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I—4 Gamma Rays Following the Decay of
12Ty and Population of the 1225-KeV
0" State in '®2Cd

T2uE 8 il —d - HSHEB AL
A fE Hrye BS - B H iz}

Abstract: The gamma rays following the decay of l4-min
1121, nave been studied with a 24-cc Ge(Li) detector

The energy values and relative intensities of the gamma
rays are; 606.4 + 0.5 keV (23.4%), 618.2 £ 0.4 keV
(100.0%), 1252.6 + 0.9 keV (5.6%), 1278.0 + 1.4 keV(0.2%),
1306.3+1.7 keV (0.1%) and 1488.9+1.3 keV (1.2%). The
excited levels of 112cd at 618.2 keV,1224.6 keV, 1306.3 keV
keV, 1488.9 keV, 1870.8 keV and 2502.6 keV are considered
to be 2%, 0%, 2%, 2%, 0" and 2%, respectively. The popu-
lation of the 1224.6-keV O state by beta feeding is
qualitatively discussed.

1 Introduction

It is a fact that the excited states of even-even cadmium
isotopes are well understood on the basis of nuclear surface
vibration. TFollowing this line, it is of interest to locate
O+, 2% and 4% states at about twice the energy of the first
excited 2% state. The excited levels of 112¢d have been
investigated by many authors from the Coulomb excitationl{ from

the (d,P)z), (d,d’)s), (p, P')4)

112In5) and lleg6)’7).

reactions and from the decays of
These results are summarized in Figure
5. The O+ state at approximately 1225 keV established from the
(d,p), (p,p’) reactions and from the decay of lleg has not
been identified from the beta decay of 1121n. Since this

* K. Sugiyama, K. Kotajima, S. Itagaki and Y. Takeda
Department of Nuclear Engineering
Tohoku University, Sendai, Japan
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1225 keV level is located at about twice the energy of the first
2+ state, this O%* state should be a member of the two-phonon
triplet. If this is the case, the 1225 keV O state in 112¢q
should be populated by the allowed beta decay from the 17 grqund
state to the OF excited state in even-even vibrational nucleil
could also be expected in this case. Thus, in the present work,
the gamma rays following the decay of l4-min 1121n has been
investigated, and the weak beta branching from the 1% ground
state of 112Tn to the 1225 keV O' state of 112cd has been search-
ed.

7 Experimental Procedures

Tn order to produce l4-min Y200 by the ( r, 3n ) reaction
on +15Tn (95.8% natural abundance), a sample of about 500mg highly
purified (99.99%) indium metal was irradiated for 15 minutes with
the 35-MeV bremsstrahlung from the electron linear accelerator of
Tohoku University. The suspectéd radioactivities produced by
this irradiation are summarized in Table I.
As seen in the table, the yield of 11215 could be maximized by
choosing a proper time for irradiation and a suitable energy of
bremsstrahlung. During the irradiation, the indium sample has
also been placed in a 4-mm thick Cadmium cylinder to minimize
the 54-min 116In activities, since the neutron capture cross
section of 1191n is fairly large. Thus, after the irradiation,
the sample was quickly mounted in front of the Ge(Li) detector
without any chemical treatment for separating 1127, 1o prevent
beta particles from the sample, a 2-cm thick Lucite absorber has

been placed between the sample and detector.
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Table 1

Radioactivities induced on an indium target by the irradiation

with the 35-MeV bremsstrahlung for 15 minutes.

Type of Reaction|Radioactive| Half-Lives Gamma Ray
Reactions| Q-values |Products Energies
MeV
o 650 1167, m: 54.0 m|417,1097,1203,%¢V
’ : g: 1l4.1 s (1293)
rn ~9.00 1141, m: 50.0 d/192,558,724
’ ’ g: 72.0 s (1299)
r, 2n | -16.34 1131y m: 99.8 m| . 399
’ g: Stable
7, 3n | =25.74 1127, m: 20,7 m 156
’ g: 1l4.4 m| Present Work
7, 4n | -33.45 11l1n 2.814|173, 247
r, p - 6.82 1l4cg Stable
7. pn _15.87 1134 m: 13.6 y| (270)
g:>>1015 y
r, p2n | -22.35 1l2¢g Stable

Possible reaction mode on In by irradiation of the
35-MeV bremsstrahlung. As seen in the table, 1127y
by the (7, 3n) reaction could be produced by the 15-
minutes irradiation. The 35-MeV bremsstrahlung has
enough energy to cause 115In(7, 32 )112In reaction.

The gamma ray spectrometer consists of a ORTEC 24=-cc
Ge (Li) detector, a ORTEC 118A low-noise pulse amplifier and a
TMC 1024=channel pulse height analyzer. The energy resolution
of this system is 3.0 keV FWHM for the 1332-keV gamma fay of
6000. The energy calibration was performed with the gamma rays

from the 88Y, 6000, 22Na, 65Zn, 54Mn, 137Cs, 133Ba, 203Hg and

57co sources.
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3 Experimental Results

After the 15-min irradiation, the gamma rays from the
sample have been measured for several hours. Typical gamma ray
spectra, thus obtained, are shown in Figures 1 and 2. The decay
of each gamma ray in the spectra was followed to identify the

parent nuclei. Such decay curves are shown in Figure 3.
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Fig.l. Gamma-ray spectra obtained using the 24-cc Ge(Li) detector
after the 15-min irradiation with the 35-MeV bremsstrahlung.
Spectra marked by letters-l and 2 have been measured at
about 5 minutes and 2 hours after the irradiation,
respectively. Each peak has been labelled by a number
and an alphabetic letter meaning of its energy value in
keV unit and the assignment. Letters A,B,C,D,E,F,G and H
indicate the assignment to 110¢q, 1llcg, 1131,, 110mp,,
1lay, 1l4gy, 115mp, ,p9 116g,, respectively.
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Table 2
Gamma-ray transition energies and relative intensities

in 112¢d observed in the decay of 11271y

E, (keV) I, (%) E;(keV) Ir (%)
606.4+0.5 23.4 ] 1278.0 + 1.4 0.2
618.2+0.4 100.0 | 1306.3+ 1.7 0.1

1252.64+0.9 5.6 | 1488.9 +£ 1.3 1.2

Energy values in keV unit and relative
intensities in % of gamma rays following
the decay of 1121n,

Thus, the relative intensities of the gamma rays following the
decay of 112In have been obtained and are summarized in Table
2 together with their energy values. Taking into account the
result of the gamma ray measurement, the level scheme of 112Cd
has been composed as in Figure 4.

The gamma rays from the second and third 2+ states to
the first 2% state (indicated with the dashed lines in the
Figure4)have not been observed in the present measurement. The

limit of these transition intensities has been estimated to be

+_ oty
Lrooss (22 =21 ) and 1r=s71(2:“2j—)
n [s)
Iigis (2T —01) Tr_gys (27—07T) <0.01%

The corrections for the internal conversion coefficients have
not been made since the coefficients should be fairly small
less than 1 % for the present case.

The beta decay branching as shown in Figure 4 has been
estimated from the measured intensity of the 5ll-keV gamma ray
and graphycally obtained K/ /8 ratio.g) From the reference,g)
the 20-min 4% isomeric state has been known at 155 keV above

the 1% ground state of 11271n. Therefore, a weak beta branching
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from the 41 isomeric state to the 4% two-phonon state might also
be expected. However, the 20-min 796-keV gamma ray correspond-
ing to the 4T - 27 transition in 11204 has not been seen in the

gamma ray spectra (see Figure 1).

Table 3

Log ft values for allowed transition from 1l2mma*)

Bgg,Sf | Relavive [ dayel, | Iever (TNt s
(ke V) intensity (ke V) Parity| feeding| value
ground ot | 72 AA

618.2 £ 0.4 100.0 618.2 0.4 2% 2.2 5.7
6806.4 + 0.5 23.4 |1224.6 + 0.9 o+ 0.7 5.7
1306.3 + 0.7 0.1 [1306.3 + 0.7 2% 0.01 |>7.0
1488.8 + 0.8 1.2 |1488.8t 0.8 2+ 0.11 6.4
1252.6+ 0.7 5.6 |1870.8+ 0.9 o+ 0.18 5.6
1278.0% 0.7 0.2 |2502.6%+ 1.6 (2%7)| 0.006 |>6.3

Summary of the g transitions deduced from the decay
scheme. This lower limit was derived from the upper
error limit on the feeding.

2503

"
B37257%, 4506
o'~

1871 - 112,
505762

018%, 5607

011%, 64205

07 %, 57:06

618

EC+f3,22%, 57204

EC 60%

o 12%,1._4:0.6

Fig.4. Proposed decay scheme in the present work. All
observed gamma rays are fitted in the decay scheme.
The gamma rays indicated by dashed lines have not been
observed in the present measurment.
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3.1. O+ Ground State

As indicated in Table 3, the log f¢ value for the beta
decay from the 1% ground state of 1121p to the O% ground state
of 11203 has been estimated to be 4.4 £ 0.6 which seems to be
consistent with the value expected for the allowed transition

of this type.

3.2 618.2-keV First 2% State

The obtained log f¢ value for the beta transition from
the 1+ ground state to the 618.2-keV first 27 state is 5.7 %
0.4 which also indicates that the beta transition should be the
allowed type. As seen in Table 3, the intensity of the 618.2-
keV gamma ray is fairly strong compared tothe other gamma ray
intensities. This also agrees with the results of the previous

work.5)

3.3. 1224.6-keV and 1870.8-keV O* States

These 1224.6 keV and 1870.8 keV states de-excite by
emission of 606.4 keV and 1252.6 keV gamma rays to the first
2% state, respecti&ely. No gamma ray corresponding to the
cross-over transitions from these states to the O* ground
state has been detected in the gamma ray spectra. The log f¢
values for the beta transitions to these states are 5.7 + 0.6
and 5.6 = 0.7 . From these evidences and low spin of 1121y,
the spin of O% could be assigned to these levels.

Furthermore, these assignments agree with the results of re-

action experiments and the decay study of 112Ag (see Figure 5).

3.4. 1306.3 keV, 1488.9 keV and 2502.6 keV 2" States

The 1306.3 keV, 1488.9 keV and 2502.6 keV lewvels have

been proposed taking into account the results of the reaction
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experimentz—A),however,-the gamma rays for the transitions from

these levels to the first 2% state have not been observed in

the present measurement.

H/
N

- = r— — 2500
hw)
- \S - -2000
3 = g‘: o._/, 3:
L5 .. — 7 hwalis00
4 §— == ;7= -
2~ 2" 2" 2 27—
0— o0— 0,— o'— —
Lhw ) 1000
— — — — P— 2'——J
- 500
hw)
0— 0~— 0— 0-— 0— m—/ 0— -0
IR 2 &) ) o
(a,d’) (0xE) (d,p) (p,p) BY Present Excitation  Energy
ork (in keV)
Excitation Mode Disintegration

" .+ "z
Excited Levels in ", Cd,,

Fig.5. The excited levels of 112¢4 have been investigated by
many authors. These results are summarized in this
figure. The O* state at approximately 1225-keV
established from the (d, p), (P, p’) reaction and from
the decay of 1 Ag has been identified from the beta
decay of 11271y vased upon measurements from the present
work. Data are refered from References 1),2),4),7)
and the present work.

4 Discussions

In a study of hindrance phenomena in allowed beta transi-
tions. from odd-odd nuclei (60 L A < 140) with 1t ground states,
Sakailo)reported thétthe transitions to the first 2%and the second
2+ excited states, respectively, are successively hindered, but
decay to the first excited 0F state proceeds at rates essentially
‘equal to that of the ground state. Therefore the log ft values
of the allowed transitionsvfrom the 1% ground state of 1121y
are the primary quantities of interest in the present work.

The obtained log f¢ values for the beta transitions from the 1%
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ground state of 1121n to the OF ground state, first 2% state and
excited OF state of 1120d are 4.4, 5.7 and 5.7, respectively.

The beta transition from the 1% state to the first 27 state, thus,
seems to be fairly hindered. However, the transition from the 1+
state to the OY excited state also seems to be hindered. This
might suggest that the excited 0% states in medium-weight even-

even nuclei are somewhat more quasiparticle in nature as well.

Acknowledgements
The authors are deeply grateful to Dr. M. Yagi,
Dr. K. Kondo and the Crews of the Electron Linear Accelerator

for trouble-free operations.

Refferences

1) F.K. McGowan, R.L. Robinson, P.H. Stelson and J.L.C. Ford;
Nucl. Phys. 66, 97 (1965).
W.T. Milner, F.K. McGowan, P.H. Stelson, R.L. Robinsdn
and R.O. Sayer; Nucl. Phys. A129, 687 (1969).
2) P.P. Barnes, J.R. Comfort and C.K. Bockelman; Phys. Rev.
155, 1319 (1967). '
3) Y.S. Kim and B.L. Cohen; Phys. Rev. 142, 788 (1966).
4) M. Koike; Nucl. Phys. A98, 209 (1967).
5) J. Ruan, Y. Yoshizawa and Y. Koh; J. Phys. Soc. (Japan)
176, 6 (1962).
6) C.M. Lederer, J.M. Hollander and I. Perlman; Table of
Isotopes (John Wiley & Sons, Inc., New York 1968)
7) E.W.A. Lingeman, J. Konijn and L.G.R. Mathot; Nucl. Phys.
K122, 557 (1968). |
8) P.F. Zweifel; Phys. Rev. 107, 329 (1957).
9) E. Bleuler et al.; Phys. Rev. 90, 464 (1953).
10) M. Sakai; Nucl. Phys. 33, 96 (1962).



43 v ISR &E Vol,. 3 No.2 Dec. 1970

I—5 Pb ®E4 Cross-Over & O E

T EF %
il —s - HEBAIR - BUEHTIRES
s fF-HhBEEE - ®RHEH 5
REHH - BEHFAF - IUE &
L

I & i

% { DE—E%E, EEREBOLIC, 2TREE 4 TRE ENEHBICHADN L2, TOHRE
Tﬁ@%iﬁ%ﬁ& LCOEMESICGERT 5230 & LTELFHIN Th %, TOBRR 4 TRER,
BEAT—2TER L 2T — 0T EBR LIS T L2008 X5 — VR d Y <ifd, ANEXN
EEWRET i LT, BERE LHET L, RICESH 2 LERBROBBHERL, BBO
Tiar¥—p (2L+ 1) FL, BERDO2LRICHFLTNWLOT, 4T— 0T D7 v XF—03—
BB THLELBBOBBHERD, 4T—2TRU 2T~ 0T 0 L2 BROBBERICHNTIHEIC
NENWEE L BND, AbIC, LD E2 BRI MORTES ICL 2 RAMOBY THL /W0
I, % OEBHERTE—HTEED CLAFHEELD 101 ~103 FRO LN Thb, CORI
—BHCE Ed 2 0 24— —BREEEET S L, FEEICHERNE2 BB D5 DICTA -
EXRTRETHA, Lo L, ALHOERICE 5T, TOE2BBIWFIIN TWIHEICE, T
OE4A BRAHIET 5 T &b, WREICE - TR,

204 Py, OFEEREEE, ¥R 112hour 24 B1i2) &, 669min ®2%™Pp3) O L
ZLONECL D ILANLNTWE, FIMERD L, 2000 A~ V2 E2BBD= X v
*—O, BORBERE S LA TN AL 12002 Y FN T 2HD b bo I LICEET
NESE, 1274%eV O 4 PIREEOEFHE, M. Salomong® ) A BIERBIEBUEIC & » CHlE
LRt &, 0258+ 00124sec THhHLENIETHE, COMER, BHFED~T 2 —
ATk 14fm & LR ORI TFHEELOEE LAE LD 5005 3R (2> TnD, TO
BRIC 24 Ppid, 4T —2Ft— 0T LV OBMBE 2R » ABROT T, b 9 & EICRNebk%
S HTEE Do D 12T4keVDEL 7 18 24 — =B OWERUETSEE) 2 19624
KNaI(Tl) v YFVv—VaYARIpa2=2—%BnTiTh->TEh, E47m R4 ==
BROWSIHTFOLRME L LT, 5 LWHEERE LTWb, BEd, POz 04 TRED
B O) %3 HICEE L BNDRDIC, COEL 2 034 —~—BBOBGHER#ERECHIET



49

APEERST 9- 66-9 min_2186
o = B
FIM I ) HLABRIC, FEP66omin @ 52
4P DEAFEIC L % T3 75ke VD E2,
899keVDE2, 912keVODES OF ¥ <fEn
BHIIh 2 LifF AN D, TROLOBNAT ¥ <ff & | %Gpsec 275
Oflc, H L 1274keV OFFICHERII6 7Tmin 3'::725 E
CHEES B = BBORIE, TANEIC, 4 z V8 899
BIEEIC LT WABRICHEL T 530 Th b, —7, E=z.
375keV & 899keVOH <L, F427 ax E2 12;.74
A=A —BHOIINE—ED 9 AL TR - 89S s
¥—OV 2= &ff 50T, EX228nm O §
ORI E AT, ZOF TOH ¥ <fROBPRE o* \i, 0
DzixnF—RKEEZFHL, v~ O ZOAPb
FHIEIICET ¢ LCHlE%TT % » 7o 1K 2 Ppo0669mindDT (Y < —
WEPpp T4 Y < —ld, BEED252%0 REOHREA . RRASERE
L%E4 Cross-over BB %
200pp (7, 2n) RIGIC L » CTHER Lko £ — FbTo

F o b ELTI20mg DDA AN %30MeV D

HIEHESS T 6 0 HMHMBE Lic, FIBEH O A vE—%30MeV & LD, Thr¥—2E <
%A EHEFH36hour © 20 Poa (7, 4n) RIGICE - TE LR, Thad ke OMmE I
RBBLTHb, BRETH, WO OIGEE £ 02nn OB IICHLOA L, #ilHE1L
Bemit LAFTTHIE Lico BRI OBBKE ANBE EANZNES & &R AT W, 84
OB EE ANZWES I, A2 LOBF2BINIE 540C, 20mnOE IOV —F 1 b
OEIRE % I\ o # ¥ <OMBEE & LT, 42cc OArT » 7 HB O v==7 skl
L, 120-2BEUKMEMIBERU 800 F « ¥ A0 OEBANEEHA Lo RHEEQ =31

¥ —AREER, 60 00D 1332keVOH <K LT 28keV (FWHEM) THh 5 ko



50

o %% e
E3ME, ¥EA669min O
204MPY QERBICHR O A v <
DANRI PN THE, L TFELE
hozx~z7 rrid, HoBRE:
Anznt &s, AnkBEox~
7 b TH B, BIICRNAARIC,
375keVDE2, 899keVD
E2, 912keV ®E5 BERICHY
THIEROBRNWE—I R LA
(12 ), 1268keV &
1515keV & D2 KD ¥ —7 [,
THICL 530 LEL LN,
960ke VDY —2iE, i
36hour ®292TPb ORIEEIC &
530 THY, 02"pp FHELE
148% 02 *Pod (7, 2n) X
B > THERIh A EZE 2 bh
b
4, 2 PrD1274keVO4T
HREEAS, 375keVODE2E 1274
keVOE4A Oy <% 1K
Ng, ENp, @O%IE TR LT
BT A LE2BH L, 375keV
L899keVRU 1274keV Y
—70BISE, ROBRIKE LS
nbs,
Ss1s =Np, $s7s (1)
Ss00=Npg, $so0 (2)
Siem =NE4 Pr2m4

5375 ’5899

v (3)

E»

[
10 ;\j% fﬂiﬂ fﬂ
L"\Mﬂ | B
ol U I
sl .
] Ji¢ e
.
° N |
£ g
g, 10° \‘4'1\ ‘\';“,.
e
| Sy
ol S
. G
et
. I
° <4
.ﬂls*,
R Y]
10! L
100 200 300 400 500 600 700 800 900 1000

———CHANNEL  NUMBER——=—

ol P*"PoD669Imin DEIRICHL O H< RO
2~ M, Bl 228mm OF X0 ORI %
ANZVEED DT, FIHANAREOIDRRT o

1 : ] I\ 1 l L) T 1] T | L} T L l:
S .
(D ]
= B
= 10k I\\ .
- i
: ./._o—-o—o—o—._..\:
T 2
g OF 3
T 3
e ]
[T n -
w
! 1
5 -3
o 10°F =
(@] C ]
N - -
e F E
< [ ]
Al g ' N N T WA N A W M G|
10 500 1000 1500

~~GAMMA RAY ENERGY—(in keV)

#3N EEBRWICRK OB & DIINE—DH
V2 fRICHIFT A 420 c A==
H2s O HRIE () o
T, 228nmOEI O ORI
EANKEEDO 3O T, EEANTAH
ZWEED S DETR T,



51

zeT, T 5P RHBIEBOBREDNELEDLT IO TH L, (3) XOE2HEII3T5keV &
899keV L DN Xy — FERICL AV 4 —2 [CHRY 3 BT $5, <=7 2BHEOK

DL, %0 Co, 22 Na, St Mn, 197 Co, 199 Ba SR B 4 s THEBANS ICHE L

Kl % oo E2 QRARERY b OFEEN g, I, Qe INkE—2 OB I Sgqs & Sgoe & %
A, (DRXREUT (2)RECIROLND, 35 LK IC (3) XOF 2\ MAN LI, HFHEIC
E4 7 m x4 = —BRICHFT BN, 2, BlEINk 1274keVOE~2 DA S 1,74 BN T
B> b Do TORIC LTRD NI EBOLNE, /NE, &,

Ng,
Ng,

=(1.184089) x 1073
+ ) (1)

ThHbo

BREEOST A—2710% 14fm & LAk Moszkowsk i DE—KTEAEOHEC L 5L,
375%eV DE2 BRHRL
Ts,(E2)=122X 109sec™? (5)
Ehbo X, E2BRERORRE EOHAMBLOLR
Texp (L2
Tarn A o ®

WChro MUBkAZLE, 1274keV OEABRBOMHRICK L TR AL

i—;p((—ﬂf;)_\: 56 + 4.0 : 7
LB, TORRIC, ¥ PoICE VT, ERAICKD bk 4 TRES S 0T OFEERE~D E4
BRRTERD, LICRN B —RTHEL DEIEIND L OICHEN T 6 fERE (% > T b ED
b5 te LaL, BNFHEEIC L2 BBEROIEE R, M¥EED 7 A—F20L HIFICH
ZYKE LTEY, 7o % L2fméT 58 (1) ROBEF19.2 &% 5, '
Kisslinger #7)d, 2186keV I KEEH LD I 12keV @ E5 BRREE O b
4T O 2 FIRSREE R TREE L £ 2 Tnh o 22 P OBE, COBNFREMOBR L%
25E, MHKRFOREIZ, k1K 05K LA LY, Liks ThE VEER HBIITE
BTErY, EENICBASHEORBROBRE, cOELFHEHHAL (Wb LEBbNizn,
SEERMPOE — 2703 BEH Lich, MEBTRE LT TEBRBERLE 200 T, §#C
NLOEERET AT EICE WEEOBWEREL R, 4TREOEENSER T 2NN



52

Ez2Tnhb,

#t 3
COEBEFTR O WE L, T « |G W2 70\ 2 T REEZ I EF R E R © /AR
BRI, THREESHFELCET ) =7 » 7ERADH 4 IC.LH bEHE LT T

e = X Eay

1) S.A,Moszkowski in Alpha-, Dbeta-and gamma-ray spectroscopy,
K. Siegbahn ed, (North-Holland Publ, Co., Amsterdam, 1968)

2) C.M, Lederer, J.M,Hollander and I,Perlman, Table of
Isotopes(John Wiley and Sons, Inc., New York, 1968)

3) C.M,Lederer, J.M Hollander and I, Perlman, Table of
Isotopes(John Wiley and Sons, Inc,, New York, 1968)

4) M.Salomon L,Bostrom, T,Lindgvist, E,Matthias and Martha
Pereygy, Nuclear Physics 46 (1963)337

5) K, Takahashi and K,Kofajima, J. Phys. Soc, Japan 1T
(1962)1815

6) S,Suekane and Y, Yamaguchi, Progr. Theor. Phys, 17
(19571449
T, Tamura and T,Udagawa, TUEP-62-01

7) L.S.Kisslinger and R,A,Sorensen, Mat, Fys, Medd, Dan,

Vid, Selsk 32 No, 7(1960)



HIRISERE Vo1, 3 No. 2 Dec. 1970 53

I—6 '“Pr, ORI L 5 5Ceq QUL

T =2 E i B

HERE - mBIER - EHFET

BEHL LK B AREZ
1:8Nd50(3.3days)—>1§gPr31 (3.4min)—>1:§)0632<7)chain decay£91§20982
OWATHEE 2~ Fro S NdgoDactivitydenrichment 97.55%0 g5 Ndga®
Nd,03% Eymax=55Me VMR L, (71, 2n) RIGIC L > THER Lico B 7 #RICO
WTFW, Ge(Li) KL s T#Osingles spectrum, Ge(Li) -NaI(T1)ICX5
y-7 coincidence spec trumZ@E Lo lggPral@'ﬁﬁﬁwlél‘;:Oegzﬁ)ﬁﬁ&
LT, 1596 MeV, 2+ :1896MeV, 01 ;2350MeV, 2T §2521MeV, (1+, 21)

$3.016Mev, (01T) 33110Mev (1T, 2+ )08 b,

§1 #& =

140

28 Cog, AT 4N =82 Dmagic number DTS- C, HEELAKROSHLHKTD
Bo FOFHREICDNTE, ThET, 't1 Lags OF MR, 5 Proi @SS, HEAT
DIBEHA R U HMEIBIC L ) B SN TRRo )

Dzhelepovfi?) | “OLa oL Y, 1.9MeVIC 0TI %%R L, £OK, T 1902
MoV ICH LT, Hisatakef®) QL5 40 Pr oL b ORMAEBROE D,
Christensenfi*’icLs (p, p'e) R U (d, d'e ) DHIENEE Nk, Hansen
M3 (a, &'7) DHIEEL D247 MeV [Coctupole 3~ QEfIHAHAHLET Atentative
%assign¥ & Lko Krehbiel®) 3 (r, 2n7’), (r, 7"IYRU (r, pr') oEBRT
~ 21 M6V IC65 fsoc DEATEHRE Lic, B Baerft”)iF, *°La 3~ OREICHS TR
% Go (Li) B THIRE L, HE (0L LW TiEEms LTnwbo Lo L% b, *OPrO
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BN, TOEBRETT ko
T el 2 Pro DBBEICL D og Co g DWAL B 20 M2 NA (7, 2n) *ONA RIGT
1ONa %fED, FO1MONG > 140 pr 140 0o OREEEBVA, BlEd de (L1) KU Ge (L i)
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spectrum ORIE*4T » %o

§2 ERELIUBR

N Proy OBIBICL B 25 Cogp DWATH HBICYK 5 T, 140 Prpi 3. 4min OLE R T

HHT Epb, lggngo (3.3days)——>l:gPr81 (3.4min)—>1§g Cegs®chain decay
TRV MO Nd ORI D LI LT o 2 Nd @ enrichment2397.55% @
Nd,0, DK 50mg %, electron linacd bDFEymax=55MeV D
bremsstrahlung T2~4 hourslB4 L, 42Nda (7, 2n)°N4d KI5TIE - ko XK
TNk MONGd Qactivity 27 2 ) vl ORBFCANEEH L, 7T8EL Lko At %524
ICHE & B, THEEZEI 1.5cn 0T 7 ) VR TE - %o

ORTECH# 24cc Ge (Li)ARHES, 118A— 410841E25%, R TMC 1024 channel
PHA%RFAWTHIE Lt "ONd OFBRICHE S T O X2 v %8 1HIGRT, Singles
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N ; -
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S g o
o l .03
&6l ’ ~. 1 e
g T~ |5 |
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BIM 24cc Ge (Li)BHEBREANWTHE LA 0N > 40Pr—140Ce g
BIES THHOR~NZ v, Singles spectrum% FEIC, 1596
MeV r#fgate ®coincidence spectrum% FEITR T,
Gate fIICHEME LAKHERIZ3"d x3" NaT (T1) THb,

spectrum % E¥IC, 1.596MeV r#¥igatedcoincidence spec trum % FEIGR
LTd%, gate fIICHEMLAKMIEE I "$x 3" NaI(T1) TH b, BlEdBHEE2H~4
" BHO2HME AT 5 /ko Coincidence[EBROMERMEIZ 2 =100n sec THEA Lo

Accidental coincidence ORIEEFT » T\, HERY 2 DOMERD geometry
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BRO LS TH2o BEICH LT 2 DOOBMEREAICI 0° FAICAE L, i EOEREGe (Li)
23 cm, NaI(T1l)2310cm THhhb, ‘

Simgles spectrumz:b, 0511 MeV{§EK 7 MK 1.596 MeV 7 & Dfh, 2348
MeV, 2520Me VRIS 3110Me VDT A, £ LOEMWEI L b 140 Ng — 140 Py, 140 g
DREICET AT B TH5ENMbhE % oo —hcoincidence spectrum b
0300MeV 7#ELU 0511 Me VI r fR M, 0754 MeV, 0925 MeVRIF 1420 MoV D
T#2 1596 MeV L H{coincidence L, 1596 MeVER Lcascade BEICH 2
T &b o coincidence spectrumlCRIT 57 BEREH 28 LUK & 7BREE
3, B1EOLS>TH 5,

140 140
13 6o Ndgo = 59Pry,

MattauChﬂﬁg)VciélggNdso—’l‘;gPrm@QEC% — Y0 cey, DEIEE
= " _ KFES rigo = 30
03 MeV OEEME %1 hi, 1o kg, E 2R
Jrﬁml?z?ﬂﬁ 14-(;6 IRy AR, Er > R OB
0.3 MoV D7 #E ‘50 Pryy — 55 Coyy ORIEICH S 7L
%ho X, 0300MeVDTH#S 1596 MoV 7L Energy |Relative
' (MeV) intensity
incid J 1% W
coincidenced4CEib, BIERO rHFIE 0300 256
1 e s .
150 PTg1 — 55 Cogy DHEEICE 5 §’§Cesz©ﬁﬁﬁﬁﬁ©%@ 0511 26200.
BT HbDL%b, ATOME LT, HIEINAEK 7 H 0.754 5.5
OBD 172 £+ 5 0925 33
- ° 1420 0.6
Bl IN T BOT I vE —, HXRE, coincidence 1.596 100.
OEF% 3 &I, Hisatakef®)IC L5 1.896 MeV E0 & 23438 09
X 2520 14
BOBEN, LU Pr—1*cepQp =3.34 MoV %AW, oy o1

FHCHT DK REFHER U L B Taohemn ) ¢
YR, FEA~OL FEOME, TR OPr OEFEIE LTid 339 min!) %A
log fHE&ERbIo BB, Mg, log ftESEE2MIGET . 7 BRU E0ERO
BER, 1596 MeV riR% 100 & LAMIRE TEb L, BRI ¥ —OBROBIMAIGE L
Tdhao
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§3 % 7 K

0" 33d

5o e hAE T8Ndeo
50 PTgi70 b 55 Cogp OEERE ~ ) (i
$3 ' 34m/ “EC" ™ calc,

D log f t{El 44 OEH»E LR, =28 . gg MeV %0Pry, loéofgtftsaz

UPARRY 3110 7~00007% 68
1 phetetr, & 2 BhiE%AI~O log 1 I = 3016

~00049% 64

ftiERE, *h+n 58, 57 OERRE

2520 01.4)
0.925(33)

23
B o 85 1RO 2 BHESBAI~O (2) 2.3 2521/ ooz e
7 d3 2350 /\ I~0050% 63

log ft{EIZ, Hisatake/ﬂjﬁ)m
IBEL Y FENREFN 02/ 3w, Th b ¢
0+, 2+, 0t#fI~D log ftfEE

1.896(30)
0.300(258)

1.596(100)

1896

A

<
o

/ 047% 57

1596

051% 58
allowed transition%rssL,

140 by OEERIE 1T 2 HEE I 5
OTHb, fflifnbE, 0TRIF2TT
HHETHE, TEK 2nd

9. %% 4h

forbidden®f transition
Qec=334 MeV

Kh->TLEIDLDLTHD, —¥) T4

T, LEROBEINWTNS 1st 0 Ceny
forbiddenM E®dforbidden

i s ' H2E O Na oot Proio't Cos, OB
transition % bAaTNELE LT, b3

Thidlog ftliELEbn{%bo
12 5y 10) OEEERIERM ( (d 572)p (d 372) 7 } 1T EE 2 LN B o HEREMO S
transitiond (d5/2),—(d3/2),PERTS-T, lag fi =44 M 2pmy — 1{ANGg, D
B OFFES 1og ft=43'0) LR =BT bo LanLias b, # LENEIGL, 5 2k
fr~Dlog fEfEld "2 Pm—>1*2Na OFENETNLH, 4.7, 49 THAHOIKHLT, 140py
— 140 0o OIFAE, 58, 5.7 TH-T, TOMEEFIEY 1KELS, —HEEZV,
2350 Me V¥fIIE, 2348 MeV 7 BRMEAEL, 1.596 MeV riigateDcoincidence
spectrum T, 0754 MeV 7y { coincidence LTWAT &b, LTOFEHHED
BB, & OMRD LT, HERE OTR 1596 MeV 1st 2TEBU~NO 1 BELEHNZ
hackd, WOPr 1t50L cOBM~D SBED log ft =63 Ot 5,2 DEAM L 2nd 27
Wfr (2+ 1) LEADND, T OWAIAD ground 0FRU let 2H~BBT5 7 RORE
Wi, I(2+ —>2t) 12+ —0+) =61Tdh, C 0T Baer i) L LA

140

H0lags 3705 OHEICRANTHRIEINA 23484 MeV 2TRLFE—LHEL LML, LN L
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RO IR & © 6.1 OEICKH LTBaer ™) 13 47 ThAo

2521 Me VAT, 2350MeVEM LFERRIC, 2521 MeV y BBNGETAL L L, 1596
MeV r#gate ®coincidence spectrumT0925MeV 7#A < coinc idence
LTW5 T Edb T DR OFERTED bbo T OWALAHEHEREE 0T R 1596 MeV
let 2 TEM~O 7T BRLBEI SN, 1490 Pr 1000 BB log fLEN64THATLE
b (1TYRiE (21) LELONBR Y BROKRT LY (2T OFB LV HELLLLELDLN
Be 3rd 2T¥Mr (27 L3nL, I(2T "2t/ T2 50T )=24Td%,

3.016 Me VH#fT, 1.596MeVTﬁ?gate@coincidence gspectrum T1420MeV
r#ncoincidence LTWaAT Ee b, 3016 MeVEMNESL b, 0Pr 1T 560
BHED log ft=64Thoclhb (0, 1T, 21) LEx bh e, ZERE 0T~O
3.016MeV 7 EBHEH INAENT Lt (0F) EFEZbND, 57 Lasy 37 7 LORETH
COBMEBHIN TnE Ve AER T THEINABE ThH L, ORI **Nd (p,
£) 42N FISICR AT, L=00fEMEH - TR CRbR,0 1) Tl Png, 0f
BEBICR AT 3T < IC L » THRIHIM % 12) §iNd s, ® 2896 MeV 0T @ vibrational
state ICHIET B e Coga @ 0BT CH Nt EF 2 b Bo 5 Plgy 17555 Ndg,

140
58 Ceg, DB ED 1og

OrzOvibrational state~Dlog f¢=6.0& BT L,
ft=64383KERETE D50, BWIIEER T D> TFRROMOL Wi HEEETHE <
BT ERELNG, MEOERUNEULELS > TIRVWOTEZVWLEZE L bND, BE &
BICHERAE 0T~ DA BIED log ft X, [EY 2KE% log fEfEhRLTAbo so Ndsgy
DTOBFrp, FEERIER X 22 18 MoV 0T ¥~ 0 E 0 py A HE T 3L A oFAN TR
BE %072 DT, ‘55 Cogyd COBAICONT S E0 BBE MR L TF —% O & Lo

3110 MeV#fr, AEBOr#0Osingles spectrumliC3.110MeV 7iEnRH I,
ZOHFHAA O Nd - 140Pr 140 Ce OHPIA L —F T AT L L, TOchain decayd
Fh2hoQpe DEEZEETH ELD 2 Ce 3110 Me VEMIMMEET H3DE Lio
O0pr LoD log [t 68 DENE LNk C OB LRAET AL LTH,
HEREE 0T ~O 7B OISk, CNHLOEL Y, TORAE (1T) X (21) &%
25N Do eiNdg, D 2841 MeVHEAL 12) ICHIIET AT T H 5 D0 bEINE N, 140 La 3~
OEEICR G 31183 Mo VIR ) LFE—MALE E4 bhbo

YiLass 3T OFTHIE ) TR SN TV AT >3 QBRI =~ OBAIE AR BRICA T
B INE G, COHE 1o Prs 1T THB L EFES Ao Baerft ) IC L h 140 La
opE Tkt ans I= (1+, 2+) L@ I Nk 25475 Me VR 28997 Me V DM {TIdHE
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ERAZEOHHEN T, BMH IN RS - o

SoNdso— 50 Pre 0Qm & LTEEETHHQme~ 03 Mevs) % L b, E,>03MeV O
TR 5o Prai— s Coy OBBICRT 5 b0 & LTBRITEST »c D THA%, £ OlE O
BHENT, Qpc~ 03 MoV H#ANT toNdg 07— 20Prg, 17D log ftRBDE
log ft~528E%%0 COMEE s58mge 01— a1 Pms; 170D log fi =53 &8¢ —F
T o agNdgy— 50 Prg ®QEC~ 03 MoV EFEA S LWMEEES bh 2,

Za3pic, &yicJT=1+
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OB O 4 P, 0Py (125 SeE 3110 o
ST ETT— 3016 ¢ SBTE . e
b OHE THRHN S S&-c TZVFTSYE 32
142 140 e 1 (T) Nd%ﬂgg 2521 . 8;92’
6o Ndsgp, s58Ceg, DM % z NS e 2350 L2) | | Nogd 2389
25 o NS 2218
— ~ S - 2
ENTRT o BT A VEF—IC o 338 1.896 i ©
o e ] s
1t FEIMN OB, FOB] z 2 1596 z P12 1576
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B LEA, Y2 Na @ 2389
MeVIERIIX = 2 1 ¥ —f9ICid o 0 o 0
; "8Cey 163N dg
2T OFREME B #E 5 Tl B
#, TOBBOMEIL TR #3W b/ T=1tpistpn, 140 pr g
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¥fr, 2521MeV(3rd 2+) B o

BALLIRZ > Tnd o HERBE N L0 EOMOB(E2) R h bO%H 6 1st
2TEM~OLEMBAHERET AT EICL 5T, Th bOBMOERIE, X YBHLAIKE ST
LEFEL2 b LR, M0Ce IKRWTIE, M2NA I, 1st 2T ¥ 4%l + Hcascade &
B, cross-over BY TEHEHERE~EGT 2 OIC 8~, BREYICER ¢ % - Tl Bo
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ground 0tT~OBEB% E2 L LT, single particleB®ER & L TR OLNLSIEH &,
EERE e85 &, FREOEE %5,
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BHEREEOFY) = F v OAN ARETHERAIE SNk, 7 FI v aRICI VLR
RIEBEAA VBT V-2~ HEBOBET S B ER Lk, BROBE, BiKE
FoF —FHTE LICF SN FHERE btk
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EEREBIMERNONAZB Y Thb, EFV—F —FHIEEA 10cm x 10cm OFEO T
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A I Y LBEOMNMIIC 3 ~4mm OMEERBE % LCEZ 10nn 0 B,C THMk LTd 5, C
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§3 = B B _ polyethyle
80 meV
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1) HFRRIeERE vol. 3, Nol, 85(1970).
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MI—2 TiH, 3 & 8 YH, @ i + JF 5t P 8L

BB - TEEEFE" HEWL £
Kb —% - EBEXE -EL &
ANLHBIESE - ILHEST gs5858—""
SEF R

HEHE Lk b)) Faoi—e/202—20C0NT, HHBEOCKENEZINLDT,
HEROKRE N T, TiH,, YH, OFEFIEFHEEE OREEIT A - %o

BT =7 v 2k B P ErIt s, —RiCEWenergy leve LOWEITHEL T
WBHR, BEE TR, BHZERRETAD - <BFELE, HEOUNEOESH% CaF,Bimetalic
hydride, TiH,» XUfYH,®optical levellCOWTHIE.ITA »%ko TiH,ICD
W, BEAFROEFER X2 INTE LT, YH, COWTOHRED, #FECDLE KW, Gbe
TBeOW 7 4 M2 IEIC I AAETRERIBET 5o

§1 # B

CaF,Bmetalic hydride [CkJ ZKEET OEHOMEL, ZrH, CONTE%
INTeh, BRMWICIEI central force model#MBnTSlaggieEN, EHRAMIKE
Purohit 1), #4E LTWh, TiH,IKOWTS, Purohitd!)sefss LT\ b,
EABOREERTHA TRV, metalic hydride ® phonon spectrumid
optical mode tacoustic mode KX ABEL Tk, %4, KA ICmetal
atomOEENKE(ARALL, optical levelME{ %Y, Tolevel widthhkk
(BT EM, ZrHy, TiH, ZEDT— 20 LFMINDOT, Zr LIZEFEEED Y% AN,
YHo &k TiH, DERNRR B BB H:ICOWNW T IRE L TH ko

§2 #

EERICHWATIH,, YHyldmesh 100 OHFRK T, KERTFOMEM L ICDONWTIRE LIC
Rl D X EETEIC L ABT L, B LU AMHIEICL AEREbTiH,, YH, T2
C LR Lo (AL, X HHHETEY Hy HFAE T SARE MR LTH2 20, HTENE
BIES £ Thbo

E‘I‘"I,I
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=1
X Ray Diffraction Hydrogen Concentration
TiH, a=4448A  [111)~(511), (333) X=20
YHax a=5208A (111)~(622] X=20
Gas Analysis
TiHr 411Wt% X=204
YHa 189 wt % X=170

TiHy, YHod 0.1lmm B A1 E AL £ —|C 1mm BT I N, BT EH O LBHIE B
NWAVIZ lcn BERFEINK, ¥ v Tk M E =G AR € — oG LT 45° KB NEhE
NoOFHB O transmissionldi® 2 IR o TiH,»transmission |3 EHEME SEIHE

%£2 Transmission (Ey=185meV)

Sample Thickness Calculation with BNL | Experimental

TiH, | 0287g/cm? 7% 7014 25%
YH, 0488g cm? 77% 786+ 1.7%
v 3342 g/ cm? 67% 682+ 25%

Mo TNBR, ¥ TARAL —DAEEI LHERIN O THEERNLZENE T 03922

g/c mz%ﬁéﬁﬁ Lﬁo

§3 A E

3.1 Fayv—%/ur—Fk

Fu oy S—T) 70 A — A QR OB, TTICRE LB Y Thpe7) F 5 » A=t —2
MIBIE 5 0psec 4 2usec [CHIEHIN TRz, BAMIE33°, 54°, 80°% X0 101° D4
OMREWVLIL, down scattered neutron®ANzZ b 24mPDscattered
flight pathiCXVEIEEN S, T4 incident neutron flight pathlk,
samplef FIC 62mfE@ICF 5Nk 2{EOBF, counteridneutron®d
transmissionfifEE%IKA Cincident neufron@energy check IUERIN
ko W@ TiH,, YH,, VE I enpty holder KDWTfibi, VEOkEKILLYD,
TiH, , YH, DEABTERESFKD bk, BIERHIE run €1 1 8EE TH %,
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3.2 BeOW7 4k

BoO W7 4 & A ROEBEMES, BEMICOWTEF TICHE Lk ) incident flight
path 892m scattered flight path(d038m, HAHAMAITO0 TH5b, HlER
TiH,, YH,ICOWT, #AZN 108, 208 HTRN, ©OF — XM IRER DT

optical levelDHIEICEE DK,

§4 BERR

TiHz (room temp.)

3_ P /\°—£VCJ:£>T1H » = +
i ¢ 2 barns/ strad eV Bo=185 2 85 meV
YH, Dd26/dQdE OlE% % 100
. _ i.
hjcﬂli”l(}gz Kﬂ_\‘j\-o * . es= 33°
ZOF—#dmultiple - 50 .
= ’ . o,
scattering OMERTTH . . A s
. . b~ Ll oA -
3, Ppeam attenuation 250 200 150 100 50 0 mev
DOHBOREICE EDR o F3 1T |
a1 = 50+ .t 9 = 54° .
40 inet /dQdE DERIE &5 o7 J=t
. -
. . -
BEOHE AR LEIDTH b, K " N
) ol 1 L e o I (15 b |
ELTR LAONEEETH b, 250 200 150 100 50 ° 0 m
chig, fletionk
50 05 = 80°
optical levelk i ~{~."':',:
level widthJ:DP(ﬂ) oL | LI A §;_|
%K%, Gaussian 250 200 150 100 50 0 meV
’
approximationiC X YET sol 0. = 101°
B3Nk, dOinel /dR2EH 4 RN
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I—8 50 Mev Electron Irradiation of Silicon
and Germanium studied by Cobalt -57
Moessbauer P robe

T2 (BREH™) BHF™
mAEBT NBEEFLT K BT

Summary: A preliminary 50 MeV electron irradiation of
silicon and germanium crystals has been made to study
the interactions between radiation-induced defects
and Co-57 Moessbauer probe incorporated in the host
lattices. 17

The irradiation up to 3 x 10 e~ s/cm? at 15 C
induced in silicon conversion effects of interstitial-
and vacancy -type with a Fermi level dependence
different from that observed for fast neutron irradia-
tion.

The irradiation produced a new resonance line at
+0.12 cm/sec in n-germanium which disappeared in a
few days at ambient temperature.

Introduction

Studies of irradiation effects in semi-conductors,
most extensively made for silicon and germanium, have demon-
strated that elemental defects hardly exist in isolated states.
Tt follows that the interaction between the elemental defects
and a certain impurity atom often provides a means to investi-
gate the nature of the formers.

The use of Moessbauer probe can be expected to render

supplementary informations in silicon for which much were done

* K. MatsuiT)
*% [, Onodera: Present adress: Inst. Iron, Steel and Other
Metals,f)
*%% A, Ohkawa: Res. Inst. Mining, Metallurgy and Ore,Dressing,T)
T) Faculty of Engineering, Tohoku University, Sendai, Japan
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by epr studyl)whileessentialones in germanium for which epr
studies are much less effective.

The linac irradiation on these materials has several
advantages over irradiations by reactor or Van de Graaff in
studying Moessbauer effect, such as the absence of induced

radiations or the uniform distribution of Frenkel pairs.

Experimental
A small amount of CoCly was smeared on the etched

surfaces of the specimens. The specimens were heat-treated in
hydrogen first at 600 C for 1 hr to reduce CoCl2. The silicon
crystals were quenched into ethylene glycol from 1000-1200T to
introduce cobalt substitutional. One of germanium specimens

was quenched from 800C. The other was treated at 800C without
quenching. The Moess bauver spectra were obtained using a time-
mode spectrometer with moving 310 s.s. absorber. The electron
irradiation was made for the specimens immersed in running water.

The temperature rises during the irradiation were negligibly small.

Results and Discussions
Silicon: The irradiation induced the changes in the ratio of
cobalt substitutional at w» = +0.06 cm/sec to cobalt precipitate
at v = +0.002 cm/sec, as was the case of fast neutron irradia-
tions.z) The differences from neutron irradiations are the
following; (a) the unstable spectrum extending over -0.3 to
+0.3 cm/sec was absent which indicates the absence of trapped
cobalt interstitials, and (b) the pseudo-Fermi level dependence
of conversion events (cf. Fig.l) exibited a substantial

departure from neutron irradiation (cf. Fig.2).
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These findings suggest that the conversion mechanisms
involved are rather simpler as compaired to neutron irradiation.

It appears that the large interstitial-type conversion in the

lowest half of the forbidden gap is related to the charge state

of single vacancy introduced. The definite conclusion can be

reached, however, by studying carefully the above-mentioned

phenomena.
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* The fraction converted f in Fig.’s 1 and 2 is defined,
by

f= (CO(S)/bO(p)——CO(S)/ho(p))/CO(S)/bO(p)

irradiated quenched quenched

3) that the doublet

Germanium: It was demonstrated by Wertheim
lines centered at v = +0.04 cm/sec correspond to cobalt substi-
tutional, though reservations as to the assignment were made

by the same authors. In the quenched specimen a broad
absorption has been found in a region +0.1 - 0.3 cm/sec from

the present experiment (performed using n-Ge, 7 ohm. cm). The
broad line was disappeared by irradiation. A new resonance line
at +0.12 cm/sec has been introduced by the irradiation in both
specimens. It disappeared in a few days by leaving the speci-
mens at 20T.

' The radiation induced line (singlet) falls in the region
at which cobalt interstitial (d7?) may emerge. As a working
hypothesis, it may be assumed that Co(s) is converted to Co(z)
by absorbing Ge-interstitial and that Ge (z) makes long-range
migration at ambient temperature. ~

The conversion efficiency, anyway, has turned out

smaller than those in silicon. It is expected that more

quantitative informations become available by further irradia-

tion seguences.

Conclusion

It has been revealed that 50 MeV electron irradiation
induces effective conversion effects for Co-57 Moessbauer probe
incorporated in silicon and germanium. Detailed analyses as to

the defect structures are left to further experiments.
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Appendix

It seems appropriate to mention here of the giant

quadrupolar splitting due to the pairing of cobalt (or strictly

14 .4 keV isomer of Fe-57) with charged defects, since this
phenomenon recently found provides a strong means for defect
study.2,%4)

Fig.3 shows schematically ﬁhe rearrangements of 3d
orbitals by the action of tetrahedral (in general, cubic) and
axial (C _, ) crystal fields. Generally Hund’s spin maximum
rule is valid in the former case to produce small electric
field gradient (-proportional to quadrupolar splitting) due to
‘d-electrons. TUpon the pair formation, the defect charge Ze,
whose potential being unbalanced at the nuclear site, makes
split the crystal field orbitals by a large extent, often to

yield low spin configurations.

One Electron Orbitals

,—— (dz2)
3d
= (dex * idyz)
s (dx2-y2 £ idxy)
(A)Free (B) Tetrahedral (C)Axial {z<0)

Fig.3-
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The maximum values of the e.f.g. can be found in Fig.4.

It is to be noted that possibilities exist such that two or more
sets of doublets appear simultaneously if the electrostatic
interaction between electrons is taken into account.

An example: guadrupolar doublet with separation up to 1.2 cm/sec
(1) can be expected from Fig.4 for d5 or (6 configurations and

in fact has been defected in a number of substances.S)

Maximum Values of E.F.G.due to Pair
Formation
16/7

e (Phyy

12/7

Z: Negative

8/7

-4/7

(Vxx= Vyy = 0)

-8/7

-12/7

Z:Positive

Electric Field Gradient Vzz due to 3d electrons

ST 2 34 5 €78 90

3d" Configuration (a.e',€)
—— Low Spin Configuration
-—z-- High Spin Configuration (Hund's rule)

Fig.4.

Second, it is interesting that the e.f.g. axis practically
coincides with the pair axis, which allows one to study, not merely
the direction of the pair, but the reorientation motions of these
by measuring angular dependence of the intensity ratio, I(3/2 - 1/2)
/I(1/2 - 1/2), of the doublet. Karyagin-Goldanskii effect appears
for probe nuclei loosely bound in the lattice to modify largely
the e.f.g. anisotropy, from which additional informations can be

derived.
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1 Photonuclear reactions leading to ?*Na and *Mg
(Tatsuya Saito)

Abstract: Photonucleér reaction yields of 24Na and 28Mg
in magnesium, aluminium, silicon, phosphorus and sulfur
were obtained at energies between 20 MeV and 250 MeV by
the induced radiocactivity metnod. The L2¢(r, mlilc yield
was used as a standard for the beam monitor.

The excitation curves of the reactions 2/Al — 2%Na,
28g4 —*24Na, 30g4 28Mg, 3lp 24Na, 31P —»28Mg, 32S N
24Na and 323 —»28Mg were obtained from the yields by the
photon difference method. BEach of these excitation
functions indicates the peak in the 50-70 MeV energy
range, except in the case of sulfur target, and the peak
is due to the contribution from compound nucleus process.
In the energy range from 70 MeV up to 150 MeV, the cross
sections are due to the contribution from the quasi-
deuteron process. At energies above 150 MeV up to 250
MeV, the quasi-deuteron and pion production processes
are competing.

Introduction

In the low energy region, photonuclear reactions have
been studies and these informations have been obtained}—s) Above
the giant resonance region,the informations about the photo-
nuclear cross sections and the reaction mechanisms are very
scarce.

Many workers have investigated high energy reactions
induced by high energy charged particles and the detailes of
these mechanisms are by now well-knowné)

The mechanism of high energy nuclear reactions, cascade
evoporation process, is currently regarded as providing the
proper description for reactions initiated by particles With‘

incident energies large in comparison with the binding energies of

the nucleons within the target nucleons.5’6) Similar reactions
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induced by high energy bremsstrahlung of maximum energy greater
than 100 MeV was expected. 1In order to explain the high energy
photonuclear reactions, several experiments were reported
previously on the yields and cross sections by the activation
method.’ —9)

The purpose of the present experiments is to bbtain the
information about the character of interaction of photons with
nuclei iﬁ the energy range from ZO MeV up to 250 MeV. Especially,
the work reported here is to improve our understanding of these
high energy photonuclear processes that occur at energies above

the low energy giant resonance region.

Experimental

The target elements used in this experiments were
magnesium, aluminium, silicon, phosphorus, sulfur, carbon and
gold. A thin sheet of gold was used to determine the relative
intensity of the bremsstrahlung dose to which each of the samples
were irradiated. The experimental methods were essentially
described in detail in previous papers.lo —12)

The electron beam in the energy region from 30 MeV to
75 MeV, accelerated by the "High Current" accelerating section
of the machine produced bremsstrahlung in a 3 mm thick platinum
converter. In the energy region from 100 MeV to 250 MeV, the
electron beam accelerated by the "High Energy' accelerating
section produced bremsstrahlung in a 0.2 mm thick tantalum
converter.

After irradiation, the target samples were transferred
into each '"cold" aluminium foil. The r-ray spectra were measured
at a suitable counting geometry by using a 36 cm3 Ge (Li) detector
coupled to a TMC 1024-channel pulse-height analyzer or a 3"¢ x 3"
NaI(Tl) crystal coupled to a Toshiba 800-channel pulse-height
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analyzer.

Results

A disintegration rate was determined by absolute calcula-
tion, i.e., chemical yield, counting efficiencies, branching ratio
and internal conversion ratio.

The intensity integrated over the time of irradiation
was standartized by means of the 12¢(r,n)llc reaction, whose
absolute yield had been messured as a function of the peak
bremsstrahlung energy up to 250 MeV by Barber et al.l3>

The yield was expressed by the following equation,lo)

D,
I-M-(1=¢ %)

Y(E)=

where J, 1is the disintegration rate at the end of irradiatior
I is the radiation dose rate, M is the amount of target nucleus
expressed in atoms and 1 is the decay constant.

The yield curves for the reactions 29Mg(7, p)24Na, 27Al
— 24Na, 2853 -, 24Na, 31P 2442 and 325 - 2%Na together with
the curve llC(?’,n)llc for the monitor reaction are shown in Fig.l
and 2, and those for the reactions 30Si(T,ZP)28Mg, 31P(T,3Z028Mg
and 325(7,4p)28Mg are shown in Fig.3.

The cross section curves for the reactions 27A1-+ 24Na,

3 31 24 3

O,. 28 2 3
28 Sl(T, 210) Mg} P - Na, lP(T, SP) 81"185: 2S i

Si— 24Na,

24Na and 325(7,4P)28Mg calculated by the photon difference

methodl4) are shown in Figs.4-7, respectively.
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Discussion

Reaction path
To consider the reaction pathrleading 24Na and 28Mg,
Table 1 and 2 list the reaction types and these mass threshold

values which were calculated on the bases of the mass differences.l5)

Table 1. Calculated Mass Thresholds leading to 24Na

Target nuclide|Abundance (%)|Reaction type|Eth(-Q)(MeV)
25Vg 10.03 (r, ) 12.06
26Mg 11.17 (r, pn) 25.94

(r, d) 20.93

271 100 (r, 2pn) 31.41
(r, dp) 29.20

(r, ®He) 23.71

28531 92.21 (r, 3pn) 42.99
29 (r, d2p) 40.77
Si 4,70 (#, 3p2n) 51.47
(r, d2pn) 49.24

0. (r, ap) 23.19
Si 3.09 (r, 3p3n) 62.08
(r, d2p2n) 59.85

- (r, apn) 33.80
P 100 (r, 4p3n) 69.36
(r, a2pn) 41.17

(r, a3p2n) 67.14

(r, 3dp) 62.69

. (r,"Be) 31.78
S 95.0 (r, 5p3n) 78.22
(r, a3pn) 49.94

23 (r,d4ap2n) 76.00
s 0.760 (r, 5p4n) 86.86
(r, 2ap) 39.61

y (r, d4p3n) 84 .63
3 4.22 (r, 5p5n) 98.27
(r, 2apn) 41.71

36 (r, d4p4an) 96.05
S 0.014 (r, 5p7n) 115.13
(7, 22p3n) 58.56

(7, d4p6n) 113.84
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Table 2. Calculated Mass Thresholds leading to 28Mg

Target nuclide |Abundance (%)| Reaction type | Eth(-Q)(MeV)
30g4 3.09 (r, 2p) 23.99
3lp . 100 (r, 3p) 31.27
323 95.0 (r, 4p) 40.13
33g 0.760 (r, 4apmn) 48.76

(r, d3p) 46.58

34g 4.22 (r, a2p) 31.91
» (r, d3pn) 57.95

(r, 4p2n) 60.19

364 0.014 (r, 2a) 20.48
- (r, 4d) 68.15

(r, 4p4n) 77.04

In the case of magnesium target, the reaction Mg — 24ya
was assumed to be attributed to the 25Mg( 7, p)2%Na reaction.
The reaction 27p1 —>24Na can result from three different processes
(7,%He ), (7, dp) and (r, 2pn ) whose thresholds are 23.71, 29.20
énd 31.41 MeV, respectively. Since the registration of the corre-
sponding activity from alminium target'began at energies around the
thresholds of the (r,dp) and (7, 2pn) reactions, it is obvious
that, of the three, the two latter processes play the most sub-
stantial parts: The yield of the reaction ‘81 — 2%Na is the sum

of the yields of the reactions 2883 — 24

Na, 298i — 24Na and 3Osi
— 24ya,

It can be assumed that the yields of the reactions 29g3 —
24Na and 398i —»24Na are negligibly small, because the isotopic abun-
dances of 298i and 30Si are the minor values of 4.70% and 3.07%, res
pectively. The reaction 31P-~>24Na is the result of a large number
of reactions of which the energetically most convenient reaction
( 7,"Be ) has a threshold 31.78 MeV and the energetically least
convenient reaction (7, 4p7n) has a threshold 69.36 MeV.

The experimental threshold of the 24Na yield from 31p

is in the neighborhood of 45 MeV in Fig.2. This indicates that



in this reaction processes involving the emission of complex
particles, i.e., a-particle, the reaction type (7, 4p7n) plays
a substantial part. The yields of the reaction S —>24Na is
the sum of the yields of the reactions 32g —>24Na, 338 —»24Na,
84g , 24Na and 363 -, 2%4Na. But, the reactions S25( 7, 5p3n)24Na
and 325( 71, a3pn)24Na play the substantial parts.

In order to understand the results of these experiments,

the existence of a-particle grouping within the nuclei must be

considered.

Reaction paths leading to 28Mg are the reactiohs 30g3

(r, 2p)28Mg, 31P( 7, 3p)28Mg, and 32S(r, 4p )28Mg, if the reactions
33g - 28 g, S4g - 28Mg and 365 - 28Mg are neglected.

3
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Photonuclear reaction yield ratio

The yield ratios of Y(28Mg) to Y(24Na) were computed for
silicon, phosphorus and sulfur and shown in Fig.8. It is of
interest that the yield ratio curves of phosphorus and sulfur
indicate the existence of the peak but that of silicon does not
indicate it, because each target nuclides leading to 24Na and
28Mg is not the same one. In the peak energy region, it is
assumed that the contribution of compound nucleus process de-

creases and that of the quasi deuteron process increases.

Photonuclear reaction cross sections

In Figs.5~7, the low energy peak is shown for each
figure. In order to explain this, the compound nucleus model
which is in good agreement with relative low energy experimental
data, is considered. At photon energies exceeding about 50 MeV,
the energy and momentum of the photon are also absorbed by a
group of nucleons which leaves the nucleus, transferring to it
only a part of the energy. One such mechanism proposed by
Levingerl6) is the quasi deuteron mechanism. After quasi deutron
absorption, a neutron and a proton share the energy of the in-
coming photon and either escape from:the nucleus or undergo
collisions with other nucleons. In the light nuclei region, it
may be very scarce that a neutron or a proton undergoes collisions
with other nucleons and stayes in the nucleus.

The reaction types leading to 28Mg investigated here, i.e.,
(r,2p), (r, 3p) and (y 4p) do not dinclude in the emission of
neutrons. On the contrary, the reaction types leading to 24Na,
i.e., (r,3pn), (r, 4p3n), (r,a2pn) and others, .involve 1in the
emission of neutron. Therefore, the reaction cross sections
leading to 28Mg may be small values, if the cross sections depend

on the quasi deutron process. In the energy region between 70 MeV
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and 150 MeV, each of the cross section data leading to 28Mg is
shown relatively lower value compared with the peak cross

24Na is almost the same

section data, but that leading to
value as the peak cross section data. In the energy region
between 100 MeV and 150 MeV, it is difficult to explain the

cross section data by the compound nucleus model and the

quasi deuteron model is suitable to explain the data. ‘

At energies above 150 MeV which is pion threshold
energy, the‘quasi deuteron and pion production processes are
competing. In the case of contribution to the reaction cross
section from processes associated with pion production, two
types of mechanism must be considered. One involves those events
in which pion are produced and emitted from the>nucleus. The
other involves events in which pions are produced and then re-
absorbed within the nucleus.

For the light nuclei, pion re-absorption process is generally
less than 10% of those for pion emission.17) In the energy region
between 150 MeV and 250 MeV, photo pion reaction is the sum of the
productions of both charged and neutral pions. For example, the re-
action 27a1 — 24Na is now added the following photoreaction, i.e.,
27p1( 1, w°2pn )24Na, 271 (7, ntp2n)24yNa, 27A1(r, z— 3p)2%4Na, etc.
Therefore, many reaction paths must be considered for the photon
absorption processes in complex nuclei, if the pion productions
take part in the reaction observed. On the high energy photo-
nuclear reaction mechanisms, the quasi deuteron and pion produc-
tion processes must be considered at an initial cascade process,
but, the evaporation process may be considered after cascade

process.

Recoil study
It is very difficult to obtain informations about

photonuclear reaction mechanisms by the velocity measurements



for protons and neutron ejected in these complex reactions.

In order to gain more informations, measurements of angular
distributions of emitted particles were needed. Radiochemical
techniques were suitable for observations of the recoil properties
of the heavy residual nuclei.

The target foils used in this experiments were 3.12 mg/ cm?
magnesium and 4.57 mg/cm2 aluminium. These were in all cases
considerably thicker than the fragment ranges and were surrounded
by recoil catchers consisting of 3.14 mg/cm2 Mylar foils. The
fraction of the 2%Na atoms that recoiled from the target into
the Mylar catchers was measured by using a 3"¢ x 3"NaI(Tl) crystal
coupled to a 800-channel pulse-height analyzer. A number of
thick target recoil experiments was performed in the energy range
from 30 MeV to 250 MeV. The results of the recoil studies were

shown in Fig.9. The listed quantities, W and BW, were the

Mg
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ffagments of the 24Na atoms recoiling'into the forward and back-
ward fractioh, respectively. All of these data were shown in
laboratory system. It is assumed that the FW/(FW + BW) value
shows the angular distribution of the 24Na fragment.

The reaction 25Mg(y, p)?%Na is due to the contribution
from the compound nucleus process at low energy region.l8)
Gorbnov et al.lg)assumed that at energies above 60 ~ 80 MeV, the
interaction of photons with nuclei proceeds mainly via photon
absorption by a group to intranuclear nucleons. But, as seen
in Fig.9, in the energy range from 30 MeV to 60 MeV, the FW/(FW
+ BW) value of the reaction 2°Mg(r, p )2%Na is the same value of
the reaction 27A1 — 24Na. Therefore, it will be concluded that
the low energy peak of the reactions 27A1 — 24Na, 2854 — 24Na,
30gi — 28Mg, 3lp ., 24Na, and 3lp ., 28Mg are due to the contribu-

tion from the compound nucleus process.
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In the solid phase, a relatively large amount of 5700-
(III) species is found as a result of EC and gT-decay
of 97Ni-labeled hexamminenickel (IT) complex.l) Although
formation of the Co(JII) species is considered to be
resulted from the Auger ionization following the electron
capture, a certain fraction of the coordinated Co(III)
species may also be formed as a consequence of reentry
of the degraded cobalt ion into a neighboring nickel

- complex through exchange reaction.2) Furthermore, the
yield of 97¢o(III) species in the nickel (II)-complex
matrix is appreciably affected by the nature of the outer-
sphere anion.l) Accordingly, the formation mechanism of
the 27Co(ITI) species in the solid phase is rather compli-
cated and cannot be explained simply based on the ioniza-
tion through the Auger cascade.

In order to simplify these complicated effects on the
formation of the recoil 97Co(III) species, the present
investigation was carried out in aqueous solution systems.
As the complexing agents, ammonia, ethylenediamine (en),
propylenediamine (pn) and ethylenediaminetetraacetic acid
(EDTA) were used.

EXPERIMENTAL

All the reagents used were of guaranteed-reagent grade.

T? Present address: Power Reactor and Nuclear Fuel Development
Corporation, Minato-ku, Tokyo.
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Nickel oxide was irradiated by bremsstrahlung of maximum
energy of 40 MeV with an electron linear accelerator at Tohoku
University. Prior to synthesis, 57¢o produced by EC and ﬂ+-
decay of S7Ni and by (7, P) reaction was separated by an anion
exchange method.s)

The solution of 57Ni (II)-complex was prepared by dissolv-
ing 57N1012 in known amount of the complexing agent solution
containing the Co(II) and Co(III) carriers, and was allowed to
stand in a constant-temperature bath. All the reactions except
for the EDTA complex were carried out in an atmosphere of purifi-
ed nitrogen. Since the complexing agent is present in a large
excess over the metal ion, all the nickel(II) and cobalt(II) ions
seem to form the desired complexes.

The 97Co-labeled species were separated by means of a
cation exchange method. In the hexamminenickel(II) complex
system, the hydrogen ion concentration of aliquots withdrawn at
suitable intervals was adjusted to 0.1 M and then the recoil
species were separated with reference to the procedure reported
by Tkeda et a1.4) In the ethylenediamine and propylenediamine
complexes, the hydrogen ion concentration of the aliquots was
adjusted to 0.1 M and the solution was passed through a Dowex
50W-X8 column (9 mm¢g x 120 mm, 100 - 200 mesh, H-form), Sepa-

357
CoCl2(en);(57COClQ(pn)§) was achieved

ration of °7Co?* and
by using 1 M ammonium tartrate solution as an eluant. Finally
trisethylenediamine- or trispropylenediamine-cobalt(III) com-
plex was eluted with 6 N hydrochloric acid. In the EDTA com-
plex, the hydrogen ion concentration of the aliguots was adjust-
ed to 0.5 M. Under this condition, only the 57Co(II)-EDTA com-

plex decomposed to Co2+ ion, which was separated from the

3700 (III)-EDTA on a Dowex 50W-X8 column (9 mmg¢g x 100 mm,
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100 - 200 mesh, H-form). In all cases, the 57Co(II)-fraction
was further separated from 5751 by using an anion exchange column
under concentrated acid solution.s)

Radioactivity of 57Co was measured with an NaI(Tl) well-

crystal connected with a 100 channel pulse height analyzer.

RESULTS

In the hexamminenickel(II) complex, the following 37 ¢co
recoil species are separatsd: 57Co2+, 57CoCl(NH3)52+ and
570o(NHz)3*. As is seen in Table 1, the yield of 37 o (NHz) 6> "
increases initially at the expense of 57CoCl(NH3)52+-yield, and
then reaches a plateau value. In an alkaline solution, base
hydrolysis of the Cocl(NH3)52+ takes place.5) Thus, upon sepa-
ration, the hydrolysis product, 57Co(OH)(NH3)%+, is neutralyzed
and appears in the Co(NH3)63+—fraction.

Table 1. »
. 37 . 57 _.
Yield of Co(III) species formed by the decay of Ni-labeled
hexamminenickel (II) ion in the aqueous vhase
(25°¢C)
(Ni(II) J = 2.92 x 102 M; (Co(II)]) = 1.46 x 1072 M;
Cco(NHz)got ) = 1.23 x 1072 M.

Vield of 57Co(NHz)eo |vield of 57CoCl(NHz)s”
Time (%) (%)
(day) |[CNH3) = 5.5 M|6.5 M|7.5 M|5.5 M[6.5 M[7.5 M
pH 10.0 |10.2 |10.3 |10.0 [10.2 [10.3
1 6.3 | 6.7 | 6.9 | 1.6 | 1.1 | 0.6
2 7.5 | 7.6 | 7.4 | 1.0 | 0.4 | 0.2
4 8.0 | 8.4 | 7.8 | 0.3 | 0.1 | 0.1
6 8.3 | 8.6 | 8.8 | 0.1 |<0.05 [<005
8 8.3 | 8.3 | 8.3 [<0.05 - -
10 8.2 | 8.9 | 8.4 | - - -
12 8.4 | 8.4 | 8.7 | - - -
26 8.6 | 9.0 | 8.5 | - - -
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According to the formation constants of the nickel (IT)
ammine complexes,6) substantially all the nickel(II) ions exist
in the hexamminenickel (TI) complex under the experimental condi-
tion. Table 1 also shows that distribution of the recoil 57Co
formed by the decay of 57Ni(NH3)62+ complex is independent of
the concentration of the ammonia.

In the ethylenediamine complex, the recoil 5700 atowms
are distributed only between Cozf and Co(en)33+, and no bis-
ethylenediamine complexes were detected as is shown in Table 2.
When the concentration of the ethylenediamine is higher than 0.6
M, the 57Co(en)33+—yield is essentially constant, being indepen-
dent of the ethylenediamine concentration and reaction time.

At 0.4 M ethylenediamine, a minute amount of 57Ni would exist
as the bisethylenediamine complex.6) Therefore, the low 57Co—

3+
(en)y =-yield at 0.4 M ethylenediamine could be understood by

Table 2.
i 57 3+ 57 '
Yield of Co(en)y formed by the decay of Ni-labeled
trisethylenediaminenickel (II) ion in the aqueous phase
(25°¢C)
(Ni(IT) ) = 2.92 x 1072 M; (co(II) ) = 1.46 % 1072 1
3+
(co(en)s” 1 = 1.65 X 1072 M.

Yield of 57Co(en)s°* (%)
Time
(day) |(en) = 0.4 M[O.6 M|0.8 M|1.0 M
pH 10.2 |10.4 |10.5 |10.6
1 6.2 | 7.5 | 7.7 | 7.6
2 6.0 | 7.6 | 7.8 | 8.0
4 5.0 | 7.0 | 7.5 | 7.9
6 6.0 | 8.0 | 7.3 | 8.1
8 6.5 | 7.4 | 8.1 | 8.2
10 6.3 | 7.0 | 8.6 | 8.0
12 6.3 | 7.3 | 8.0 | 8.4
26 6.0 | 7.6 | 7.9 | 8.5
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taking into account the differences in the conditions of the
parent complexes. In the propylenediamine complex, the similar

results were obtained as is shown in Table 3.

Table 3.
Yield of 57Co(pn)33+ formed by the decay of S7Ni-labeled
trispropylenediaminenickel (II) ion in the aqueous phase
(25°¢)
(Ni(II) ) = 2.92 x 10=2 M; (Co(II) J = 1.46 x 1072 M
[Co(pn)33+ J = 1.56 x 10=2 M.

vield of 5700(pn)33+ (%)
Time |(Cpn ) = 0.4 M|[O0.6 M[O.8 M|1.0M
(day) pH 10.3 |10.4 [|10.5 |10.6
1 6.9 | 8.3 | 8.3 | 8.4
2 6.7 | 8.5 | 8.1 | 8.4
4 6.5 | 8.1 | 7.9 | 8.0
6 6.8 | 7.8 | 8.0 | 7.7
8 7.1 | 8.2 | 8.9 | 8.8
10 7.0 | 8.3 | 8.4 | 8.4
12 6.3 | 7.9 | 8.5 | 8.5
26 6.8 | 8.0 | 8.1 | 8.7

In the EDTA complex, the results are summarized in Table
4. The yield of the °/Co(III) species is independent of the pH
and the reaction time, but it depends slightly on the temperature.
It should be noticed that the yield is lower than that in the
other complexes studied here. In Table 4, the results obtained
in the absence of the carrier of the Co(II) and Co(III) complexes
are also listed. 1In this case, the yield of the °/Co(III)-EDTA
increases with the lapse of the reaction time. This anomalous
feature will be attributed to the air-oxidation of the S7¢o(1I)-

EDTA complex in carrier-free state.
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Table 4.
Yield of 57Co(III)—EDTA complex formed by the decay of
S57yN3 1abelled Ni(II)-EDTA complex in the aqueous phase
(Ni(TT)-EDTA J = 2.0 x 1072 M; (EDTA J. .. =3 x 1073 M

a) Results in the presence of Co(IT)-and Co(III)-EDTA carriers.

v Yield of °7Co(III)-EDTA
Tempe rature Time (%)

(tc) (day)|pH 3.0 3.5| 4.0] 4.5]| 5.0
3 3.8] 3.8] 3.7 4.0] 3.1
6 4.0| 4.6) 4.1| 4.8 3.5
o 10 4.5 4.2 4.4 4.5 4.7
17 4.5 4.2| 3.70 4.2 4.0
20 4.0l 3.9 4.2 3.9 4.2
38 4.1 4.0| 3.8| 4.11] 3.8
3 5.6| 4.8 5.0| 4.7 3.8
25 5 5.3| 5.4| 5.3| 4.7 3.9
9 5.1 5.2 5.3| 4.9] 4.0

(Co(II)-EDTA 3 = (Co(III)-EDTA J = 1.0 x 1072 M

b) Results in the absence of cobalt complex carriers.

Yield of 97Co(ITI)-EDTA
Tempe rature | Time (%)
(C) (day) |pH 3.0| 3.5| 4.0| 4.5 5.0
1 6.0/ - | 5.8] 6.0 6.0
2 7.7| 9.8| 8.3| - | 5.0
0 4 10.210.2|10.0| - | 6.5
7 11.1{12.3(12.9]10.2 | 7.5
12 12.6/13.1/12.0{11.0 | 6.2

DISCUSSION
About 53 per cent of the decay events of °/Ni is the EC
7)

process and the remainder is the ﬂ+¥decay. The immediate
effect of the ﬁ+—decay of the °/Ni(II) complex will be the for-
mation of the univalent cobalt species and this cobalt complex
would be found as the Co(II) species. On fhe other hand, the

electron-capture is usually followed by the Auger vacancy cascade,

which would result in a multiply charged species. When the S7w1
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is incorporated in a complex ion, the multiple charges of the
daughter cobalt ion are rapidly distributed all over the
molecule by the inframoleoular electron-transfer. Therefore,
exhaustive fragmentation of the molecule takes place as a
conssquence of the Auger event. 1In this case, the recoil 5700
wili be_found in the divalent state. In practice, since charge
spectrum of the daughter ion is continuous and possesses a
maximum point,8) there is a possibility that a certain fraction
of the daughter ion can escape from the fragmentation, being
found as the coordinated Co(III) species. Thus, the lowest
57Co(III)-yield of ca. 4.5 per cent in the EDTA complex system
is considered to be an upper limit for the probability of loss
of one electron at thellower end of the charge spectrum, because
the oxidation of the 57Co(II) complex by air and the electron-
transfer bétween Co(II) and Co(III) complexesg) can be ignored.
Strictly speaking, contribution of the oxidation process follow-
ing the electron shake-off due to a sudden change in the nuclear
charge should also be considered.S’lo)

In the hexamminecobalt(III) complexes, thermal decomposi-
tion is initiated by the electron-transfer from the outer-sphere

11)

anion, while in the Co(III)-EDTA complex decomposes thermally

by the electron-transfer from the coordinated group of the EDTA

molecule.lz)

If we assume that this electron-transfer mechanism
can be applied to the exhaustive decomposition of the multiply-
charged daughter complex in the liquid phase, in the EDTA complex
the multiply-charged daughter complex will be reduced by an
intramolecular electron-transfer. On the other hand, an inter-
molecular electron-transfer reaction will take place simultaneous-
ly in the other complexes. If the létter reaction takes place

in the neutralization of the multiple charges, the daughter com-

plex will be stabilized as the coordinated Co(III) state without
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any change in the inner-sphere configuration. Therefore, the
fact that the yield of 37Co(ITI) species is lower in the EDTA
complex than in the other complexes may be explained by taking

into account the reductive nature of the EDTA molecule.
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