hippocampal CA1 sector,
the dentate gyrus, and the mplecular layer of the cerebellum compared with young rats.
Chronic treatment with the higher dose of rolipram caused a significant reduction in
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[PH]PDBu binding in the hippocampal CA3 sector, the accumbens nucleus, the molecular
layer of cerebellum, the frontal cortex, the striatum, the dentate gyrus, and the thalamus.
However, there were no significant alterations in [BH]PDBu binding in young rats (Table 3).

PHINIMODIPINE BINDING

In young rats, the dentate gyrus exhibited high binding activity. The thalamus, the
hippocampal CA3 sector, the accumbens nucleus, the striatum, and the neocortex had also
relatively high [PH]nimodipine binding sites (Table 4). In old animals, significant reductions
in BH]nimodipine binding were found in the striatum, the thalamus, the hippocampal CA3
sector, the dentate gyrus, and the frontal cortex compared with young rats (Table 4). Chronic
treatment with the lower dose of rolipram significantly increased [*H]nimodipine binding in
the hippocampal CA1 sector, the dentate gyrus and the moleculer layer of the cerebellum, but
no alterations were found in the young rats.

Discussions

The hippocampus has a high density of muscarinic cholinergic receptors and receives
cholinergic innervation!4). We found that [BH]JQNB binding showed no striking changes in
the hippocampus between 19 weeks and 84 weeks of age in Wistar rats. After rolipram
treatment, the hippocampal CA3 sector showed a significant decrease in PH]JQNB binding in
old rats, but not in young rats. Several studies have suggested that the impairments in
learning and memory in aged rats are associated with an age-dependent decline of cholinergic
function in the forebrain!. It is likely that decreased FH]JQNB binding after chronic
rolipram treatment in old rats results from improved acetylcholine neurotransmission.

[BHJHC3 binding serves as a specific marker for cholinergic terminalsl®). The
distribution of PH]JHC3 binding sites is closely consistent with the localization of presynaptic
markers of the cholinergic system!7?). In the present study, [PHJHC3 binding sites were
largely unchanged during senescence and only showed a slight decrease in the frontal cortex
in old rats. After rolipram treatment, we observed only slight changes in the brain. These
findings suggest that presynaptic acetylcholine terminals are resistant to senescence and
pharmacological intervention. ‘

We observed significant elevations in [BH]PDBu binding in old rats in the
hippocampal CA 1, the dentate gyrus, and the cerebellar molecular layer compared with young
animals. PKC is known to play a role in modulating neuronal transmission, intracellular
signal transduction, and synaptic plasticity!®). PKC may be involved in the generation of
long-term potentiation in the hippocampus, which is related to leaming and memory!®-21).
Although the dysfunction of a second-messenger system in the course of aging processes is
not fully understood, the elevations of this second-messenger in most brain areas seen in old
rats may result from decreased neurotransmission activity. Furthermore, rolipram modulated
the alterations in the BFH]PDBu binding.
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Age-related reductions in [*H]nimodipine binding sites were found in various brain
regions. This observation suggests that the density of calcium channels is altered during
aging. An altered calcium homeostasis is an important contributing factor in the expression of
a number of neuronal functions altered during aging, such as neurotransmitter release,
enzymatic functions, and transport systems22). Noteworthy is that the age-related reductions
in PH]nimodipine binding in old rats were modulated following rolipram treatment.

Thus, the present study demonstrated age-related alterations in the binding sites of
muscarinic acetylcholine, PKC, and a voltage-dependent L-type calcium channel blocker in
various brain regions, whereas presynaptic cholinergic terminals were largely unchanged
during aging. Rolipram modulated these age-related changes in these binding sites in old
rats. These changes in neurotransmission and second-messenger systems may be caused by
changes in brain CAMP levels. In contrast, we found that rolipram did not influence these
binding sites in young rats. Because the acetylcholine, PKC, and calcium channel systems
are believed to contribute toj learning and memory processes, further studies should be
performed to investigate the precise mechanisms for such effects.
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Table 1. Effect of rolipram on age-related alterations in PHJQNB binding (fmol/mg) in the rat brain.

19 weeks old : 84 weeks old
Vehicle 0.0lmg 0.1mg Vehicle 0.0lmg 0.1mg

Frontal cortex 352+41 369+28 347+30 331129 305x13 271+£25%#
Striatum 377+45 40029 390+42 351+28 357+24 303£27#
Nucleus accumbens 444440 455+47 447423 411427 402438 386438
Hippocampus

CA1 sector 469+39 482+19 485+16 473+16 474128 437+31

CA3 sector 307435 303+14 287437 282428 274420 245+13#

dentate gyrus 398435 379+22 391442 402442 398123 362434 .
Thalamus - 135436 119+21 105429 83+20* 80+22 67+19
Hypothalamus 45+13 28+19 28+13 22423 26+11 31+11
Substantia nigra 83+40 52421 50+15 43+11 50+15 45+17
Cerebellum 387 27+10 29+7 26+6%* 35+7 3246

Values are expressed as means+SD. n=5-6.
*p<0.05 , **p<0.01 vs. vehicle treated young animal (Student's t-test).

#p<0.05 , ##p<0.01 vs. vehicle treated old animal (Bonferroni's multiple comparison test).

Table 2. Effect of rolipram on age-related alterations in [PH]JHemicholinium-3 binding (fmol/mg) in the rat
brain.

19 weeks old 84 weeks old

Vehicle 0.0lmg 0.1mg Vehicle 0.0lmg 0.1mg

Frontal cortex 1942  21+2 17+£3 16£2* 16+3 1743
Parietal cortex 1943  21x1 18zl 17#2 1742 1843
Striatum 75+15 93+15 88+11 73+7  79+13 93+14#
Accumbens nucleus 74+6 8610 709 62+13 61+5 70+12
Hippocampus
CA1 sector 21+2  23x3 20zl 2182 19+3 2212
CA3 sector 24+2 2534 21%2 23+2 2143 2242
Dentate gyrus 5449 57+9 4319 55¢9 53+12 5544
-~ Thalamus 1613 1743 1343 1944  14+2*% 16zl
Hypothalamus 2+0.5 3+£2 1+0.5 2+1 1+1 2+1
Brain stem 11+4 9+1 8+2 T+2 T+2 743
Cerebellum 542 - 5+1 404 4+1 312 3+l

Values are expressed as means+SD. n=5-6.
*p<0.05 vs. vehicle treated young animal (Student's t-test).

#p<0.05 vs. vehicle treated old animal (Bonferroni's multiple comparison test).
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Table 3. Effect of rolipram against age-related alterations in PHJPDBu binding (fmol/mg) in the rat brain.

19 weeks old 84 weeks old
Vehicle 0.0lmg O0.1mg Vehicle 0.0lmg 0.1mg
Frontal cortex 876#95 925+94 862+56 897481 839+79 748+99¢
Parietal cortex 7 822+86 795188 908198 924+54 808+89
Striatum 756:‘&:95 794+99 728+21 78380 69275 657+50%
Accumbens nucleus 8901;98 994+95 893166 943499 836182 T01+47##
Hippocampus |
CA1 sector 9984391052455 988466 1090+92*1084+43 1086+69
CA3 sector 906184 988167 945+71 973+86 936173 820x61##
Dentate gyrus 015+43 988+21**927+30  1006+86% 937+99 860+57#
Thalamus 648+59 686+75 598166 638+71 510+84* 446+62##
Hypothalamus 168+29 163434 128x23 126+21% 124433 114455
Brain stem 205+23 188439 179+13 17729 168+36 150+18
Cerebellum ‘
Average 684486 687+92 681180 686+50 604+66 602172
Molecular layer 997+98 1068+95*%1018+55 897+38##

933+89 1008+46

Values are expressed as means+SD. n=5-6.
*p<0.05, **p<0.01 vs. vehicle treated young animal (Student's t-test).

#p<0.05, ##p<0.01 vs. vehicle treated old animal (Bonferroni's multiple comparison test).

Table 4. Effect of rolipram agamst age-related alterations in [*H]nimodipine binding (fmol/mg) in the rat

brain.

19 weeks old 84 weeks old
Vehicle 0.0lmg O0.lmg  Vehicle 0.0lmg 0.1mg
\
Frontal cortex 35+6 33+£7 3345 27+5% 2046 266
Parietal cortex 32+7 2249 36+8 20+6 35+7 306
Striatum 35¢5 32+4 3747 23+4%*  27+7 2343
Accumbens nucleus 406 366 4443 28+11 364 3213
Hippocampus
CA1 sector 23+5 17+9 2816 1410  27+8% 215
CA3 sector 30+5 3510 41+8 30+7* 39+8 3049
Dentate gyrus 52+3 508 5816 4249%  54+8%  48x7
Thalamus 44+4 38+4 43x10 29+8%* 3149 2647
Brain stem 67 6+5 616 7+5 6+4 2+2
Cerebellum J '
Average WEY) 8+8 1345 8+5 10+4 9+7
Molecular layer 44 5+7 545 1+1 9+5¢% 514

Values are expressed as means:!:SlD n=5-6.
*p<0 05, **p<0.01 vs. vehicle treated young animal (Student's t-test).

p<0 05, vs. vehicle treated old angmal (Bonferroni's multiple comparison test).
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Introduction

Rolipram, which has been known as an antidepressant, inhibits a Ca2+/calmodulin-
independent cyclic adenosine monophosphate (cyclic AMP)-selective phosphodiesterase
isozymel), leading to an increase in brain cyclic AMP levels?). Specific binding sites for
[PH]rolipram have been visualized and quantified by in vitro autoradiography, which showed
high binding site densities in the CA1 subfield of the hippocampus3). Rolipram has also been
shown to have a neuroprotective action against cerebral ischemia®).

Chronic treatment with this compound is expected to modify signal transmission and
transduction systems in the brain via the alteration of brain cyclic AMP levels. It is important
to reveal the changes in the brain of animals treated chronically with rolipram considering its
potential clinical application as an antidepressant or an agent for stroke patients. The purpose
of this study, therefore, was to reveal the effects of chronic treatment with rolipram on the
excitatory amino acid (EAA) neurotransmission system. For this purpose, we performed in
vitro ligand binding autoradiography with PH]MK-801 and D-[3H]aspartate to investigate the
N-methyl-D-aspartate (NMDA) subtype of glutamate receptors and sodium dependent
glutamate transport sites, respectively. By use of young and aged Wistar rats, we evaluated
the age-related alterations in the EAA neurotransmission system and compared the effects of
rolipram between young and aged rats.

Materials and Methods
CHRONIC ROLIPRAM TREATMENT

We used male Wistar rats (Clea Japan Inc., Tokyo, Japan) 15 weeks old (young) and
80 weeks old (aged), weighing approximately 400 g and 500 g, respectively. Rolipram
(Meiji Seika Kaisha, Ltd., Yokohama, Japan) at a dose of 0.01 mg/kg or 0.1 mg/kg or its
vehicle (distilled water) was administered per os once a day over 4 weeks. Twenty four
hours after the final administration, the animals were sacrificed by decapitation, when the
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young rats were 19 weeks old and the aged rats were 84 weeks old. The brains were rapidly
removed and frozen in dry ice powder. Frozen sections were cut at a thickness of 20 um on
a cryostat and mounted onto a gelatin-coated slides and dried under a cold air stream. The
sections were kept at -80 °C until assay. ' '

[FHJMK-801 BINDING

NMDA receptors were Fuantiﬁed using the radiolabeled non-competitive antagonist
PHIMK-801 (20.3 Ci/mmol, New England Nuclear) as reported previously>:). Sections
were rinsed in 50 mM Tris-H@ buffer (pH 7.4) with 190 mM sucrose, air-dried, and then
incubated with 30 nM PH]MK%SOI in the same buffer for 20 min at room temperature. The
sections were then washed tv:vice in the buffer for 20 sec. Non-specific binding was
determined using 100 uM M(—FOI (Research Biochmicals Inc.).
D-[PHJASPARTATE BINDING

Sodium-dependent excitatory amino acid transport sites were quantified using D-
[BH]Jaspartate (12.8 Ci/mmol, New England Nuclear) as reported previously”). Sections
were preincubated in S0 pM Tris-HC] buffer (pH 7.4) containing 300 mM NacCl for 10 min
at30 °C, and then incubated with 100 nM D-[3H]aspartate in the buffer for 10 min at 0-4 °C.
The sections were then washed three times in the buffer for 30 sec at 4 C. Non;specific
binding was determined using 100 uM D,L-threo-f-hydroxyaspartate (Sigma).

AUTORADIOGRAPHY

The sections were dried under a stream of cold air and apposed to Hyperfilm-3H
(Anersham) for 2-4 weeks. The optical density of the regions of interest was measured using
a computer-assisted image analyzer system (IBAS image analyser system, Zeiss). The
relation between optical denqity and radioactivity was determined using a third order
polynomial function with refere%nce to tritium standards (3H-microscale, Amersham) exposed
along with the tissue sections. The binding were represented as mean values +S.D. (fmol/mg
tissue). Statistical compan'sonql were made with the analysis of variance and the Bonferroni's
test, and the Student's t-test.

Results
[FHJMK-801 BINDING

In normal brains, the highest [PH]MK-801 binding was seen in the CA1 subfield of
the hippocampus, followed by the dentate gyrus. Moderate binding was seen in the CA3
subfield of the hippocampus and the neocortex (Table 1). We observed no significant
differences in PHJMK-801 binding between young and aged rats. Chronic rolipram
treatment at both high and low doses led to an increase in the PHJMK-801 binding in the
striatum, the dentate gyrus, the thalamus, and the cerebellum in aged rats (Table 1). In young
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rats, treatment with the higher dose of rolipram increased BHJMK-801 binding in the dentate
gyrus but otherwise caused no alterations.

D-BHJASPARTATE BINDING

In normal brains, the highest D-[3H]aspartate binding was seen in the CA1 subfield of
~ the hippocampus, followed by the CA3 subfield of the hippocampus, the dentate gyrus, and
the molecular layer of the cerebellum (Table 2). We observed no significant differences in D-
[PH]aspartate binding between young and aged rats. Chronic rolipram treatment caused
remarkable reductions in the D-[3H]aspartate binding in allmost all brain regions examined
largrly in a dose-dependent fashion and the reductions were similarly seen in young and aged
rats (Table 2). |

Discussions

In the present study, we found no significant changes in PH]MK-801 and D-
[PH]aspartate binding between brains of young (19 weeks old) and aged (84 weeks old)
animals. Earlier studies have reported age-related reductions in binding to NMDA receptors
in rodent brains8-!1). Furthermore, an age-related loss in the number of high affinity
glutamate transport (uptake) sites has been reported!2-15). However, the binding sites within
the channel protein labeled by FH]MK-801 is relatively preserved during the aging process,
showing different effects of aging on the NMDA receptor and its channel proteinl).
Furthermore, strain-dependent reductions in glutamate binding to the NMDA receptor are
observed in aged mouse brainl?). Therefore, the reasons why we observed no significant
age-related alterations in BH]MK-801 and D-[3H]aspartate binding may be that (1) PH]MK-
801 binding sites are relatively resistant during senescence as compared to NMDA binding
sites, and (2) brains of Wistar rats may be relatively resistant to aging processes compared
with Fisher-344 rats which is frequently used.

One of the major findings of this study is that chronic treatment with rolipram, a cyclic
AMP-selective phosphodiesterase inhibitor, altered EAA neurotransmission in the brain. The
alterations observed after rolipram treatment were (1) increases in PH]JMK-801 binding and
(2) decreases in D-[3H]aspartate binding. These alterations suggest up-regulation of NMDA
receptors and down-regulation of EAA transport sites, respectively. These alterations also
suggest that EAA neurotransmission in the brain is regulated by receptor activation and
uptake of EAA. Because rolipram increases brain levels of cyclic AMP, the rolipram-induced
elevations in FH]MK-801 binding and reductions in D-[3H]Jaspartate binding may imply a
compensatory up-regulation and down-regulation, respectively, following decreased
extracellular EAA levels in response to the activated second messenger system by elevated
levels of cyclic AMP. Thus, a close linkage between brain cyclic AMP levels and EAA

neurotransmission is suggested.
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With regard to the effects of chronic roliram treatment on [PH]MK-801 binding,
differences were observed between young and aged animals although similar changes were
observed in D-PPH]aspartate bf'nding. Rolipram increased PH]JMK-801 binding in many
regions of the aged rats but only in the dentate gyrus of the young rats. This observation
suggests greater sensitivity of 'aged rats to this kind of drugs. Similar effects have been
reported on treatment with MK-801. Ingram et al.18) reported that aged rats show a dose-
dependent impairment in maze performance while young rats exhibit no detrimental effects.

In conclusion, chronic treatment with rolipram, a cyclic AMP-selective
phosphodiesterase inhibitor, re;sulted in increases in PHJMK-801 binding and decreases in
D-[3H]aspartate binding in van';ous brain regions. Greater sensitivity of this treatment in aged
rats was also observed. These findings suggest that EAA neurotransmission in the brain can
be regulated by pharmacological treatment such as rolipram. Further investigations of the
compensatory responses of neurotransmission and second messenger systems to
pharmacological treatment aré, required to define the compensatory mechanisms that are
related to aging and therapeutié action of the drugs.
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Table 1. Effects of chronic rolipram treatment on [PHJMK-801 binding in various brain regions of young (19-
week old) and aged (84-week old) Wistar rats.

young (19-week old) old (84-week old)
vehicle 0.0lmg/kg 0.1mg/kg vehicle 0.0lmgkg O0.lmg/kg
frontal cortex 209+36.2 194+39.8 227+134 217+29.9 252+46.9 247+38.7
parietal cortex 229+27.7 192+58.5 227+272 253:+40.8 2521814 2661253
striatum 169+62.9 170+21.9 201+303 164+50.6 248+26.9* 233140.6%
accumbens nucleus 205+84.7 240+39.6 2744619 206+35.6 305+41.9* 2491+56.9

hippocampus, CA1 subfield 366+48.7 399+67.8 4144548 411+58.8 478+66.0 484+30.3
hippocampus, CA3 subfield 214+45.0 192+32.5 218+14.7 231+273 281+43.8 266+39.7
hippocampus, dentate gyrus 313+£26.2 300+35.7 377+39.1*% 325+654 387+45.5 403+16.8*
thalamus 1871439 148:17.0 207+37.8 175+46.5 243+47.5* 236+30.6*
cerebellum (average) 64+20.9 421250 811273 461324 97+54*%* 116+25.5%*

mean values + SD, n=4-6, *p<0.05, **p<0.01 vs vehicle-treated animals (Bonferroni test)

Table 2. Effects of chronic rolipram treatment on D-[?H]aspartate binding in various brain regions of young
(19-week old) and aged (84-week old) Wistar rats.

young (19-week old) old (84-week old)
vehicle 0.0lmg/kg 0.1mg/kg vehicle 0.0lmg/kg 0.lmg/kg
frontal cortex 416+79.8 224434.5*%* 238+36.3** 478+58.7 268+63.7%* 178+39.2**
parietal cortex 474+603 267+43.4%* 262+48.4%* 603+132.8 390+56.0% 265+67.1%*
striatum 362+89.4 207+63.3%* 206£40.2** 377+50.0 250+21.7** 1914+38.5**

accumbens nucleus 41441119 272+95.1  211+543* 427+107.1 325+42.7 229+40.3**
hippocampus, CA1 894+113.1 600+146.4**552:117.8%%811+83.3 620+154.2 598+109.6*
hippocampus, CA3 642+109.7 393+153.0% 373+69.7** 644+32.1 416+£34.1%¥* 399+152 3%+
dentate gyrus 534+125.4 380+67.9 401+869  618+124.5 420+82.3* 401+113.4*
thalamus 256+57.1 147+28.9%* 148+40.2** 209+48.5 119+19.6%* 120+15.7**
cerebellum (average)  176+57.9 107+183* 133+166  189+30.7 100+8.8** 123+27.5%*
cerebellum (molecular) 681+115.0 418+1344* 597+134.3 571+50.2 530+124.8 301159.2*%*

mean values + SD, n=4-6, *p<0.05, **p<0.01 vs vehicle-treated animals (Bonferroni test)
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Selective neuronal damhge occurs in certain limited regions of the brain such as the
hippocampal CA 1 sector and dorsolateral striatum after a brief period of cerebral ischemial 2).
Mild damage is also found in the hippocampal CA3 sector and neocortex, if cerebral ischemia
is prolonged2-4. The neuronal damage in these areas develops over a period ranging from
hours to several days after transient cerebral ischemia. A previous study indicates that in the
hippocampus, a considerable x{umber of presynaptic terminals preserved their fine structure
even when most of postsynaptic structures are destroyed after ischemia®). Furthermore,
several studies suggest that éholine acetyltransferase levels as an index of presynaptic
cholinergic activity are unchanged after cerebral ischemias7). However, a recent study has
shown that the presynaptic terminals of the cholinergic neurons are vulnerable to ischemic
insult and that cholinergic dysfunction precedes postsynaptic CA1 pyramidal neuronal death
in the hippocampus®). This observation suggests that the presynaptic terminals of the
cholinergic neurons in vulnerable areas are also susceptible, if ischemic time is prolonged.

Hemicholinium-3 (HC?j:) is a very specific and potent inhibitor of the high affinity
choline transport system (HAChT)%.10). Several studies indicate that [BHJHC3 specifically
binds to a site associated with the HAChT site. Furthermore, the autoradiographic
distribution of [BHJHC3 binding sites is closely consistent with the localization of presynaptic
markers of the cholinergic system!!). Therefore, HC3 is thought to be a valuable ligand for
HACHT sites and a specific maker for presynaptic cholinergic terminals!2). However, little is
known about postischemic changes of [BHJHC3 binding as a sensitive marker of presynaptic
cholinergic terminals. In the present study, we examined sequential changes of FH]JHC3
binding in the gerbil brain after transient cerebral ischemia usin g receptor autoradiography.

Materials and Methods

Ischemic insult: Male adult Mongolian gerbils weighing between 60 and 80 g were
anesthetized with 2% halothane in a mixture of 30% oxygen and 70% nitrous oxide. Bilateral
common carotid arteries were éxposed and the carotid arteries were occluded with aneurysmal
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clips for 10 min, and then the animals were allowed to survive for 1, 5, 24 and 48 h and 7
days after ischemia. Sham-operated gerbils were treated in the same manner, except for the
clipping of the bilateral carotid arteries. :

[BHJHC3 receptor autoradiography The gerbils- were decapitated at different
reperfusion times as described above, and the brains were removed quickly, frozen in
powdered dry-ice and stored at -80 °C until assay. Coronal sections 12 pm in thickness were
cut on a cryostat and thaw-mounted onto gelatin-coated slides. Autoradiographic localization
of BH]JHC3 binding in the brain was performed according to the method of Forloni and
Angerettil3) with minor modifications. The slides were incubated with 10 nM [BHJHC3
(Specific activity 140.9 Ci/mmol, NEN) for 30 min at room temperature in 50 mM
glycylglycine buffer, pH 7.8, containing 200 mM NaCl. Then the slides were washed two
times in ice-cold fresh buffer for 2 min. Non-specific binding was determined in adjacent
sections processed in the same manner except for that 10 uM unlabeled HC3 (Aldrich Chem.
Co.) was added to the incubation medium. The sections were dried under a cold air stream
and were exposed to Hyperfilm-[3H] (Amersham) for 4 weeks in X-ray cassettes with a set
of BH]microscales (Amersham). Quantitative autoradiographic analysis was measured by a
computer-assisted image analyzer without the examiner knowing the experimental protocol,
as described previously!4.15). Binding assays were performed in duplicate. Values were
expressed as the means +SD. Statistical comparisons were made using ANOVA followed by
Dunnett's multiple range test. Each group contained 5 to 8 gerbils.

Histopathology : Adjacent sections prepared for receptor autoradiography were also
stained with Cresyl violet and Haematoxylin-eosin. Stained sections were examined with a
light microscope, and ischemic neuronal damage was graded on a semiquantitative scale; O:
normal, 1: a few neurons damaged, 2: many neurons damaged and 3, majority of neurons
damaged according to the method of Pulsinelli et al.2). The average of left and right values
was expressed as the means +SD. Statistical comparisons were made using the Mann-
Whitney U-test. Each group contained 5 to 8 gerbils.

Results
[PHJHC3 binding

Representative [PH]JHC3 autoradiograms in the gerbil brain 7 days after 10 min of
ischemia are shown in Figure 1. Postischemic changes of PHJHC3 binding are summarized
" in Table 1. In sham-operated gerbils, high density of [BHJHC3 binding was found in the
striatum. In the hippocampus, the gray density of [PH]JHC3 binding was intermediate. This
autoradiographic distribution of [PHJHC3 binding is consistent with a previous report!3). In
animals subjected to ischemia, [BH]JHC3 binding was unchanged in the brain throughout the

recirculation periods.
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Histopathology

Representative photographs of Cresyl violet staining in the brain 7 days after 10 min
of ischemia are shown in Figuré 1. Distributions of ischemic brain damage are summarized
in Table 2. Sham-operated gerbils showed no conspicuous neuronal alteration in the brain.
Gerbils subjected to ischemia revealed no neuronal damage in the hippocampus and neocortex
upto 48 h after ischemia. By contrast, the striatum showed conspicuous neuronal damage
from 24 h after ischemia. Seven days after ischemia, severe neuronal damage was noted in
selectively vulnerable areas. The most affected areas were the hippocampal CA1 sector and
striatum. Mild damage was al‘go found in the frontal cortex and hippocampal CA3 sector.
However, the dentate gyrus showed no neuronal damage. The results are consistent with a
previous report16).

Discussion

Cerebral ischemia causes degeneration of specific neuronal populations that lie in the
hippocampus, striatum and neécoMx. Especially, most of the neurons in the hippocampal
CA1 sector are destroyed after brief cerebral ischemia. On the other hand, numerous
presynaptic terminals in the hippocampal CA1 region maintain their structural characteristics
although the postsynaptic structures are almost absent following cerebral ischemiaS). This
postischemic preservation of presynaptic terminals in the hippocampal CA1 sector has been
previously confirmed by several authors>.17). Johansen et al.!® previously demonstrated the
survival of presynaptic sites qur 4 days after 20-min cerebral ischemia in rats. Kitagawa et
al.1® recently reported that preservation of immunohistochemical staining for synapsin I
which serves as a marker protein for presynaptic sites upto 7 days following 30-min unilateral
ischemia in gerbils. These observations seem to indicate that presynaptic terminals in the
hippocampal CA1 sector are resistant to cerebral ischemia. Interestingly, a recent study
indicates that the presynaptic terminals of the cholinergic neurons are vulnerable to severe
ischemia and that cholinergic dysf unction precedes postsynaptic CA1 pyramidal neuronal cell
loss in the hippocampus®). This finding is not in accord with previous reports.17.18,19),
Therefore, it is still obscure whether the presynaptic terminals of the cholinergic neurons are
damaged in selectively vulnerable areas after ischemia.

It is well known that [BHJHC3 binding sites serve as a specific marker for cholinergic
terminals20). Furthermore, FHJHC3 has recently come into wide use a specific ligand in
autoradiographic study to visua;lize the cholinergic terminals. In the present study, PHJHC3
binding showed no significant alterations in selectively vulnerable regions upto 7 days of
recirculation. On the other hand, histological study revealed that ischemic neuronal damage
was evident in the hippocampajl CA1 and CA3 sector, striatum and frontal cortex 7 days after
recirculation. These findings suggest that the presynaptic terminals can survive and maintain
their structure not only in the hippocampal CA1 sector but also in the vulnerable regions such
as striatum and cortex upto at least 7 days following ischemia, even when the postsynaptic
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structures were destroyed and removed. Thus, our findings are not in accordance with the
findings of Ishimaru et al.®) indicating that cholinergic terminals in the hippocampal CA1
sector are vulnerable to cerebral ischemia. Although the reason for this di.screpancy is
presently unclear, the present data may indicate that cerebral ischemia can produce the
cholinergic dysfunction in the hippocampus even when presynaptic terminals in this region
are well preserved. However, the finding of Isimaru et al.®) was not derived from focused
observation of cholinergic function in the hippocampal CA1 sector after cerebral ischemia .
Therefore, it is unclear whether cholinergic dysfunction plays a key role in the pathogenesis
of ischemic neuronal death in the hippocampal CA1 sector. Further studies are needed to
clarify the precise correlation between cholinergic dysfunction and hippocampal CA1l
neuronal cell loss after cerebral ischemia.

The present study also showed that ischemic neuronal damage was found in the
hippocampal CA3 pyramidal neurons which connect with mossy fiber terminals from the
dentate gyrus and send off Schaffer collaterals to the CA1 pyramidal cells. Therefore, it is
suggested that the presynaptic sites in the hippocampal CA1l sector may be damaged by
cerebral ischemia. In the present study, however, the change in [3H] HC3 binding was not
observed in the hippocampal CA1 sector. For this reason, we speculate that most of the
cholinergic terminals remaining after cerebral ischemia may restore [PHJHC3 binding in the
hippocampal CA1 sector to sham-operated level, since the neuronal damage to the
hippocampal CA3 pyramidal neurons was mild as shown in Table 2. However, we cannot
exclude the possibility that reactive astrocytes existing in the hippocampal CA1 sector may
contribute to the maintenance of axonal terminals by supplying neurotropic factors required
for the survival of the detached terminals and their original neurons2l). Furthermore, it is still
unclear whether detectable changes in BHJHC3 to the HAChT sites will occur under the
experimental conditions, even when comparatively minor defects in the structural integrity of
the presynaptic sites are evident. Though the precise mechanisms for our findings remain to
be elucidated in further studies, the present study supports the hypothesis that presynaptic
sites are resistant to cerebral ischemia, but postsynaptic sites are particularly vulnerable.

Conclusion

Our data demonstrate that transient cerebral ischemia causes no conspicuous
alterations in [PH]Jhemicholinium-3 binding as a marker of presynaptic cholinergic terminals
in selectively vulnerable areas. The results suggest that presynaptic sites in selectively
vulnerable areas can maintain their structural components, although most of the postsynaptic

neurons are degenerated.
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Table 1. Changes in PH]hemicholinium-3 binding in the gerbil brain after transient cerebral ischemia.

| Recirculation ti
Sham-

operfnted l1h 5h 24h 48 h 7 days
Frontal cortex 14¢}1 13+£2 5+1 152 14+2 12+2
Striatum 13948  142+17 14849  145+12 143+26 13116
Hippocampus
CA1 sector
Stratum oriens 13+2 1412 1442 1643 13+1 11+1

Stratum radiatum 12#1 1443 1442 15+4 12+1 10+2
Stratum lacunosum- 131 14+2 14+2 1614 12+1 11+2

moleculare
CA3 sector 1842 20+3 20+2 2245 2143 17+1
Dentate gyrus 212 22+3 23+4 266 22+1 23+1

Opticgl density Was converted to fmol/mg tissue using [*H]microscales. Values are expressed as means
+SD. p<0.05, " “p<0.01 vs sham-operated group (Dunnett's multiple range test). n = 5-8 animals.
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Table 2. Distributions of neuronal damage in the gerbil brain 7 days after cerebral ischemia.

___Neuronal damage
Sham-operated Ischemia
Frontal cortex 0.0+£0.0 1.6+0.1%
Striatum 0.0+0.0 2.6+0.2%
Hippocampus
CA1 sector 0.0£0.0 3.0+0.0%
CA3 sector 0.0+0.0 1.7£0.1%
Dentate gyrus 0.0+£0.0 0.0+0.0

Neuronal damage was garaded from 0 to 3. Values are expressed as means+SD. *p<0.01 vs sham-
operated group (Mann-Whitney U-test). n =6 animals.

Fig. 1. Representative photographs with Cresyl violet staining (a,b) and _autoradio_grams of
PH]hemicholinium-3 binding (c,d) in the postischemic gerbil brain. Left half: striatum. Right ‘half :
hippocampus. a,c: sham-operated group; b,d: 7 days after ischemia. Marked damage was noted in the striatum
and hippocampal CA1 sector. A mild damage was also seen in the frontal cortex and hippocampal CA3 sector
(a.b). However, PH]hemicholinium-3 binding was unchanged in these areas after ischemia (c,d).
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Selective vulnerability of certain neurons to cerebral ischemia is well established
morphologically. Neurons known to be susceptible to ischemia include CA1 pyramidal cells
of the hippocampus, the small- to medium- sized cells of the dorsolateral striatum and certain
cells of neocortex!-3)  There is considerable evidence that supports the role of excitatory
amino acid toxicity in hippocampal CA1 neuronal cell death®-6). However, whether a similar
mechanism is implicated in the pathogenesis of post-ischemic striatal neuronal damage is as
yet unknown.

It is well known that N-methyl-D-aspartate (NMDA) receptor/channel activates the
release of dopamine from striatum’-9). The NMDA receptors are normally activated by
endogenous glutamate and its coagonist glycine, acting at its own receptor within the NMDA
receptor/channel complex!0). Several lines of evidence suggest that a massive release of
dopamine occurs in the striatum as a result of cerebral ischemiall.12). A previous study also
indicates that striatal dopamine depletion can protect striatal neurons from ischemic damage
despite excessive release of an excitatory amino acid such as glutamate during and after
transient ischemia!3). From these observations, the changes in dopamine neurotransmission
seem to play a key role in the development of ischemic striatal damage. Therefore, to
elucidate further the mechanisms of regional ischemic vulnerability, we investigated whether
the dopamine release from the striatum is associated with changes in dopaminergic receptors.
For this purpose, we examined changes in dopamine D; and D, receptors and uptake sites in
the striatum and neocortex after transient cerebral ischemia in gerbils.

Materials and Methods

Ischemic insult: Male adult Mongolian gerbils weighing 60 to 80 g were anesthetized
with 2% halothane in a mixture of 30% oxygen and 70% nitrous oxide. Bilateral common
carotid arteries were gently exposed and the arteries were occluded with aneurysm clips for
10 min, and then the gerbils were allowed to survive for 1, 5, 24 and 48 h and 7 days after
transient ischemia. Sham-operated animals were treated in the same manner, except for the
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clipping of the bilateral carotid a;telies Body temperature was maintained at 37-38 °C using

a heating pad with a thermostat throughout the experiments.
Tissue preparation: The gerblls were decapitated at diff erent reperfusion times as described

above, and the brains were remdved quickly, frozen in powdered dry-lce and stored at -80 °C
until assay. Coronal sections 12 pym in thickness were cut on a cryostat and thaw-mounted
onto gelatin-coated slides. Adjacent sections were stained with Cresyl violet and used for
histopathology. | _

[PH]SCH23390 binding: ~ Autoradiographic distribution of dopamine D; receptors was
measured using [3PI]SCH2339O ([N-methyl-3H]R[+]-8-chloro-2,3,4,5-tetrahydro-3-methyl-
5-phenyl-7-ol-benzazepine) by the method of Dawson et al.l415) with minor
modifications!6.17). Sections were incubated with 1 nM [PH]SCH23390 (New England
Nuclear; 71.1 Ci/mmol) in 50 mM Tris-HCl buffer (pH 7.4) containing 120 mM NaCl. 5 mM
KCl, 2 mM CaCl,; and 1 mM N#gClz for 30 min at room temperature. The seg:tions were then
dipped in the buffer at 4°C, followed by 25-min rinses in fresh buffer at 4 °C. Non-specific
binding was determined using 1 ¥M non-labeled SCH23390 (Research Biochemicals Inc.).
[H]Nemonapride (YM-09151-2) binding assay: ~ Autoradiographic localization of
dopamine D, receptors was performed according to the method of Unis et al.1®) with slight
modifications. Briefly, the sections were incubated with 0.4 nM BH]YM-09151-2 (New
England Nuclear; 86.1 Ci/mmol ) for 60 min at room temperature in 50 mM Tris-HCI buffer
(pH 7.4) containing 120 mM NaCl, 5 mM KCI, 5 mM MgCl,, 1 mM EDTA, 10 yM
paraglycine hydrochloride and 0.1% ascorbic acid. After incubation, the sections were rinsed
in fresh buffer for 2 min at 4 °C and dipped in distilled water at 4 °C. Non-specific binding
was determined using 1 yM haiopeﬁdol (Sigma).

[P H]Magzindol binding assay: Autoradiographic distribution of dopamine uptake sites
was performed according to the method of Przedborski et al.1®) with minor modifications.
Briefly, the sections were pre-incubatcd for 15 min at 4 °C in 50 mM Tris-HCI buffer (pH
7.9) containing 120 mM NaCl and 5 mM KCI. The sections were then incubated with 15 nM
PH]mazindol (New England Nuclear; 24.0 Ci/mmol) for 60 min at 4 °C in 50 mM Tris-HCI
buffer (pH 7.9) containing 360 nM NaCl, 5 mM KCI and 0.3 yM desmethylimipramine
(DM, Sigma). DMI was usfjed to block the binding of [H]mazindol to norepinephrine
uptake sites. After incubation,ithe sections were washed 2 times in fresh ice-cold buffer for 3
min, dipped in ice-cold distilled water. Non-specific binding was determined using 30 yM
Benztropine (Sigma).

The sections were quickly dried under a cold air stream and were exposed to
Hyperfilm-3H (Amersham) f?r two to four weeks in X-ray cassettes with a set of 3H
microscales (Amersham). The optical density of the brain regions was measured with a
computer-associated image ahalyzer, as described. previously!®). Binding assays were
performed in duplicate. Valuds were expressed as the means +S. D. Statistical comparisons
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were made using an analysis of variance (ANOVA) followed by Dunnett's multiple
comparison test. Each group containing five to eight animals.

- Histopathology: Adjacent sections prepared for receptor autoradiography were also
stained with cresyl violet and hematoxylin-eosin. Stained sections were examined with a light
microscope, and ischemic neuronal damage was graded on a semiquantitative scale: O,
normal; 1: a few neurons damaged; 2, many neurons damaged; 3, majority of neurons
damaged, as descried previouslyl?). The average of left and right values was expressed as
the means +S. D. Statistical comparisons were made using the Mann-Whitney U-test. Each
group contained five to eight animals.

Results
RECEPTOR AUTORADIORAPHY

Representative autoradiographs of dopamine D; and D; receptors and uptake sites are
shown in Figure 1. Post-ischemic changes in dopamine D; and D; receptors and uptake sites
are summarized in Table 1
Dopamine D; receptor: In sham-operated gerbils, FH]SCH23390 binding was greatest
in the striatum. The frontal cortex had a very low density of the binding. Gerbils subjected
to ischemia showed no significant alteration in [PH]SCH23390 binding in the striatum and
frontal cortex up to 24 h after recirculation. Forty-eight hours after ischemia, a significant
reduction in [BH]SCH23390 binding was seen in the dorsolateral striatum. Thereafter, a
marked reduction in PH]SCH23390 binding was found in the striatum 7 days after ischemia.
In contrast, the frontal cortex exhibited no significant alteration in BH]SCH23390 binding
throughout the recirculation periods.
Dopamine D, receptor: In sham-operated gerbils, high density of [?H]nemonapride
binding was found in the striatum. In the frontal cortex, the gray density of [?H]nemonapride
binding was very low. In animals subjected to ischemia, [?H]nemonapride binding was
unchanged in the striatum and frontal cortex throughout the recirculation periods except for a
transient elevation in the dorsolateral striatum after 48h.
Dopamine uptake site: In sham-operated gerbils, [PH]mazindol binding was
predominantly located in the striatum. The frontal cortex had a very low density of the
binding. In animals subjected to ischemia, [?H] mazindol binding was statistically unchanged
in the striatum and frontal cortex throughout the recirculation periods.
Histopathology: Representative photographs of cresyl violet staining in the striatum and
neocortex 7 days after ischemia are shown in Figure 1. Distributions of ischemic neuronal
damage are summarized in Table 2. Sham-operated gerbils showed no neuronal damage in the
striatum and frontal cortex. Gerbils subjected to ischemia also revealed no conspicuous
neuronal damage in the frontal cortex up to 48 h after ischemia. In contrast, the striatum
showed conspicuous neuronal damage from 24 h after ischemia. Seven days after ischemia,
severe damage was noted in the striatum. The damage to the frontal cortex was mild.
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Discussion

Dopamine is a well-documented neurotransmitter in the central nervous system
(CNS). The distinction between dopamine receptor subtypes in the CNS has been based on
anatomical, biochemical and pharmacological characteristics15.20.21.22), The dopamine
receptors are predominantly located in the striatum and substantia nigra and are found at least
in two main types, D; and Dj, coupled via different G-proteins to different second
messenger23). The dopamine has been implicated as a possible cause for neuronal damage in
experimental animals. A previdus study suggests that the reduction in dopamine D; receptors
was found in the dorsolateral strjatum 7 days after transient cerebral ischemia in rats, whereas
the dopamine D, receptors weré not affected in this area?4). Recent studies also indicate that
dopamine and L-DOPA caused neuronal death in tissue culture25) and intrastriatal injection of
dopamine caused dose-dependent loss of neurons26). The involvement of the dopamine
system in neuronal damage is also supported by the fact that depletion of dopamine either by
inhibition of synthesis or release prevented striatal neuronal necrosis!3.27).  These
observations seem to indicate that the changes in dopamine neurotransmission play any roles
in the pathogenesis of striatal neuronal damage.

In the present study, transient cerebral ischemia in gerbils caused severe decrease in
PH]SCH23390-labeled dopam?ne D receptors in the striatum where severe neuronal damage
was noted. However, the reduction in [3H]SCH23390-labeled dopamine D, receptors was
not seen in the striatum at early stage prior to histological neuronal damage. On the other
hand, the frontal cortex, wheré ischemic neuronal damage was mild, showed no significant
change in [PH]JSCH23390-labeled dopamine D; receptors throughout the recirculation
periods. In contrast, [3H]nemonapride-labeled dopamine D; receptors were unchanged in the
striatum and frontal cortex throughout the recirculation periods, except for a transient
elevation in the receptors 48 h after ischemia. This finding with [3H]nemonapride-labeled
dopamine D; receptors wasi similar to that with [BH]spiperone-labeled dopamine D,
receptors, as shown in Figure 1. A previous study indicates that lesions of the substantia
nigra with either 6-hydroxydopamine (6-OHDA) or ibotenic acid can produce a marked
reduction in PH]sulpiride-labeﬂed dopamine D, receptors, but no change in PH]SCH23390-
labeled dopamine D; receptors in the substantia nigra?®). Therefore, the reduction in
[BH]SCH23390-labeled domine D, receptors found in our study is associated with the
neuronal loss of striatal cells that possess dopamine D; receptors, as shown in Figure 1. In
contrast, [?H]nemonapride-labeled dopamine D, receptors were unaffected in the striatum
after ischemia. This finding sfuggests that [3H]nemonapride-labeled dopamine D, receptors
are highly located on the presynaptic sites of striatal neurons which are resistant to ischemia.
On the other hand, both dopaxr}ine D, and D, receptors showed no significant changes in the
frontal cortex after ischemia. For this reason, it is conceivable that we did not observe any
significant changes in both dopamine D; and D, receptors in the frontal cortex because the
dopaminergic presynaptic structures were preserved after ischemia or the density of these
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receptors was particularly low in this region. Therefore, our data suggest that changes of
both dopamine D and D5 receptors cannot fully explain the mechanism of neuronal damage
in the striatum after transient cerebral ischemia.

[3H]Mazindol is a highly specific and selective ligand for dopamine uptake sites when
the binding is performed in the presence of DMI to block the binding to norepinephrine
uptake sites!®.29). Several lesion studies demonstrate that [3H]mazindol binding is located on
the presynaptic terminals of dopaminergic axons originating substantia nigra in rats29.30),
The present study also showed that BH]mazindol binding in gerbils was greatest in the
striatum which is innervated by a dopaminergic projections from substantia nigra. Following
ischemia, no significant change in PH]mazindol binding was found in the striatum and
frontal cortex throughout the recirculation periods. The results support the evidence that
[BH]mazindol-labeled dopamine uptake sites are predominantly located on the presynaptic
terminals of striatal neurons.

Recently, attention has been focused on the abnormal metabolism of dopamine in the
pathogenesis of several neuronal disorders such as Parkinson's disease, schizophrenia and
stroke. This has been attributed to the toxic oxygen species, semiquinones and quinones,
which result from autoxidation and metabolism of dopamine31-33). Especially, the enzymatic
deamination of dopamine by monoamine oxidase (MAO) leads to the production of free
radicals34). The formation of free radicals during hypoxic and ischemic states is widely
accepted35.36). These free radicals are known to have the capacity to initiate destructive
reactions on membrane lipids as well as on other cellular structures. A previous study
suggests the activation of dopamine metabolism through MAO during and after cerebral
ischemia3?). Furthermore, numerous studies demonstrated that lipid peroxidation inhibitors
and MAO inhibitors can prevent neuronal damage after cerebral ischemia38-40), The study
using the microdialysis technique also demonstrated that dopamine extracellular concentration
in the striatum increased to a very large degree, but this elevation was not dependent on
ischemic duration*!). Based on these observations and our present results, we speculate that
oxidative stress including free radicals may play a key role in causing ischemic striatal
damage. However, recent studies indicate the possibility of reciprocal interactions between
dopamine and glutamate in the striatum which is richly populated with both glutametargic and
dopaminergic terminals®42.43), Therefore, further studies are needed to investigate the
precise mechanisms for ischemic striatal damage.

Conclusion

The results obtained here revealed a significant reduction of striatal dopamine D,
receptors after transient cerebral ischemia. However, the reduction in the dopamine D
receptors was not found in the striatum at an early stage prior to histological neuronal
damage. In contrast, dopamine D, receptors and uptake sites were mostly unaffected in the
striatum, suggesting that the dopaminergic presynaptic structures are preserved after cerebral
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ischemia. Furthermore, the frontal cortex showed no significant changes in the dopamine Dy
and D, receptors and uptake sites throughout the recirculation periods. These results suggest
that dopamine neurotransmission is not always responsible for evolution of ischemic striatal
damage, but that some other facftors of the products of dopamine metabolism including free
radicals and glutamatergic neurotransmission may play an important role in the pathogenesis
of ischemic striatal damage. Thus our observations may have important implications for the
understanding and therapeutic ihtervention of striatal and neocortex damage after cerebral

ischemia.

References

1) Kirino T., Brain Res. 239 (1982) 57.
2) Pulsinelli W. A., Brierley J. B. and Plum F., Ann. Neurol.11 (1982) 491.
3) Smith M. L., Auer R. N. and Siesjo B. K., Acta Neuropathol. 64 (1984) 319.
4 Wieloch T., Lindvall O. Blomqv1stP et al., Neurol. Res.7 (1985) 24.
5) Rothman S. M. and OlneyJ W., Trends. Neurosm 10 (1987) 299.
6) Benveniste H., Jorgensen'N. B., Sandberg M. et al., J. Cereb. Blood Flow Metab. 9 (1989) 629.
7) Robarts P. J. and Anderson S. D., J. Neurochem. 32 (1979)1539.
8) Snell L. D. and JohnsonK M., J. Pharmacol. Exp. Ther. 238 (1979) 938.Exp. Ther. 255
(1990) 40.
10) Kleckner N. W. and Dlngledme R., Science 241 (1988) 835.
11) Globus M. Y.-T., Busto R., Ditrich W.D. et al., J. Neurochem. 51 (1988)1455.
12) Slivka A, BrannanT S. WembergerJ etal., J Neurochem. 50 (1988) 1714.
13) Globus M. Y.-T., GmsbergM D, DletnchW D. et al., Neurosci. Lett. 80 (1987) 251.
14) Dawson T. M., GehlertD R..Yamamura H. I. et al., Eur. J. Pharmacol. 108 (1985) 323.
15) Dawson T. M., Gehlert D. R., McCabe R. T. et al., J. Neurosci. 6 (1986) 2352.
16) Araki T., Kato H., Kogure K. et al., Br. J. Pharmacol. 107 (1992) 437.
17) Araki T., Kato H., Hara H. et al., Neuroscience 46 (1992) 973.
18) Unis A. S.,Vincent J. G. and Dillon B., Life Sci. 47 (1990) PL-151.
19) Przedborski S., Kostic V., Jackson-Lewis V. et al., J. Neurochem. 57 (1991) 1951.
20) Stoof J. C. and Kebabian J. W, Life Sci. 35 (1984) 2282.
21) Filloux F. M. WamsleyJ K. and Dawson T. D., Eur. J. Pharmacol. 138 (1988) 61.
22) Civelli O., Bunzow J. R Grandy D. K. et al., Eur J. Pharmacol. 207 (1991) 277.
23) Wachtel S. R., Hu X.-T., Galloway M. P. et al Synapse 4 (1989) 327.
24) Benfenati F., Merlo Pich E., Grimaldi R. et al., Brain Res. 498 (1989)376.
25) Tanaka M., Sotomatsu A., Kanai H. et al., J. Neurol. Sci. 101 (1991) 198.
26) Filloux F. and Townsend J. J., Exp. Neurol. 119 (1993) 79.
27) Phebus L. A. and Clements J. A., Life Sci. 44 (1989) 1335.
28) Filloux F., Dawson T. M. and Wamsley J. K. et al., Brain Res. Bull. 20 (1988) 447.
29) Javick J. A., Strittratter S. M. and Snyder S. H., J. Neurosci. § (1985) 1513.
30) ODell S. J. and Marshall J. F., Brain Res. 460 (1988) 402.
31) Graham D. G., Mol. Pharmacol. 14 (1978) 633.
32) Graham D. G., Neurotoxicology 5 (1984) 83.
33) Halliwell, B., J. Neurochem. 59 (1992) 1609.
34) Spina M. B. and CohenG Proc. Natl. Acad. Sci. USA 86 (1989) 1398.
35) Demoppoulos H. D., Flamm E. S., Pietronigro D. D. et al., Acta Neurol. Scand. 492 (1980) 91.
36) Siesjo B. K., J. Cereb. Blood Flow Metab. 1 (1981) 155.
37) Damsma G., Boisvert D, P., Mudrick L. A. et al., J. Neurochem.54 (1990) 801.
38) Yamamoto M., Shima T., Uozumi T. et al., Stroke 14 (1983) 977.
39) Hall E. D., Braughler J. M., Yonkers P. A. et al., J. Pharmacol. Exp. Ther. 258 (1991) 688.
40) Matsui Y. and Kumagae Y., Neurosci. Lett. 126 (1991) 175.
41) Baker A.J., Zornow M. H., Scheller M. H. et al., J. Neurochem. 57 (1991) 1370.
42) Wahl F., Plotkine M., Boulu R. et al., NeuroReport 5 (1993) 151.
43) Werling L. L., Jacocks H. M. II1,, Rosenthal R. E. et al., Brain Res. 606 (1993) 99.

150



Table 1. Alteration in PHJSCH23390, PH]nemonapride and [PH]mazindol bindings in the gerbil brain after

transient cerebral ischemia
Recirculation time
Sham-
operated 1h Sh 24 h 48 h 7 days
BHISCH23390 binding
Frontal cortex 132 14+1 13+3 1422 1313 123
Striatum
Lateral 299+21 274+9 258124 244+79 2241492 64+11b
Medial 303+31 289+18 28320 273x40 280+14 173+75b
RBH]Nemonapride binding
Frontal cortex 1423 162 13+2 13+1 13+2 113
Striatua
Lateral 1034 99+12 996 108+9 119:142 112:10
Medial 9122 , 87+15 8416 87=11 88+7 7718
[BH]Mazindol binding
Frontal cortex 24+4 26+7 25+9 206 22+7 22+5
Striatum
Lateral 889 93+6 92+7 103+18 106+17 76=16
Medial 104+9 95+13 91=10 100+20 11117 119+18

Optical density was converted to fmol/mg tissue using [*HJmicroscales. Values are expressed as means+S.D.
2p<0.05, bp<0.01 vs. sham-operated group (Dunnett's multiple range test). Striatum (Lateral): the dorsolateral

part of striatum, Striatum (Medial): the ventromedial part of striatum. n= 5-8 animals.

Table 2. Distributions of neuronal damage in the gerbil brain 7 days after cerebral ischemia.

Neuronal damage

Sham-operated Ischemia
(6) (6)
Frontal cortex 0.0+0.0 1.6+0.12
Striatum 0.0=0.0 2.6=0.223

Neuronal damage was garaded from 0 to 3. Values are expressed as means+SD. *p<0.01 vs sham-operated

group (Mann-Whitney U-test). Figures in parentheses indicate the number of gerbils.
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Fig. 1. Representative autoradiograms of PH]SCH23390 (A), PH]nemonapride (B), PH]spiperone (C) and
[PH]mazindol (D) bindings and photographs with Cresyl violet (E) in the gerbil striatum and frontal cortex
following transient cerebral ischemia. Right half: sham-operated, Left half: 7 days after ischemia. In sham-
operated gerbils, PH]SCH23390, [*H|nemonapride, [*H]spiperone and [PH]mazindol bindings were greatest in
the striatum, whereas the frontal cortex showed particularly low densities of these bindings. Seven days after
ischemia, a marked reduction in PH]SCH23390 binding was noted in the striatum, whereas [PH]nemonapride,
[PH]spiperone and [PH]mazindol bindings were unaffected in this region. No significant changes in these
bindings were found in the frontal cortex (A-D). Sham-operated gerbils showed no neuronal damage in the
striatum and frontal cortex. Seven days after ischemia, marked damage was noted in the striatum and mild
damage was seen in the frontal cortex (E).
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III. 9. Alterations in Brain Distribution of
[11C]Methamphetamine in Methamphetamine Sensitized Dog

Mizugaki M., Nakamura H., Hishinuma T., Tomioka Y., Ishiwata S., Suzuki H.,
Ido T.*, Iwata R.*, Funaki Y.*, Itoh M.*, Fujiwara T.*, Yanai K.*,
Sato M.**, Numachi Y.** and Yoshida S.**

Department of Pharmaceutical Sciences, Tohoku University Hospital.
Cyclotron and Radioisotope Center,Tohoku University”.
Department of Psychiatry, Tohoku University School of Medicine™*.

Introduction

The repeated administration of methamphetamine (MAP) to experimental animals
produces progressive and enduring augmentation of hyper locomotion and stereotyped
behavior!:2). This phenomenon is termed behavioral sensitization or reverse tolerance. Since
these sensitized animals have been considered a model of MAP psychosis similar to paranoid
schizophrenia®), knowledge of the neuronal mechanisms underlying sensitization may
provide information on the neurochemical basis of MAP psychosis. We previously reported
the significant increase in [11CJMAP radioactivities in the striatum and hypothalamus of MAP
sensitized mice? and [14CJMAP radioactivities in the striatum and the limbic forebrain area of
the MAP sensitized rats). Furthermore, in vivo measurement of these alterations in brain
kinetics of MAP using positron emission tomography (PET) is of interest for elucidating
biochemical mechanisms of behavioral sensitization.

In this report, we newly produced a MAP sensitized dog by repeated MAP treatment
and showed the alteration in brain distribution of [!!C]MAP in a MAP sensitized dog using
PET.

Materials and Methods
CHEMICALS AND SYNTHESIS OF [!!CIMAP

Anhydrous N,N-dimethyl formamide (DMF) was purchased from Amersham Japan
Co. Ltd. Other chemicals used were of regent grade purchased from Wako Pure Chemical
Co. Ltd, Osaka, Japan.

[L1C]MAP was synthesized as our previous report®).

ANIMAL AND DRUG SCHEDULE
A 7-year-old male beagle dog weighing 12.5 kg was used for this study. In the
sensitization study, the dog was given daily injection of MAP hydrochloride for 14 days [s.c.
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injection-(1 mg/kg) for the first 7 days and s.c. injection (1.5 mg/kg) for 7 days] and was
then free from MAP for 7 successive days. The locomotion and behavior of the model
animal was monitored by video-camera and the change was clarified. This protocol was
approved by the Tohoku Uhiversfity animal care committee.
PET STUDY |

The dog was initially anesthetized with ketamine (10 mg/kg, s.c.) and maintained
under pentobarbital (25 mg/kg,‘}i.v.) anesthesia. Catheters were inserted in the arterial vein
for arterial blood sampling and in the venous vein of the fore leg for administration of
[11C]JMAP. Vital signs (blood pressure, pulse rate, blood pH, O, tension, CO; tension),
monitored and recorded throughout the PET study, were kept within a physiological range.
After an intravenous injection ojf [L1IC]MAP (6.7-11.3 mCi) into the animal, dynamic scan
was carried out parallel to the orbitomeatal (OM) line using PET scanner (PT931, CIT Inc,
Noxvile USA at the Cyclotron and Radioisotope Center, Tohoku University, Sendai, Japan)
for 90 min. The following regions of interest were selected: parietal cortex, occipital cortex,
temporal cortex, frontal cortex, cerebellum. Tissue concentration of [!CJMAP was
measured using a ROI program.

DOG PLASMA METABOLITE ANALYSIS

Arterial blood samples were collected in heparinized tubes at 5, 10, 20, 40 and 50 min
after injection of [1!C]JMAP and centrifuged (3000 rpmx3 min). Plasma samples (0.5 ml)
were added to 1 ml of methanoi and the mixture sonicated and centrifuged (15,000 rpmx45
sec). The supernatant with the addition of unlabeled MAP was injected into analytical HPLC
system. The [11C]MAP fraction were collected and counted in an automated Nal counter.
The percentage of [!1C]MAP acitivity in plasma activity was calculated.

Results |
BEHAVIORAL SENSITIZATIbN

In dog, an acute injection of MAP (1mg/kg) initially induced the rotational locomoter
activity and stereotyped behavior (looking at the ceiling). The repeated administration of
MAP produced an increase in the incidence of the stereotyped behavior and a concomitant
decrease in that of the locomoter activity. Furthermore, we observed the decreased latency to
the onset of stereotyped behavior following injection of MAP. At 7 days after the second
PET study, we tried a challenge test of MAP. A challenge dose of MAP (1 mg/kg)
reproduced the hyperlocomotion and stereotyped behavior. The behavioral changes produced
by repeated administration of MAP are summarized in Figure 1.
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PET STUDY

Figure 2 shows PET images of [!1C]MAP of the normal and the sensitized dog brains
at 10-20 min after administration. The accumulation of [11CIJMAP was more clearly visible
in the sensitization model than that in the normal condition. Figure 3 shows the time course
of tissue distribution of [!1C]MAP in the normal and the sensitized dog brains. [!!CJMAP
rapidly reached the brain and the maximal uptake was observed at 5-15 min after injection.
No significant differences of distribution were noted in the five regions. The maximal level
of accumulation of [11CIJMAP in the sensitized dog brain was 1.4 times higher than that in the
control dog brain.

DOG PLASMA METABOLITE ANALYSIS .

We analyzed the metabolites of [11C]MAP in the plasma (Figure 4). The clearance of
[11CIMAP from the plasma was rapid. At 10 min after the injection, approximately 40% of
the total [11C] activity was in the form of [1ICIMAP. No difference was found in
metabolism of MAP between the MAP sensitized dog and the control dog.

Discussion

In most studies of behavioral sensitization, rats or mice were used as model animals.
But it 1s necessary for PET study to used more large animals. So, we newly produced a
MAP sensitized dog by repeated MAP treatment, and confirmed the enduring behavioral
sensitization by the challenge test after the second PET study. Wallach and Gershon reported
sensitization to amphetamine in dog?), but they only mentioned a decreased latency to onset
of the stereotyped behavior in their paper. We observed the behavioral change produced by
repeated administration of MAP in detail and clarified the sensitizing effects of MAP on the
dog behavior (Figure 1). _

[1IC]JMAP was distributed uniformly in the five regions of dog brain (Figure 3).
Sakai et al. reported that the major metabolite of MAP in blood after i.v. administration was
p-hydroxyl-MAP in rat, but the phenolic metabolites were not detected in brain because these
were unable to pass trough the blood-brain barrier®. Only MAP and amphetamine were
detected in brain. Consequently, we think the activity of each region reflects the distribution
of MAP. This result about uniform distribution is similar to a PET study in monkey?). The
clearance of [1!C]JMAP in dog brain, however, a little faster than that of monkey. They
reported 50% of radioactivity remained as [11CJMAP at 60 min after the injection in arterial
monkey plasma. In the other hand, approximately 20% of arterial plasma radioactivity was in
the form of [11C]MAP at 50 min after the injection in dog (Figure 4). This species difference
of MAP metabolism may cause the difference of biological half-life of MAP between dog and
monkey brain. '

We visualized a significant increase of [!!CJMAP in whole brain of MAP sensitized
dog (Figure 2). This significant increase of [1!CJMAP uptake into the sensitized dog brain
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can't be due to the decreased metabolism of MAP in the sensitized dog (Figure 4). Similar
results about increased uptake have been obtained using mice and rats in our previous
studies*5). These findings of Ll lasting increase in [11C]MAP radioactivity in the brain of
sensitized animals indicate th;%t subchronic MAP administration causes some functional
change in uptake site of MAP. °

MAP sensitized animals are widely used as experimental models of stimulant-induced
psychosis. The present study; suggests that this alteration of [1!CJMAP kinetics can be
utilized as a marker of MAP abjuse in man.

Acknowledgment
This research was supp?ned by a scientific research fund from the Ministry of welfare
of the Japanese Government.

References

1) Seagal D. S. and Mandell A. J., Pharmacol. Biochem. Behav. 2 (1974) 249.
2) Nishikawa T. et al., Eur. J. Pharmacol. 88 (1983) 190.

3) Robinson T. E. and Becker J. B., Brain Res. Rev. 11 (1986) 157.

4) Mizugaki M. et al., Nucl. Med. Biol. 20 (1993) 487.

5) Numachi Y. etal., Ann. N. Y. Acad. Sci. 654 (1992) 153.

6) Mizugaki M. et al., CYRIC Annual Report 1993 P93.

7) Wallach M. B. and Gershon S., Psychopharmacol. Bull. 7 (1971) 30.

8) Sakai T. et al., Xenobiotica 15 (1985) 31.

9) Shiue C. Y. et al., Nucl; Med. Biol. 20 (1993) 973.

full

p— ' S A
score tereotyped behavior

/" time to the onset of
’ stereotyped behavior

locomotor activity

- effects on autonomic nervous system

] | | | ]
1 7 14 21 28 (days)

Fig. 1 The effects of repeated MAP administration on the dog behavior.

156



Control

1sitization
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Introduction

It is well known that transient cerebral ischemia produces selectively neuronal damage
in brain areas!-3). Neuronal degenerative processes occur especially in the hippocampus of
the rat¥ and the Mongolian gerbil) induced by transient forebrain ischemia. Transient focal
ischemia also induces neuronal degeneration in specific brain areas in the rat. Postischemic
delayed neuronal damage has been reported in the ipsilateral thalamus and substantia nigra
which lay outside ischemic areﬁ\s of rat brain after middle cerebral artery (MCA) occlusion6:7).
In those reports, the histological appearance of these remote areas was characterized by
degeneration of most neurons with no necrotic changes of neuroglia and blood vessels. The
mechanism of such a delayed phenomenon in the exo-focal remote areas is unclear, but it has
been speculated that it might be caused by a transsynaptic process neuroanatomically
associated with ischemic foci‘l and that intracellular and transsynaptic signal transduction
systems might play important roles in this mechanism8-11).

Adenosine plays neuromodulatory roles in the central nervous system!2.13).
Especially, adenosine A receptor inhibit adenylate cyclase activity!4) and mediate excitatory
neuronal pathways by reducing neuronal activity!?). The anatomical distribution of the
adenosine receptor binding sites has been mapped in the rat brain by an autoradiographic
method using a potent adenosine A; agonist [PH]NS-cyclohexyladenosine (PH]CHA)15-17).
In the present study, we examined chronological changes of adenosine A; receptor binding
sites of the rat brain, especiallyjfocusing on these changes in the exo-focal remote brain areas,
after 90 min of MCA occlusion and after such occlusion followed by different periods of
recirculation. We also investigated the mechanism involved by measuring regional cerebral
blood flow (rCBF) and glucosé metabolism.
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Materials and Methods
ISCHEMIA MODEL

Seventy-eight adult male Wistar rats of the SPF strain weighing 280-300 g were
allowed free access to food and water before and after all procedures. Six rats were used for
each experiment group. A detailed description of the surgical procedure has been previously
reported!®). In brief, after induction of anesthesia with a gas mixture of 70% N,O and 2%
halothane (the balance being O,), the right MCA was occluded with a silicone rubber cylinder
attached to a nylon surgical thread introduced from the bifurcation of the internal carotid artery
immediately after ligation of the ipsilateral common and external carotid arteries. The cylinder
was made of 4-0 nylon surgical thread (Nitcho Kogyo Co., Ltd., Tokyo, Japan), 16 mm
long. This cylinder was coated with silicone (Xantopren, Bayer Dental, Leverkusen,
Germany) mixed with a hardener (Elastomer Activator, Bayer Dental) to increase the
thickness of the distal 5 mm to 0.25-0.30 mm. After introducing the embolus, the internal
carotid artery was ligated just distal to the point of insertion. The embolus extended from the
bifurcation of the internal carotid artery to the proximal portion of the anterior cerebral artery
(ACA). The origin of the right MCA and that of the right posterior communicating artery
were occluded by the silicone rubber cylinder. In eighteen sham-operated control rats, the
right internal and external carotid arteries were ligated. Surgery was performed within 15 min
with no bleeding. Body temperature was kept at normal limits with a heating pad. Following
surgery, anesthesia was discontinued and all rats exhibited neurologic deficits characterized
by left hemiparesis with upper extremity dominancy and right Horner's syndrome. After 90
min of MCA occlusion, recirculation was achieved in 54 rats by pulling the thread out of the
internal carotid artery under the same anesthetic conditions as during surgery. Once again,
the rats were allowed free access to food and water. Although the ipsilateral common and
external carotid arteries had been ligated, the ischemic area could be reperfused via the
cerebral arterial circle (circle of Willis) through the contralateral carotid and basilar arteries,
and by collateral circulation of cortical branches of the cerebral arteries.

Adenosine A; receptor autoradiography

Adenosine A; receptor binding sites were measured using [*H]cyclohexyladenosine
(BH]CHA, spec. act. 34.4 Ci/mmol, Dupon NEN Products, Boston USA) according to the
method of Onodera et al'®). The rats were killed by decapitation 3 h, 6 h, 1 day, 3 days, 1
week, 2 weeks, and 4 weeks after recirculation. After decapitation, the brains were quickly
removed and frozen in powdered dry ice. Serial coronal sections 12 wm in thickness were cut
on a cryostat (HMS00, Zeiss, Germany) and thaw-mounted onto gelatin-coated slides.
Sections were incubated with 5 nM [PH]JCHA and 2 units/ml adenosine deaminase
(Boehringer-Mannheim, Mannheim, Germany) in 50 mM Tris-HC1 buffer (pH 7.4) at room
temperature for 90 min. Following incubation, sections were washed in the buffer at 4 °C for
5 min and rapidly dried under a cold stream of air. Nonspecific binding was determined
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using 10 uM L-phenylisopropyl-adenosine (Boehringer-Mannheim). Autoradiograms were
prepared from the sections by exposing them to [3H]sensitive hyperfilm (Amersham, Sweden
AB, Solna, Sweden) with a tritium standard microscale (Amersham, International plc,
Buckingham, UK) for 2 weeks in standard X-ray cassettes. The optical density of the brain
regions was measured with a computed-assisted image analyzer (Zeiss, IBAS image analyzer
system, Germany) without the examiner knowing the experimental protocol. The relationship
between optical density and radfoacﬁvity was obtained with reference to PH]microscales co-
exposed with the sections using a third-order polynominal function. The optical density of
the brain regions measured in the present study was in the range where optical density and
radioactivity of the BPH]microscales showed a near linear relationship.

Cerebral blood flow and glucose metabolism

Regional CBF was measured in 6 sham-operated rats and in 6 rats 2 weeks of
recirculation after 90 min of M¢A occlusion. A tracheotomy was performed in 12 rats under
the same anesthetic conditions‘ and the rats were ventilated. Pancuronium bromide (0.6
mg/kg i.p.) was administered, and both femoral arteries and a femoral vein were cannulated.
After surgical preparation, 2% halothane was discontinued and the rats were ventilated with
70% N0 and 30% O,, allowing normoxia and normocapnia. CBF was measured by the
['4C]Jiodoantipyrine quantitative autoradiographic technique according to Sakurada et al. In
brief, 20 uCi (0.6 ml) of 4-iodo-N-methyl-[14Cliodoantipyrine (Amersham) was infused
intravenously over 30 seconds. During the infusion, several 20-ul samples of arterial blood
from the free-flowing femoral artery catheter were collected in sample tubes. The
[14Cliodoantipyrine concentration in the blood samples was determined by a liquid
scintilation counter (Aloka) aftt%r allowing 24 hours for decolorization in a mixture with 1 ml
tissue and gel solubilizer (Protosol) and 100 w¢ H;O,. The rats were decapitated
approximately 30 seconds after the start of infusion. The brains were quickly removed and
frozen in powdered dry ice. Each brain was sectioned (20 um) in a cryostat (HMS500, Zeiss,
Germany) at -20 °C, and the sections were exposed to x-ray film (NMC-1, Kodak) with an
autoradiographic carbon-14 standard microscale (Amersham) in x-ray cassettes for two
weeks. Regional cerebral blood flow was calculated using a blood-brain coefficient of 0.8
and the equation derived by Sakurada et al.20)

Regional cerebral glucose utilization (rCGU) was measured in other 6 rats after 90
min of ischemia followed by 2/weeks of recirculation and in 6 sham-operated rats. After the
same surgical preparation as for the measurement of rCBF, samples of arterial blood were
taken immediately prior to measurement of rCGU for determination of blood glucose level,
Pa0O,;, PaCO;, and pH. Regional CGU was measured by the 2-[14C]deoxyglucose
(Amersham) quantitative autoradiographic technique and rCGU was calculated using the
equation of Sokoloff et al.21) Cerebral [14C] tissue concentrations of the autoradiograms were
determined by means of a computerized microdensitometric system (Chromoscan, USA).

161



Statistical analysis

Values of adenosine A; binding sites were expressed as the means +SD fmol/mg
tissue using six animals. Data regarding the adenosine A; binding site, rCBF and rCGU in
each structure of the brain were analyzed using Duncan's multiple range test with p<0.05 and
p<0.01 considered to be statistically significant.

Resuits
ADNOSINE A; RECEPTOR BINDING ACTIVITY

The values of sham-operated control animals and chronological alteration of FH]JCHA
binding sites in each structure of rat brain after 90 min of MCA occlusion and after such
occlusion followed by different periods of recirculation are summarized in Table 1.
Representative autoradiograms of PHJCHA are shown in Figure 1. After 90-min ischemia
followed by 1-day recirculation, significant decreases of the BH]JCHA binding sites were first
observed in the anterior neocortex (FrPaSS) (p<0.05) and the lateral segment of caudate
putamen (CPu-L) (p<0.01), both of which were supplied by the occluded MCA. Therefore,
BH]CHA binding sites of the ischemic side decreased to approximately 20% in the FrPaSS
and to 35% in the CPu-L of each control value 4 weeks after the ischemic insult (Table 1).
On the contrary, there was no alteration on day 1, but 3 days after recirculation, a significant
reduction of BH]JCHA binding sites was first detected in the ipsilateral thalamus (p<0.05),
the amygdala (p<0.05), and the substantia nigra (p<0.05), which those areas were not
directly affected by the original ischemic insult. Thereafter, the binding sites decreased
progressively in the thalamus and the substantia nigra on the ischemic side (Figure 1). There
were no significant changes of [BHJCHA binding sites in the contralateral non-ischemic
hemisphere. ‘

Cerebral blood flow and glucose metabolism

In the measurement of rCBF and rCGU, there were no significant differences in
physiological variables between the MCA occlusion and sham-operated groups. After 90 min
of MCA occlusion followed by 2 weeks of recirculation, representative [14Cliodoantipyrine
and 2-[14C]deoxyglucose autoradiograms of the thalamus and the substantia nigra are
presented in Figure 2 and 3, respectively. There were no significant differences of rCBF in
the exo-focal remote areas, the thalamus, the amygdala and the substantia nigra on the
ischemic side compared with the each corresponding region of the contralateral hemisphere
and sham-operated group (Table 2). However, rCGU in-the ventral posterior nucleus of the
thalamus on the ischemic side decreased inhomogeneously, to a variable extent, but was not
significant compared with the corresponding region of the contralateral hemisphere and sham-
operated group. On the other hand, CGU in the substantia nigra on the ischemic side
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increased significantly (p<0.01) in comparison with the comresponding region of the
contralateral hemisphere (Table 3).

o
Discussion |

It has been well knowri that adenosine and adenosine nucleotide play important roles
in energy metabolism within cells as cyclic adenosine monophosphate and adenosine
triphosphate (ATP). In experimental animals, a protective action of adenosine against
ischemic neuronal damage has been demonstrated?2). Furthermore, the adenosine receptor
antagonist theophylline enhanc‘:es ischemic neuronal damage in the gerbil hippocampus?3). In
general, adenosine is thought to prevent ischemic brain damage through several actions, such
as enhanced resynthesis of ATP24), inhibition of excitatory amino acid release25), and
reduction of free radical formation26). Therefore, adenosine may play an important role in the
pathogenesis of ischemic brair%‘ damage??).

The present study indicated that two different alterations of adenosine A; binding sites
associated with the mechanisms of neuronal damage took place in the postischemic rat brain.
First, in the frontoparietal cortex, Somatosensory areas (FrPaSS), and the lateral segment of
caudate putamen (CPu-L), adenosine A; binding activity decreased after 90 min of ischemia
followed by 1 day of recirculation. In this model of ischemia, the FrPaSS and the CPu-L,
which were supplied by the occluded MCA, were the regions most frequently damaged so-
called ischemic focil8). We previously reported that more rapid changes of second messenger
systems than adenosine A binding activity were observed concurrent with abnormal calcium
accumulation in the FrPaSS ahd the CPu-L on the ischemic side using the same ischemia
modell0.11). Regional CBF and glucose metabolism decreased persistently in those ischemic
foci 2 weeks of recirculation after the ischemic insult. The reduction of adenosine A; binding
activity in the FrPaSS and tﬁe CPu-L is explained by the direct damage to intracellular
components including cell m§mbmne following damage of second messenger systems and
disruption of calcium homeostasis by ischemia-induced energy failure.

Second, in the exo-focal postischemic brain areas, the ipsilateral thalamus, the
amygdala, the substantia nigrd, significant decreases of adenosine A; binding activities were
observed 3 days after the ischt?mia. These changes of adenosine A binding activity observed
in the thalamus and the substantia nigra on the ischemic side were concurrent with the
abnormal calcium accumulatipn detected there in our previous study®). Moreover, both
phenomena, i.e., the reductii:)n of adenosine A; binding activity and abnormal calcium
accumulation, in two remote areas on the ischemic side preceded the histologic findings of
delayed neuronal damages. In contrast with the FrPaSS and the CPu-L, the ipsilateral
thalamus and the substantia nigra were remote from these ischemic areas, and both areas had
not been directly affected by the original ischemic insult®). Delayed neuronal damages in the
exo-focal remote areas migh?t be caused by a transsynaptic process associated with the
ischemic foci®).
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However, regional glucose metabolism was quite different in two individual area,
rCGU decreased in the thalamus and the amygdala, but increased in the substantia nigra,
although there were no significant differences of rCBF in those exo-focal remote areas. We
realize that the mechanisms of delayed neuronal damage in the exo-focal remote areas may be
variable and are complicated in remote areas, i.e., the thalamus, the amygdala, and the
substantia nigra on the ischemic side.

lizuka et al. reported that delayed neuronal degeneration of the ipsilateral thalamus was
observed after somatosensory cortical infarct of rats using Fink-Heimer silver staining
method?8). Reduction of adenosine A; binding activity in the thalamus on the ischemic side
may be explained by retrograde neuronal degeneration due to thalamo-cortical fiber damage in
ischemic cortical regions. Yamada et al. reported that basic fibroblast growth factor prevented
neuronal degeneration of the thalamus after MCA occlusion in rats2?). This indicates that
trophic substances may play an important role in the mechanism of neuronal damage of the
thalamus which might be caused by retrograde degeneration of the thalamo-cortical pathway
after ischemic insult.

On the other hand, in the ipsilateral substantia nigra, it is not easy to explain the
mechanism of the delayed reduction of adenosine A receptor binding activity 3 days after the
ischemic insult and increased glucose metabolism 2 weeks after the ischemia. We speculate
as a possible hypothesis that the phenomenon in this area may be explained as being due to
abnormal function of some neurotransmitters in the transsynaptic process associated with
ischemic focil1:30). As for the substantia nigra, it consists of fibrous connections originating
in the caudate putamen and projecting over the globus pallidus, forming the strio-nigral
pathways3D). The neuro-inhibitory transmitter GABA plays an important functional role in
the strio-nigral pathway32-34). The increase of glucose metabolism in the substantia nigra on
the ischemic side may be explained as being a result of altered neuronal function and
hypermetabolism and is caused by diminished inhibitory output from the caudate putamen,
which was affected by the precedent ischemic insult. We also speculate that the delayed
neuronal degeneration in this area may be induced by disinhibitory overexcitation caused by
diminished inhibitory regulation from the caudate putamen. Further detailed investigation is
required in order to clarify the mechanisms of delayed neuronal degeneration in the exo-focal
remote areas, which may be caused by neuronal network disturbances after ischemia.

Based on the present study, we conclude that postischemic alteration of adenosine A
binding activity was involved not only in the ischemic foci due to ischemia-induced energy
failure, but also in the exo-focal remote areas prior to the histologic changes, which neuronal
damage might be caused by the transsynaptic delayed degeneration associated with the
ischemic foci. Furthermore, we suggest that multi-focal neuronal dysfunction in the
postischemic brain areas may exacerbate the clinical symptoms of patients during the chronic
stage of stroke.
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Table 1. Time-course of PHJCHA binding sites in each structure of the rat brain after 90 min of MCA
occlusion followed by different periods of recirculation.

Structure Cantrol 90-min ischemia 3 hours 6 hours 1 day
Ischemic side

FrPaM 233.8 + 14.8 237.3 + 16.4 233.2 & 31.6 230.5 = 30.7 225.9 + 38.3
FrPaSSs 236.9 + 18.3 226.5 = 19.4 241.6 & 35.1 230.3 £ 24.1 192.8 + 33.6%
CPu(L) 214.4 ¢+ 29.3 206.3 + 13.5 226.8 + 36.8 198.1 = 18.0 138.6  17.7#%*
CPu(M) 214.9 + 29.9 191.7 = 19.1 220.7 ¢+ 36.8 212.0 + 37.4 236.6 + 39.4
Hippocampus 311.1 £ 22.1 316.1 + 37.8 349.7 + 34.5 319.9 + 24.1 356.7 + 35.6
Thalamus 298.8 £ 36.8 290.6 = 21.4 319.6 = 39.0 281.1 + 33.9 310.0 + 38.0
Amygdala 121.5 £+ 9.6 138.3 £ 9.0 141.2 £ 29.0 137.2 = 14.9 129.3 £ 27.8
Substantia nigra 129.3 ¢ 16.4 113.1 £ 13.6 116.4 = 27.3 114.8 + 15.1 116.1 £ 20.1
Pons - 93.4: 9.0 112.2 ¢ 12.2 102.4 £ 13.1 106.3 £ 13.1 100.1 £ 22.3
Non-ischemic side .

FrPaM 233.6 + 21.7 236.5 £ 19.6 235.5 £ 24.9 232.9 + 30.7 230.3 = 47.6
FrPaSs 221.8 + 24.6 225.3 £ 22.6 247.1 + 22.3 228.5 + 26.4 222.0 = 48.4
CPu(L) 214.5 ¢ 34.4 220.6 + 18.3 227.6 + 18.4 221.0 + 25.8 238.1 ¢ 22.8
CPu (M) 210.3 + 35.9 205.2 £ 16.1 227.9 + 12.2 217.5 + 20.6 237.5 + 24.9
Hippocampus 316.2 £ 39.4 319.1 = 37.1 336.7 = 33.6 336.4 £ 26.7 345.1 + 36.6
Thal amus 295.6 + 36.9 304.2 + 33.1 312.1 + 30.3 278.1 = 27.4 286.9 ¢+ 27.4
Amygdala 124.4 £ 20.6 133.7 & 21.5 116.7 £ 19.1 144.7 £ 22.3 134.9 ¢ 25.8
Substantia nigra 117.0 ¢ 21.2 118.3 £+ 6.7 120.9 ¢ 20.1 113.4 £ 17.7 120.4 + 33.9
Pons 99.6 + 8.4 111.1 £ 10.3 106.7 £ 12.5 103.5 £ 14.8 103.4 £ 17.4

Values are given in Mean % S.D; fmol/mg

occlusion followed by different periods of recirculation (continued).

tissue using six
FrPaM: frontoparietal cortex, motor area, supplied by anterior cerebral artery;
FrPaSS: frontoparietal cortex, somatosensory area, supplied by middle cerebral artery;
CPu(L): lateral segment of caudate putamen; CPu(M): medial segment of caundate putamen;
*#p<0.05; *#p<0.01, significant difference from control values using Duncan's multiple range test.

Table 1. Time-course of PH]JCHA binding sites in each structure of the rat brain after 90 min of MCA

animals.

Structure 3 days 1 week 2 weeks 4 weeks
Ischemic side

FrPaM 236.4 £ 36.8 233.8 + 22.6 240.1 + 23.8 238.7 = 33.4
FrPaSs 74.2 + 6.9%% 82.9 % 24.6%*% 55.1 = 11.3%% 52,2 £ 7.0%%
CPu(L) 97.4 £ 24.6%¢ 102.1 £ 19.73% 81.5 = 12.7%+% 71.6 £ 8.4%*
CPu(M) 233.9 + 20.6 234.2 + 38.3 233.2 = 20.5 231.3 = 22.1
Hippocampus 363.2 = 27.3 322.8 £ 18.9 368.5 = 22.3 362.2 £ 36.1
Thal amus 226.1 £ 17.9%x 179.0 £ 28.4#%% 163.6 = 29.0%+ 166.5 2 12.5%%
Amygdal a 106.6 ¢ 22.3% 82.6 £ 20.6%% 79.6 + 28.1%* H8.9 £ 15.6%*
Substantia nigra 99.1 + 15.4% 87.1 £ 11.9%%  75.1 £ 12.2%% 60.4 = 14.4%*
Pons 101.1 £ 24.9 109.2 £ 11.0 106.4 + 7.3 118.6 £ 17.9
Non-ischemic side

FrPaM 232.2 £ 27.6 236.6 & 22.9 254.6 £ 33.3 260.6 = 29.3
FrPasSs 261.1 + 35.4 254.9 ¢ 30.9 269.1 & 37.4 231.8 £ 35.1
CPu(l.) 249.7 + 23.5 250.0 ¢ 21.0 250.7 + 21.9 258.6 £ 30.7
CPu(M) 228.0 £ 29.0 236.1 =+ 26.7 239.6 ¢ 25.2 232.1 + 27.6
Hippocampus 360.0 = 27.7 347.7 + 22.3 348.2 ¢+ 23.8 332.8 + 20.3
Thalamus 286.6 + 26.8 309.1 £ 25.1 304.0 + 34.8 302.5 ¢ 37.1
Amygdala 154.7 + 28.1 162.5 £ 16,1 150.0 £ 20.0 150.2 & 14.8
Substantia nigra 115.5 % 11.6 114.3 £ 17.9 130.4 £ 10.7 130.2 = 11.2
Pons 100.4 = 12.5 104.3 £ 11.0 113.4 £ 10.6 118.1 £ 13.1

Values are given in Mean * S.D. fmol/mg
FrPaM: frontoparietal cortex, motor area, supplied by anterior cerebral artery;
FrPaS8S: frontoparietal cortex, somatosensory area, supplied by middle cerebral artery;
CPu(L): lateral segment of caudate putamen; CPu(M): medial segment of caudate putamen;
*p<0.05; **¥p<0.01, significant difference from control values using Duncan's multiple range test.

tissue using six animals.
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Table 2. Regional cerebral blood flow of the sham-operated control rats and measured after 90-min ischemia
followed by 2-week recirculation.

1
Structure sham-operated - 90-min ischemia followed
) ' control group by 2-week recirculation

Ischemic side

FrPaM 1.39 £ 0.09 1.36 £+ 0.14
FrPaSs 1.70 £ 0.18 0.55 £ 0.08:%x%
CPu(L) 1.65 + 0.15 0.99 £ 0.17%k
CPu(M) 1.63 ¢ 0.12 1.62 = 0.10
Hippocampus 1.01 £ 0.10 0.90 £ 0.09
Thal amus (VPN) 1.62 +x 0,12 1.47 £ 0.14
Amygdala 1.19 £ 0.17 0.51 £ 0.08%:k
Substantia nigra 1.05 £ 0.08 0.98 £ 0.16
Pons 1.42 £ 0.12 1.34 £ 0.12
Non-ischemic side

FrPaM i 1.41 = 0.09 1.42 £ 0.09
FrPasSs 1.68 + 0.15 1.63 & 0.23
CPu(L) 1.62 £ 0.12 1.78 £ 0.05
CPu(M) 1.60 £ 0.13 1.77 £ 0.07
Hippocampus 1.0 £ 0.09 0.94 £ 0.12
Thatamus (VPN) 1.59 £ 0.11 1.60 £ 0.11
Amygdala 1.17 £ Q.15 1.33 £ 0.19
Substantia nigra '1.07 £ 0.10 0.96 + 0.08
Pons 1.40 £ 0.13 1.39 + 0.08

1
Values are given in mean & SD ml/g/min using six animals.
FrPaM, frontoparietal cortex, motor area, supplied by anterior
cerebral artery; FrPaSS, frontoparietal cortex, somatosensory area,
suuplied by middle cerebral artery; CPu(L), lateral segment of caudate
putamen; CPu(M), med§31 segment of caudate putamen; Thalamus (VPN),
ventral posterior nucleus of thalamus. *#p<0.01, significant differ-
ence from control values using Duncan's multiple range test.
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Table 3. Local cerebral glucose utilization of the sham-operated control rats and measured after 90-min
ischenia followed by 2-week recirculation.

Structure Sham-operated 90-min ischemia followed
control group by 2-week recirculation

Ischemic side

FrPaM 70.39 £ 6.17 67.56 = 6.56
FrPaSs 69.44 + 3.83 57.39 £ 7.17%
CPu(L) 73.11 £ 7.22 61.83 £ 7.83=%
CPu(M) 76.06 = 9.89 60.61 £ 9.28
Hi ppocampus 66.83 + 7.28 63.00 £ 9.39
Thalamus (VPN) 66.72 + 6.67 59.78  4.65
Amygdala 53.22 + 7.06 45.17 £ 9.11%
Substantia nigra 45,72 + 8.44 57.56 £ 5.61:%%
Non-ischemic side

FrPaM 71.39 £ 7.11 64.94 ¢+ 8.44
FrPaSs 61.17 + 3.89 65.67 = 7.78
CPu(L) 72.33 £ 7.44 74.28 + 7.89
CPu(M) 73.67 £ 9.77 74,44 £ 9.61
Hippocampus 66.61 + 7.78 62.72 + 7.00
Thalamus (VPN) 67.06 + 6.28 71.61 = 7.61
Amygdala 54.33 ¢+ 5.39 59.17 + 8.61
Substantia nigra 47,00 £ 6.72 45.94 + 6.17

Values are given in mean + SD umol/100g/min using six animals.
FrPaM: frontoparietal cortex, motor area, supplied by anterior
cerebral artery; FrPaSS: frontoparietal cortex, somatosensory area,
supplied by middle cerebral artery; CPu(L): lateral segment of caud-
ate putamen; CPu(M), medial segment of caudate putamen; Thalamus
(VPN): ventral posterior nucleus of thalamus.

*#p<0.05; *¥p<0.01, significant difference from control values using
Duncan's multiple range test.
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90 min 90 min 90 min 90 min
1 day 3 days 1week 4 weeks

Control

Fig. 1. [PH]CHA autoradiograms of the brains of sham-operated control rats and those obtained after 90 min
of MCA occlusion followed by 1-day, 3-day, 1-week, and 4-week recirculation. Representative autoradiograms

show coronal sections at the level of the caudate putamen (top), the thalamus (middle), and the substantia nigra
(bottom).
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Fig. 2. ["¥Cliodoantipyrine autoradiograms of the
rat brain after 90 min of MCA occlusion followed
by 2 weeks of recirculation. Representative
autoradiograms show coronal sections at the level
of the caudate putamen (top), the thalamus (middle),
and the substantia nigra (bottom).

Fig. 3. 2-["*C]Deoxyglucose autoradiograms of
rat brain after 90 min of MCA occlusion followed
by 2 weeks of recirculation. Regional cerebral
glucose utilization (rCGU) decreases slightly
and inhomogeneously in the ventral posterior
nucleus of the thalamus of the ischemic side
(arrowhead), whereas an increase in rCGU is
seen in the ipsilateral substantia nigra (arrow).
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Introduction

In previous report!), longitudinal tissue distribution study of double tracer of 18F-
FDG and 67Ga citrate showed that both uptakes in inflammatory tissue increased
progressively to a peak on day 4 after inoculation of turpentine oil and then decreased.
Section of inflammatory tissue 4 days after inoculation when the maximum uptake was
observed showed characteristic changes of chronic inflammation. 67Ga citrate has been
widely used for the detection of inflammation?-5. In this study, we examined
morphologically the biodistribution of 18F-FDG and 67Ga citrate in the inflammatory tissue
by double-tracer macro-autoradiography (macro-ARG).

Materials and Methods

A male Donryu rat weighing about 100 g was used. To produce experimental
inflammatory tissue, the rat was subcutaneously inoculated with 0.2 ml of turpentine cil in
the left groin. The rat 4 days after inoculation was injected with 7.4 MBq (200 uCi) of 67Ga
citrate through the tail vein. Twelve hours later, the rat was injected with 148 MBq (4 mCi)
of 18F-FDG and killed 1 hour later. Inflammatory tissue was dissected immediately and the
sample was embedded in OCT compound (Miles Inc. U.S.A.) and frozen with dry-ice. The
frozen sample was sectioned in a cryostat at -20 °C. It was immediately processed for
macro-ARG as described previously®). Briefly, 10 um-thick section was mounted on clean
_ glass slide, air-dried and contacted with ARG film (MARG 3H-type, Konica, Japan). After
exposure for 1 hour, the ARG film for 18F-FDG macro-ARG was photographically
processed. Fortyeight hours later, when 18F (T1/2=109.7 min) had fully decayed, the slide
was contacted with ARG film. After exposure for 9 days, the film for 67Ga (T}/2=3.2 day)
citrate macro-ARG was also processed. Section on the slide was stained with hematoxylin
and eosin, and examined under a light microscope.
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Results and Discussion

Double-tracer macro-autoradiograms with the corresponding section of inflammatory
tissue 4 days after inoculation of turpentine oil is shown in Figure 1. 67Ga citrate macro-ARG
(Figure 1-A) demonstrated a high density of silver grains in the outer side of the zone
surrounding abscess center, that corresponded histologically to "abscess wall" (Figure 1-C).
On the other hands, 18F-FDG macro-ARG (Figure 1-B) showed a high density in the inner
side of abscess wall. There was a notable different distribution between ¢7Ga citrate and 18F-
FDG. Our previous tissue distribution study showed that both 67Ga citrate and !3F-FDG
accumulate highly in inflammatory tissue characterized by chronic phase, but this double-
tracer macro-ARG showed a different distribution. The outer side of abscess wall
histologically consists of round cells of macrophages and matured fibroblasts and the inner
consists of phagocytes of macrophages and neutrophils, young endothelial cells of vessels
and young fibroblasts. Our results suggest that there is a possibility of identifying a role
(tissue repair or response to tissue injury) in inflammatory response in inflammatory tissue
using 67Ga citrate and !8F-FDG.
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Magnesium, the second most important intracellular cation is found in all tissues and
may affect many function of the body. Magnesium deficiendy can affect not only trace
elements but other nutrients. So far, we developed biodistribution studies and whole body-
macroradioruminography of 28Mg in normal mice!-3). In this study we conducted
experiments on mice to obtain information on the effect of different dietary magnesium or
calsium level on magnesium behavior.

The preparation of no-carrier-added 28Mg (half-life 20.9h, B,y) from a pure A1 target
irradiated by an o-particle beam has been developed for its biological use. 28Mg was
synthesized following the method of R. Iwata et al¥). Forty eight male ddy mice, weight 20-
22g were randomly divided into four groups. Animals were fed for 6 days. The dietary
magnesium or calcium level is shown in Table 1. Biodistribution studies of doubly labeled of
28Mg, 45Ca and whole body-macroradioluminography of 28Mg were performed in mice. The
tissues were wet ashed with nitric acid and perchloric acid in borosilicate test tube placed in a
hot block bath. Magnesium and calcium were analyzed by an inductively coupled plasma
atomoc emission spectrometer (ICP S-5000, Shimazu Co., Ltd., Kyoto, Japan).

Growth curves (Fig. 1) showed significantly lower gain in magnesium deficient
groups (group 3, group 4) compared with magnesium sufficient groups. Organ weights are
shown in Table 2. Figure 2 shows the radioluminographs of a mouse fed the diet varied
with calcium-magnesium ratio 120 min after the injection of 28Mg. The radioluminographs of
a mouse fed the magnesium deficient diet (group 3 and 4) revealed high accumulation of
28Mg in heart and gut compared with the other groups. Tissue distribution of doubly labeled
28Mg and 45Ca are shown in Table 3. 28Mg had a significantly high accumulation in the
heart, liver, small intestine and bone of group 3 compared with the other groups. The
distribution of 45Ca were not changed between four groups under this experimental
conditions. Uptake ratio of 45Ca/28Mg are shown in Table 4. Magnesium and calcium
concentrations in liver, heart, kidney, and bone are shown in Table 5-8. The magnesium
concentration was significantly lower in liver and kidney of group 2, 3, and 4, in heart and
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bone of group 4 than in these of group 1. The calcium concentration was significantly lower
in liver of group 2 than in these of group 1. In contrast, its concentration was significantly
higher in heart of group 4 in kidney of group 3 than in these of group 1.

Studies are in progress in our laboratory to investigate the possible mechanism under

|
lying these changes of magnesium behavior in animals.
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Table 1. Experimental group.

Diet Data *(g / 1009 of dlet)
P Mg_ Ca Mg ca
1 + + 0.04 0.503
2 + ++ 0.04 0.865
3 - + . 0.003 0.459
4 - +4 0.003 0.946
+:adequate -:deficlent ++:double of adequate * : analyzed by inductively coupled plasma
‘ ( SHIMAZU ICPS-5000)
Table 2. Organ weights of mice fed :the diet varied with Ca-Mg ratio.
M Liver - Heart Lungs Klidneys Brain
1 1.06 + 0.07 0.104 2 0.003 0.058  0.011 0.40 £ 0.02 0.43 + 0.01
2 0.96 + 0.02 0.097+0.003°  0.060 + 0.004 0.36 + 0.01 0.42 £ 0.01
2 : 4R
3 0.84 + 0.03 ?.089 + 0,003 0.066 x 0.0607 0.41 £ 0.03 0.42 £ 0.02
s * ’ *ae
4 0.84 + 0.02 0.094 + 0.004 0.091 + 0.018 0.29 + 0.01 0.45 = 0.02
