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Collective Multipole Expansion of the Electroexatation of **Pb
Continuum

The calculation usingkRandom Phase Approximation”'shbws
that the sum of the theoretical cross sections for the col-
lective multipole states reproduces reasonably the observed

' The measured spectra at low

electron scattering continuum?
momentum transfer (g) indicate large deviation from the cal-
culation with the Fermi-gas model? The excess cross section
at low excitation energy (FEyx) implies the excitations of re-
sonance states and involves the residual interaction which
has neglected in the quasielastic knock-out model. Ve may
regard the spectrum at low ¢ and low;Eg to be the sum of the
multipole excitations and could expand the measured spectrum
into these states. In this procedure of the multipole ex-
pansion the g -dependence of the multipole excitation must be
known. For the giant multipole resonance (GMR) with 7=0 the
use of the Tassie model” has been assured from the sum rule

5,6) . . . 7)
" and from the microscopic calculation.

for the form factor
The Goldharber-Teller®’(G-T) and Jensen-Steinwedel’(J-S) models
are employed for the 77=1 GMR.

The multipole expansion has been applied to the ?®Pb spectra
reported previouslyf’ The experiments were repeated and re-
examined, particularly unfolding of the radiation tail has
been improved using a formula folded partly the contributions
of the internal and external radiations.” A series of the *Pb
spectra at 150 MeV 353/250 MeV 255 183 MeV 35 215 MeV 35, and
250 MeV 35° was decomposed. The spectra were divided into the
successive bins of the same intervals of 210 keV in the range
below 15 MeV and 500 keV beyond 15 MeV. The contribution of
the transverse form factor was determined from the measurement

and calculation and subtracted from the above spectra. The
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Fig.1l. The inelastic electron scattering spectrum at 180
MeV and 35° is decomposed into El, E2, E3 and E4+E5+E6
components using the DWBA calculations of the Tassie model
for T7=0 and Goldharber-Teller model for 7=1 (lower part) and
the Tassie model for 7=0 and Jensen-Steinwedel model for 7T=1
(upper part). B(EL)/MeV at the right hand side cannot be
applied to the E2 component of the J-S model expansion in the
range higher than 15 MeV. The shaded part in the bottom.
spectrum indicates the transverse contribution.
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form factor (defined bY'%%-/OMM:) for each bin corresponding
to the same E, has been decomposed into El, E2, E3, and higher
multipole form factors. The higher multipole term was assumed
to be E4 only (set 1) or the sum of E4 and E5 (set 2) or the
sum of E4, E5, and E6 (set 3) where the relative amplitude was
normalized to the value of the energy weighted sum rule (EWSR).
The result obtained by the set 3 is in good agreement within
the fitting errors with that of the set 2 but not agrees with
that of the set 1. We believe that the set 1 is not realistic.
The fitting errors were determined from the contour enclosing
r’<2x%.. The E2 excitation above the giant dipole resonance
(GDR) is presumably T=1 and the other multipoles except for El
were assumed to be T=0. The decomposed El, E2, E3 and the sum
of E4, E5, and E6 form factors for the spectrum at 183 MeV 35°
are displayed in Fig.l. The upper portion corresponds to the
expansion with the Tassie model for 7=0 and J-S model for 7'=1
and the lower corresponds to that with the Tassie for 7=0 and
G-T for T=1. The right hand side scale indicates B(EL)/MeV,
but this cannot be applied to the E2 component of the J-S ex-
pansion above 15 MeV. The El strengths extracted with the G-T
and J-S models exhaust, respectively, 158 + 27% and 145+17% of
the EWSR which is consistent with 117+8% obtained from the (y,
n) reactioni’ The J-S and G-T El1 form factors normalized to
the 100% EWSR are shown with the dashed curves in Fig.l. The
J-S form factor is larger by a factor of about 2 than that of
the G-T model. The decomposed E2 form factors are located at
about 10.5 and 22.5 MeV in good agreement with the previous
results’”? The E3 form factor appears as narrow peaks at
about 8.5 and 10.3 MeV and a broad bump centered at ~ 17 MeV.
The latter which may. correspond to 37%w transitions was sug-

gested at ~19 MeV in the previous analysis? The E4+E5+E6
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form. factor is located uniformly in energy and has a strength
comparable with the phenomenological background used in the
previous analysis. It is also interesting to note that the
fine structure observed near 9 MeV in the primary spectrum is

not single multipole but may be complex of El, E2, E3, and

" ete.

1,1347)

Although many models predict the existence of the giant
monopole resonance there is little conclusive experimental
evidence for the collective 0" state. A difficulty arises
because electron scattering cannot distinguish between EO and
E2. 1If we assume the G-T model the sum of the isoscalar E2
strength in the region 7.5-15 MeV exhausts 133+14% of the
EWSR. The E2 strength®(~ 16%) of the bound states must be
added to this sum. The excess E2 strength may imply the ex-
istence of the EO resonance state at this energy region. The
E2 form factor obtained by the G-T expansion shows peaks cen-
tered at 10.5 and 13.5 MeV. Inelastic hadron scattering'®™
in *8Pb indicates the E2 peak at 10.5 MeV with a rather narrow
width of 2~3.5 MeV and no structure other than small tail is
seen near 13.5 MeV. If one assumes the EO excitation at 13.5
MeV this discrepancy may be solved because electrons can
excite both E2 and EO whereas hadrons excite E2 strongly but
EO only weakly. Marty et a/’’ has examined the (d,d') cross
section and suggested the existence of the giant monopole
excitation at 13.2 MeV. If we identify the form factor be-
tween 12.5 and 15 MeV to be EO instead E2 the extracted EO
strength exhausts about 82+11% of the 7=0 EWSR and the re-
maining E2 strength between 7.5 and 12.5 MeV exhausts 80+9%
of the 7=0 EWSR.

‘The sum rule values for “°Pb in the range below 26 MeV

obtained with the G-T and J-S models including those of the
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bound states (16% for T=0 E2 and 20% for.7=0 E3) are tabulated

in Table I. The .G-T and J-S expansions agree very well for

Table. I. The percentage of the EWSR in Pb below 26 MeV.:
Bound states (16% for T=0 E2 and 20% for T=0 E3)

are included into the corresponding EWSR.

. E, G-T expansion - J-S expansion
Multipole - M odle ( Mé V) @) T @

EO T=0. 125~15 - 82x11 o~ 0.
El T=1 7 ~22 158+ 27 v 145+ 17
E2 T=0 7.5~125 = 96+ 9 62+ 12
E2 T=1 17 ~26 106+ 16 46+ 9
— - 13 - 16
E3 T=0 7 ~26 - 158+ 5o 94 oo
o B N ' 5 6
E3 o T=0+T=1 7 ~26 62+ ¢ 37+ |4

the position of each multipole excitation whereas the multi-
pole ‘strengths obtained by the J-S expansion are a factor of
about 2 lower than those by the G-T expansion. Many models”'¥
%% predict EO (7=0) and E2 (7=0 and 1) GMR in 2*Pb below
26 MeV, for instance Suzuki® predicts E2 (7 =0), E2 (T=1),
and EO (T=0) GMR at 9.7, 22, and 9.7 MeV, respectively. The
G-T model expansion exhausts the sum rule values in accordance
with the theoretical results. The result of the sum rule ex-
haustion favors the G-T model for the7=1 state:’

Evidence for the EO excitation (50% of EWSR) in **Pb at
8.9 MeV has been presented by Pitthan'” ¢¢ g/ . The main reason
for the EO assignment given is that this level is excited by
electron scattering but not seen in the (y,n) reaction. How-
ever, according to the present analysis (Fig.1l) the cross
section at 8.9 MeV is due mainly to the E3 excitation and E2

or EO component is small. The above experiment'”also claimed
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an EO resonance.at 33 MeV.for which no such structure has been
observed in our spectra.

We may conclude that electron scattering spectra measured
‘at ‘low ¢ involve mainly resonance states and the GMR for EO,
El, E2, and E3 are seen concentrated into the specific region
whereas higher multipole states are spreading over the wide

Yis useful

range. The procedure of the multipole expansion™
to indicate the detailed structure and strength of the col-
lective multipole states. This analysis could be applied to
other nuclei in particular light nuclei A< 40 where giant

multipole resonances are not seen manifestly. (Y. Torizuka)

References

1) G. Bertsch and S. F. Tsai: Phys. Rep. 18C (1975) 125.

2) M. Nagao and Y. Torizuka: Phys. Rev. Lett. 30 (1973)
1068. _ ,

3) K. Hosoyama and Y. Torizuka: Phys. Rev. Lett. 35 (1975)
199.

4) L. J. Tassie: Aust. J. Phys. 9 (1956) 407.

5) T« J. Deal and S. Fallieros: Phys. Rev. C7 (1974) 1709.

6) H. Ui and T. Tsukamoto: Progr. Theor. Phys. 51 (1974)
1377. ‘

7) G. Bertsch and S. F. Tsai: Phys. Lett. 50B (1974) 319.

8) M. Goldharber and E. Teller: Phys. Rev. 74 (1948) 1046.

9) H. Steinwedel, J. H. D. Jensen‘and P. Jensen: Phys. Rev.
79 (1950) 1109.

10) J. Friedrich: Research Rept. of Lab. of Nucl. Sci. Tohoku
Univ. 7 (1974) 254 and to be published.

11) A. Veyssiere e¢f a/.: Nucl. Phys. A159 (1970) 561.

12) R. Pitthan ef @¢/.: Phys. Rev. Lett. 33 (1974) 849.

13) T. Suzuki: Nucl. Phys. A217 (1973) 182.



250

14)
15)
16)
17)

18)
19)

20)

21)

22)

23)

24)

S. Krewald and J. Speth: Phys. Lett. 52B (1974) 295.

V. R. Pandharipande; Phys. Lett. 31B (1974) 635.

D. H. Jakubassa: Z. Physik 268 (1974) 409.

J. Speth, L. Zamick and P. Ring: Nucl. Phys. A232 (1974)
1.

Ge R. Satchler: Phys. Rep. 14C (1974) 98.

M. B. Lewis and E. F. Bertrand: Nucl. Phys. A196 (1972)
337. '

Je. M. Moss, C. M. Rosza, J. D. Bronson and D. H.
Youngblood: Phys. Lett. 53B (1974) 51.

N. Marty, M. Morlet, A. Willis, V. Comparat, R.
Frascaria and J. Kalline; Preprint.

D. R. Bes, R« A. Broglia and B. S. Nilsson: Phys. Rep.
€16 (1975) 1.

M.. Baenerd, Pe de Saintignon, P. Martin and J. M.
Soiseatx: Phys. Rev. Lett. 33 (1974) 1233.

M. B. Lewis: Phys. Rep. €9 (1974) 1878.



MERRE®E Vol.8 N2 Dec. 1975 251

I —2 *Mgo & m & KoM

WERRE, EFHWEE e TR - /lmEs
SREE - RERE
FEREEE*T - [

%MgK&é%ﬁ%%ﬁﬁ%ﬁﬁ®%ﬁﬁ%%&K%ﬁﬁ%ﬁ%ﬁw,3N3%—5—71
WIREREBESHERD 5 4 — 2 —%RbD 1,

§1. UL &I

s — dIRAEOR T O EEREDZ 4= 25 TESMICERL T 2DICw L, #Si TiE/¥
UE—FBERE T BEEEZONTV B, PMgl3ZOHHIKNE L TV 2 TH D, Bixk
BESHBETHD, BAK0BE, BEOERICBLTVWEEEZONT WV 328 —RiL#EA
(77=2") OEEREE%0HEE S > EEAGEEOEVOEREHET 50 & 5T 50
ZCTRPLET2 " REDEEAR TV EDTH-T, EEREZOLDDERLAEERT
WEDI TRV, BAROEERER/"=0"Thdrn, ERAEERZFERIBVR, &
BEAHOBRMMEIEMETENE, AEKEOEEREDOL NN A5 S HE 5,

R AL EICERE Lz PMgic & AHUETHENEEO EBRME"D % b & ICBIWEMBFT ATV
RERWBMAHDNT A =2 —ERDI, X, TORERERME* Mg EH&E L,

§ 2 3NSA—H—T LIS

BECRABHRLEIE LT 5 * Mg DEFAMIRZAL Y7+ = FT 37 4 =57
=3 (3pF) BMAHICOWTEFHEOBAMNTHOHN TN EDT? CCTbRALUEDRD
S EED

N
olr) = Poll+ v (7] (1)
1+exp [(r—ec)dd/¢t]

2T P, BHEBIEH

4nf0°2)(r) 72 dr=1 (@)

Tma mrEgmTesntat, HEER



252

TEE LERIERTH B, WHEBETFRIAMAZROFTEIZ, ORXDBEFIMBERORID /Y7

A—B—c, ¢, v CHMITEES L, BAWET - FEE > TIT-7co RREID/XT 4 — 4

—c, ¢, vOBKOMICHL THEKEHEL, EBHEBT ¢= 037 - 218fm ' OHWHED

22 HDERME Y HS5DFTH

= i < Ue'xpf otal )2 )

=1 A0éxp

Sskibte TCT Ocals Oexp U d0exp 37 NZ T TRED FHEEE, HERME R U RERED $iFHR

ETHb. BIRIKIFEZ Sk wicH |

LT X2 HENEILEEATD ¢, t RUX?

DfE%TT. ¢ DR D WITROF FEAHE

BEICEb XHATH /T A4 —ELT
e =303+004 fm

t = 2332001 fm

w = =002 +0.05 3.08 AN
B, CCTORER, 12OEs  E | N
D/ ME Xiin 55 ° AN
3,00 f N
F(1,N - 1 NG
z%=%m[1+—%vj—ﬁ} (4) (gé)
P 238 | ) Na)

THZONBMEETHFEIND L LTRD
P MRETIRETH b WA TNIZHERRD

B, pRAMD T A— s —DB(CC 230 \\\\\\\\\\\\\

TR P=3)THb. X Flyv) i3

t (fm)
¥ T

-010 -0.05 0 005 W
HEHE v, v, b 212X T H—DF

BHTH->T, WRTIIEEHEI0.683 BIN 5zoNiwDEICHLT X 2
BN BETDe, t RUX?

5> < S =
%52 5 HTOEAFED . T OEEEK DD v 1C R4 2 EAL AR T ()

RERSETOREREASZ B AICH W IEIFE D RERME Oexp, (bl Oexp X
0.969 K& UF(c)Oexp X L.O31ITHK T
U9z, W

D ESICLTKDI /5 A—8~—C,
¢, wDEICE, FROSFEEOMIC, HEHDOERENET 3.1 ZDORFHRFEICIEA
e XHH b, CORSEHEEI, MOMOERME,»S 1% ThiE Hb (1-0031) %



253

gexp R (1 40.031) Oexp T L T(3)KD X2 DMEEFTEL, X2 BSENTIEB ¢, t, wDH
GHEROTEONE, TOBD e, ¢, w, ¥, OBFREE I'RD, (cHIRT, Oexp DR
HHEREICL S ¢, t, vOFTHIEZTLEN

4de=+007fm

4t= %002 fm

dw= +0.07
Thbo

PEDres =4 —DEAEFE->T Mg OBEMAHO B REFHHEE
<r?>= 471'er(7“) rtdr (5)
0
EEEL, <r2>V2=304+006fm 487, CNEOKELE | FILE LD TR,
BFL1k PMg D3/054—4~T 23 (3pF) BEMAHD/ N7 A—4—, HED D

Mg D3pFAHDT A — 4~ (X#2 )RU Mg D2 pFHHD/NT A — 4 —
(X85 ) bRLI,

26 Mg 24 Mg
Present - Glasgow Stanford
c (fm) 3.03£0.11 3.04+005 3192 +0.034
4 (fm) 2.33+0.03 2.31+0.13 2.658 =0.026
w -0.02%0.12 - —0.249+0.02
< 2>"2(fm) 3.04+0.06 3.06+0.04 2.985+0.03

§ 3 *Mg-— *Mg D&
3PFRAHARELAEE, ¢=18(m" OEKRTHEBEERBELOTNAETBIIL
DB, AL EMNHMEILONTHE->TEDY COTNAEMIET 2703, BICRBEOD
DB A0 () ZHINT B L END 5o UL, 2T TIE g <18 fm' DM TIMIERIC
S TE AR S I D A0 (r) 2488 LT, 3 pF I T 2 Mg & Mg OB S £ W
THCEICT B, B2RIC P Mg icHT 2 EHHAA * Mg & EbICRT, REOTBAATIA



254

FAEERBADONT, MEBREFER—DERNIHELE T3, v
RicEEBERAE LEERIC, BKOoEFROBERODBIMNCE > THE U 3 BRSO Bk
LADITNHREDEEDLDHEEFT TIGRLTE L, (1)RD 3 pF 2HEHKD ¥5 4 — &4 —

c %

clf)= €y (1+ﬂY20) (6)
TEEMWMZ 2, LBDey , ¢, w kU Mg, ®*MgzhFhicEEOERME] /Y7 4 — 4 —
52T, BEELLERSGEKO(r, 05 8 ) ODRMLBY

P(rlﬁ)Zan:np(r, 6 ;4 sinfdb ' (7)
% R 2 3GR3IC L UFA(** Mg)~=0.45T \
53, PMgOB—2 RiE~DET T e’ 38
Hic k5 BERER *MgDBAD 273 "

e
B S B2 (P Mg) /B (*Mg) = 15T B4
HBDT, PMgicHLTIZF~037 & <
2

155, D47 * =2 —({3 ¢, =30fm,
t=23fm, w=0&LTO(r;B) % ol 1 - : n == !

F (tm)

HEL, 0(r; f=031)& 0 (r; =
F2R ®MgD3/8F4—F—T 2
0.45) EDFEAEIHIIRT , CDD 3 (3pPF) BEMSH. FHRI
DEBES 5 D 3 Bs LHBELTED RREDHEHB AT T, BRI U
mHS RIRfE & JR 2103 #Mg®3 pF Ho
BEDODAXIICH TV E30DEPTIC

T2 725, #Mg & ®Mg D3 pF B A7
DFNEER TR UL, TD3pF B4
HOFNE, SEEICLTOROEVR
BB s KIS T, Fn ERAZE OHIH i
GFnTlLEHIN, T TRZDORIEBIC

-4

4?2 [p(26Mg — p(2%4Mg)] (108 tm)

EEINO,

r (fm)

B3I ®Mg & *Mg DEFIHDE,
ERIER 7 = v I BIER
A(*®Mg)=0.37, B(**Mg) =
0.45, B3 3 pF DD %,



D
2)
3)
Y
5)

& %

HEPHT RS 8 (1975) 46.

G. C. Li, M. R. Yearian and I. Sick: Phys. Rev. C9 (1974) 1861
Y. Horikawa et al.: Phys. Lett.:36B (1971) 9.

MBI ®RES 5 (1972) N2, 26.
E. W. Lees, A. Johnston, S. W. Brain, C. S. Curran, W. A. Gillespie and R. P

Singhal : J. Phys.

AT (1974) 936.

X

ik

255



256 KPR e Vol.8 No2 Dec. 1975

| —3 “C(y n)RISICXAEHEEDHI (1)

G |
KRG Zeke - RIS - EEEBSBS

FEY THELEESIC, BARICEFRERE L s 3 ICRET 24 O EMERTO
B, WEEAE (PHS)D /<4 T 25 MSICRES S CEICE > Ty o OBE H#ELTH
FTE BT EBTHERTHAS N 0T, AWEAMET T 40 F— 15 MeV Tr DT 4
Fog 0 (T OBRMA) =305 60°5 NIcELTHEL, Uberallzb” 0B#HE b EIC L
HEABCEY, EREEHEAEEORBEBI L, FLOERIKSTBINRHIT LI
LT, AEEHERVERSEGRICET 2HHELEEDAICEED S,

§1. &

L4 A0 5 O B R FERAE G ERNIC O ERMIC O DA DA SR I N TS D3,
KT H TR H & 5 B s b Oberall 72 57 1ck - THES iz, L LT NICET
BEEBBET O F IS 5T,

(G ) RIBREMEOBEREO 2 © Y7 ), PR ARRICHEZT 2” 0T, ch
% T180° BLHKEY THTRICH SN T W70 0 C o 7 il DFFFIC 24518 L 12 BRI FB
E18B, XHIC, CORBICET BEMEOREREOTA v A Y& T, =T<&¥ 5 &,

(r» PYRIGTRIEERE (T RE) E TAS(T, REE ) LOMOEBERELRkDST LIC
5%, COBE, —MIICT IAS 3EVERIEICSH O EFERT  REBFEEBREDHICL
RAEE IAS EDFUHHEEL, TOMELBCBSCERUTHLLY, LEL (r, %) KU
KBOTRBICRT I, KICHT 2RBTHERT HREEKREE TEEXRD S &5
Al s EZ O, HREBEENKO IASOBERE(T, +1, To+1 ) THOFTHIEOEIEHE
BiCh B0, THEELDLXIET RERBELCLLEOODOT, EEEED T BRI A RICK
»wons (F1K),

BADITIE > o EBRIZ (e, e/7" ) RIETH M, Chdi{monTnsdEiic, flaE
HEKPD R R b A TR TF Kk 3 (1, T RIEERASTH B, LEn-T,
bS5 F (r, mYRIEE LTCHEEED B,



257

§2. BERMBE

2.1 HoMER

TEROZANVE=M(r, 77) RIEDL
ENEL VOB FTOEBVEGES (KT E
BEAICE T OROVTE, BTE 54
I R R IS ENEN T HD T,
CCTIRIOSE, <200MeVE E%E E X
3)ICEMEERA NI =T ELT
CGLN &I 0B 1 HOA A2 EZDLTE
MTEDB,

(Tt Tt "

(To#1Tot) £

Z—A1xN+1
mmz—f;ﬁqmw?‘* )
CCTe?=1/131, f2=008 0 = ot
CUBETC k= k|, B, my BTN X

FIRFOESE, rhHTOLIALE BIN: (r, )RS (7, PIBUGE DHE
—RUEE <@ETORES7 b1 TH

3, CORBER TOHBE S (7, nHRBRERAE Y 7 ) » 7ERROICHET 50T, B
REE~NDEBRED I EDRE Y 7Y & PRTHARDEHREFEELED S5,

OGO srWrm &, FilEdE Born TR

do n L2 2 ) ,
da - Itm f Z{L/”I — k J/[I } 2)
L1zl F=(27+1)v, k=k k
— — A_) N '
Mgy =<JeMg | Yoge]exp(iq -7 ) [JiMy > (3)
i=1

Co T BE~DEFHEET~Z b, (M), (J, M) REhEnRIEHS X ORIE
BOBOW®EE, <t |p >=|n >, T4 VREVEFOEEEBIIEDE, ROTHIER

— - A _ —  —>
J%/(q):_lz_<ijf |Zoir".’exp(iq~Ti)|]iMi> (4)

z

CEESH NG, PCOE I HOKB( A—-Z=2) BT
H(9) = —NTH(D) (5)



258

L15B,
WRAEL BRI T 5 &
A = Can /TS (g, LM LM ) 1 (g)Yes (3) 6)
: LL’M

&3, T THRREF
]LL,(q)=iL’J‘»,-2]L, (gr)elf, (r)dr (7)

BEAKERTH BD, SEIOHEIS 7 > TIIETHRELERI D R S N ERREF% Helm
) ik S TR L TE O NI Y5 4 — 22 EEOE,
M; &My LiICBITAROBHIE, “BRM(EL)” B (L'=L)IC2>0Tid

>l =8| L, (¢

MMy

S k-], =87] 1, (¢)|7 (=117 ((=1)/3L°+W (LL11;2L)

M; Mg

><(L0,LOI‘ZO)(3/2)1/2{(;£';)2—1/3}] (8a)

CHEM(ML) " BEB(L =L+1 )DL TR

S|P =8 Y 1, ()

M; Mg L’=L%1

Sk M =8 XY ﬁwwgwuxﬂ#ﬂkﬁcﬂf%wﬂﬁ}

M Mp L/=Lx] L”=L+1

-+W<yL”1u2L>(Uo,L”olm)<3/2f”{(i-§f—4/3}} (8b)

E15 B, IS 0REQRICRATE LW EEINKRD 515,

2.2 Helm EHRICLZEBREE
Rt Helm A® <13, BBEEe,, (1) B EBLR” RTE gD E— s 2725

HELTVB ERET %, T0bL, 0 BBNEEE
b () =37, 78 R ©)

LL

ZRNTNROBS BT, ZOEICREOTRT



() = 6—5—242/2
g9

EDTELEIIEDTH S, NROBEI%

259

(10

(11

T Tr,, 7'LL,/(11p —u ), my =y =470,

Blk "CoOT=1%#(ICO0TOHelm BA S5 4 — %, w312C OEERED S DR
mBrirrF—(MeV ), (X#E2)

L:I‘fl @ (B) e®C) w®N) J R(fm) Tie Thr— Trper
1 13. 37 15. 11 17.34 1" 2.24 - 0.97 0
2 14. 32 16. 11 - 18.31 2* 2.60 1.290 - -
3 15. 04 16. 58 18.54 27 2.82 - 0.65 —2.01
4 15.99 17. 23 18.99 1- 1.70 0.247 - —
6 16. 09 18. 15 19.69 1 3.47 0.812 — —
8 17.13 18. 81 20.61 2" 2.67 0.019 - -
9 17.70 19. 20 20.90 1~ 2.08 0.338 - -
10 17.90 19. 40 21.10 2 2.97 - 1.47 —0.99
11 18. 40 19. 60 21.30 4 2.82 - 2.68 2.59
12 19. 00 20. 00 21.70 2" 2.50 0.421 - -
13 19. 10 20. 60 22.30 3* 2.40 - 0.72 2.22
14 20. 00 21. 60 23.30 37 2.82 0.700 - —
16 21.10 22. 70 23.40 1 2.60 0.829 - -
18 19-24 21-26 23-28 1” 2.08 2.230 - -
19 19-35 21-37 23-39 1 2.08 3.860 - -

Bl RICEFHEAEBRO T — 4% Helm BRI LD BITLTEBO N 2CH T =1 #AICD

WTD5 =2, R, 1, 25t ( 9=077fm)?),

B2RITZNODINT 4 — 2 A B
TAREF T AVF-15MeVicEF 5 (1, 7)) RSH EEOFEERL T,



260

E=195MeV —_ 512 E=195MeV —Mm
v V2
------ E3 Vi3
~ ]
14 -
107 - 1 1 1 1 1 “;7 1 1 1 J\ L
[ 30° 60° 90° 120° 150° 180° o* 30° 60° 90* 120° 150° 180°
F2M B, - 195MeV T SHCEB PC (1, 7 ) BRUSH T FiRk
(a) w&W (EL) @BES, (b KK (ML) &% 85T
2.3 (e, e'n’) RIGIC&BT DRRYT PV
(e,wﬁ)ﬁﬁmiofmménéfwz&arwm
dZG ~ dg N e ( p, w )
T0dF 2 (dn>k p 2

TRHBNDB, CTTNe (Pr 0 )k (FEBHE pOEFICK B REEF A7 b ( FRIR
B FOMBE ) Th b, BT “REKD " & RS " EbhH 5, RrDREDOE
SCAMEF LA E— D ICEOEA (B=0 o~ 1) ISR ERTE Y 0T,
BaOSEMECETSREETFRR7 PVOHELHEESICON TOSE BT -70 (RS

K)o

§ 3. EBRAEZRRUER

FEAL 195MeV DEFHES T 7 74 POBMICBAL, it shre o 2 ZEICRAES
220 bax—4— (LDM) 2RO THEBREANLT, T OTFVF—2<R7 brEREL
Fro BMEEATELBO XL T B0, E—LICHT S ENORBROAELFRTRDI



261

Orpp = 30° ( Orarger= 238°) DEA, EHDOEZ I 184mEg cm?, £ —AD TR ¥ —IF3
0.2 %T, COEGDLTMIEIH04TMeV TH Do 0 = 60° (0 1arge,=30°)5 0, =

LDM

D°C0 yrger = 266°) TREMODE S 0mE/cm?, £—ADTFLE—ERF03%, COB
B OENEEE TN ENAI0.68MeV, 0.71 MeV T5 5.,
BRI BT RO R A B THRET Lo

( dZU > a{ngaw/W-
i

dQdEe/i  4E; 4QNy N
:AET}zWeAQ (w

a Rt BB (T, = 26X 100560 ) O EICK B WESE, N 12D (Vi )
%%«VZW®%$KOwTﬁELtﬁﬁ,nﬂi%@ﬁﬁ%ﬁ(ﬁi%ﬁﬁ%?wﬁiéﬁ%
Awt)e 4B, 30 F + Y2 rDOSSDO T L ¥ —E, 4Q (=26mstr) iz LD Mo 7tk
1, Nyde—sofanss Bilcfd D C 0B N, SAHEFETH 5,
HEEREZEINICRT . w2 V24 LDOBEKTLAEICBT EELE 7 b LORIER
TERP-72DT, CTWWRLIZSDRBPEHERTHZ, KPO LRI T I F1 FTH B, 0
=30°PO—EHRIBBE LB N2 7579 Y FTHO, LITFICHRT X Sic L T L
(FARBR) . PLOEIE LD SSD 70 —7 (No.49 —50 —51 ) D DN 50 THEFD T 4 v

F—HERR7 P ERIEL, ThEBE 2
FIREBTANE LRI b B G
LTUTDRERZIT -, AECEFE

A nld, BEFICHN TH-IERSH prs ' prs
e, T K BHBRIBHTEENLST ¥ N¢ot ng
HH(ETFEBEFOE BT AL ¥ -1

ENERGY LOSS

KICKBT OFHE) F|BELE) . K FAE S0 S50 RO, KB,
th PHS /4 7 2 », DIEOS%EFEK ;

Nig & T BIEDIDICEEENINA T 20, LLEDFEN - LOhZEL 35, BET
ERNIGAOCOWEL L9 5L, PROREICED 2, =2 -y CHRER—FEFIICBL
TIHEOBBE SN & LTAHMSNAHRERD LT EDT, ZHRBHHE E > BE
IR, & OB A=, E155, 2T MEICH 5T, PHS /N T R%0, LT 24

WFE=ZRY P VEMETEE, BIAHATRINREEAEBETICEEbDENE BOT,



262"

i— Pb/ str MeV)

:,oo. I H 191“030
40 I ' l l 1

AT
2. Hy, 1
}ﬁlm’ nt,l °f

-“ H-obuu\__.-&.‘#
31 32 33 34 35 36 37 38 39 40 41 42 Ta(MeV)

00

0k 6 =60°
x‘l()-4
40 *l
N 1110
20 - l ﬁh\t l 2
&f " j* 1 1
| “”T;flr,i_ s
005732 33 3 35 36 37 38 39 40 41 42 Tx(MeV)
FATERE)
6=90"
)(10_4
40 -
1
\ 10
‘Lt
t
00 i T

31 32 33 34 35 36 37 38 39 40 41 42 Tx(MeV)
H3M FEe—=1BMVOETICEBC (e, el n" YEBRGTHRE LIcr " DT v F—2
~7 b OEBE,



263

COFKIC ERDAEDTBE, & OHBAKEINIBEFICELE /Ny 7770 Y PR
MTx%, CHULTHEHMMEINI AN 2 75T YFBESRLEODOTHHT &F xt @%‘%‘1 Ao
¥—(ﬂMW)HL®ME%%ﬁ,Lﬁ@iﬁ&ﬂﬁ(WQﬁnSBMMW)@%%%ﬂk
Nyt T Y FEFELNCEDLb DN D, BIHERDAES G 2EL5 L, 0 =607
0 =NWBIFEBEFICLDENNy 275y v FZERATE S,

MU BRI KECHET 205, (WREZR VA EREE RRERE AT &, L LD
DORE, REZEBICIO—FERLTHWE, T4 VR YIETERI (r, ) UL
CHBTEBESUE LERBEHEO 0, KIFEDADLE > T & bADR KT maE
T EDBbD o1,

fHEg IREXEFRARYT ML

RN F A7 bV OBRICOVTIIBE R 8 ICHRISEHH 5 D TEREI NI, L
TR EBADEEBEORBEYETF XY P VIC O TOHERKRELERT,

REXFARZ PP TORTEZS 5,

Electron . Nucleus

Ne(p @)do/o={NS(p, )+

N (P, w)}do Su (A1) pg
Ni(p, ) RUN]! (P, @) Genen “ Hms” &
U MRS OREEFOBTLTOL 5 BN

(P, “ ZOEKIHNEBH) .
B+p’)2

Zd kZ
Nl wy Ot [ —wdE
e () @) ”wjmz( koz_kz K .
P.E B
{ ((p+p’ )2—k?) (K= (p—p)?]
4% K
K- k2 <yl G > (Al2) ' Energy transfer
2p2 S <3P (w?)> k=E-€=w
et .
L y =& w?dk Momentum transfer
Zve P, w . /Z4P2kz >
(p=p") kK=p-p
(ptp)? \Sh (6 > gy HE EFEERCHD 5 RRETE
ooy (A T ‘
t ¢ i L@E D Feynman £4
T I 7 Lo

'%':F@IZJV:\'—“—i)S“ﬂ“ﬁbCE(,\( B=v/c~1) & EICEIMBTITELRTE2DTHEKT
ICONTOHEEEL T ~tc, <J2 > ZHOBRIEE IREERM OB FHEHE TO KT O



264

ETHO, <JE (7)) >E<IE(0?) >EDOMICIERD &5 13EHENS 5

EBELSW(EL) &8 TIR

I kP>
AN

fle s (ML) 2T

g Y > (k

2L
<JECA) > —>

kN 2(L-1)
)

(A-4)

(A-5)

D

w
& - e
(A-2), (A-3)KXOBEDEETTELENR
2 (12
Type of transition jt—zng; RS EON S,
t w
1. E1l
E1 1 2 2
e’ +e’ ee’+pp’— m?
B2 M ke N;(p’ w)zi_l': PZ In m(e—e’)
E3 M2 Kt w!t
7\2 . ’ ’
i i R et
E5 M4 B w®
2. E2RUMI1
¢ _a €2+€/2 €€’+,‘0P' _—m? .
NS, @) = Y (A-T)
3 E3KRUM2
¢ ) B a €2+8’2 ee’+pp’~m2 2]7/ 52+€e/+€/2
Ng (P, ‘*’)~—7Lp2 m(e—c’) _]'?—.__—_(5*5')2 (A-8)

4 E4RUMS3
N (p, @) =%[i;;l2 In EZJ{EPf;f)mz -g}—:- 55(2;_2;&;56,2
T (A=9)
5. E5 KRUM4
VRUITE A CELNLES. JE g L AL
L P 984+-38ezs*4—9e”__211] (A-10)

(e— ¢)*

3p
CTila=1/13TTH 5%,

P



265
g & X

D) KEVIERSE 8 (1975 ) 58

2) H. Uberall et al : Phys. Lett. 44B ( 1973 ) 324 ; F. Cannata et a!/. : Can.
J. Phys. 52 ( 1974 ) 1405.

3) L. W. Fagg : Rev. Mod. Phys. 47 ( 1975 ) 683.

4) R. H. Dalitz et al- : Phys. Rev. 105 ( 1957 ) 1598.
5) G. F. Chew et al. : Phys. Rev. 106 ( 1957 ) 1345.
6) R. H. Helm : Phys. Rev. 104 ( 1956 ) 1466.

7) M. Rosen et al- : Phys. Rev. 163 ( 1967 ) 7.

8) G. R. Bishop : Nuclear Structure and Electromagnetic Interactions. ed.
N. MacDonald (Oliver and Boyd, Edinburgh and London, 1965 )p. 211.

9)  F. Rohrich et al : Phys. Rev. 93 ( 1954 ) 38

10> P. V. C. Hough : Phys. Rev. 74 ( 1948 ) 80.

11) J. M. Eisenberg et al- : Exctation Mechanism of the Nucleus ( North —
Holland, Amsterdam, 1970 ).



266 WA e Vol.8 No2 Dec. 1975

I —4 The (r,p) Cross Sections of “2Ca and “Cr.

M. N. Thompson® K. Shoda, M. Sugawara, R. F. Pywell*
T. Saito, H. Tsubota™ H. Miyase,* J. Uegaki, T. Tamae
H. Ohashi and T. Urano

§ 1. Introducton

In an effort to observe systematic effects of isospin on
photocross sections, it is planned to measure both the photo-
proton and photoneutron cross sections for a series of nuclei
centered around ®*Ca. These include the even isotopes of
Calcium and the even iscbars with N=28 from *Ca to *Fe.

This range of nuclei will allow a study of the systematic
effects of both deformation and isospin. Splitting of the
giant resonance due to deformation was postulated some years
ago” and verified extensively (see ref. 2 and associated re-
ferences). However a systematic study of the increased occu-
pancy of a particular subshell has not previously been und er-
taken.

The effects of isospin on the GDR have been discussed in

' and considerable work has been done at this

the literature’
laboratory in studying the effect.
As discussed briefly in ref. 4 for the case of ®Sc, the
7. and T . components of the GDR can be estimated if both the
(y,n) and (y,p) cross sections are known. However this preli-

minary report covers only the determination of the photoproton

* Physics Dept., University of Melbourne, Parkville 3052
AUSTRALIA.
*x College of General Education, Tohoku University, Kawauchi,

Sendai-.
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cross sections for *Ca and **Cr.

§ 2. Experiment

Thin, isotopically enriched targets (*Ca, 94.4%, 5.06
mg/cmz; Cr, 99%, 4.98 mg/cmz-) were irradiated by electrons
from the electron linac at this laboratory. The Broad Range
magnetic spectrometer was used to analyze the protons follow-
ing electro-disintegration. Spectra were taken at a series
of electron energies from 15.4 MeV to 29 MeV, at intervals of
200 keV. The yield of protons with energies greater than
3.5 MeV, was obtained from each spectrum and a yield curve
for the reaction was constructed.

The (y,p) cross sections were derived from the yield
curves by unfolding the virtual photon spectrum, using the
least structure method of Cook: Considerable study has been
devoted to the analysis of yield curves’ and it is clear that
the derived cross section using the Cook method depends very
significantly on the errors assigned to the yield curve. In
the present experiments, each analysed yield curve was the
result of 3 independent measurements, and the errors on each
yield curve were reduced to typically 0.7% to 1%. The effect
of smoothing within the assigned errors, during the analysis
procedure is shown in Fig. 1, where the derived cross section
for ®Cr is shown for different smoothing criteria. Although
the integrated cross section remains unaltered, the amount
of revealed structure differs significantly. The likely
validity of the fine structure is discussed below. The
figures carry indications of the resolution function at
several energies. These indicate the minimum width of struc-

ture that can be considered to be real.
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§ 3. Discussion

This discussion must be considered

nature, since the relevant (y,n) cross

been measured.

L (2]

[

2 1 i 1 i 1 " i 2 i 11

I
16 18 20 22 24 26 28
EXCITATION ENERGY

(Mev)
Fig.l. Cross section for
220r(y,p). Curve A has more
severe smoothing than curve

B.

3.1 %2Cr

30

N
o

CROSS SECTION (mb)
3

to be preliminary in

sections have not yet

IS SN TS ST TN S S S T S S PR 1

14 16 18 20 22 24 26 28
EXCITATION ENERGY (MeV)

Fig.2. Various measurements of

photo cross sections for *Cr.

(A) s2¢cr(y,p)(this measurement)

(B) =Cr(y,p)(reference 7)

(c) =cr(y,n)(reference 8)

Figure 1 shows the derived cross section for s2Cr(y,p) for

two different smoothing conditions.

The significant feature

of curve A is a broad resonance peaking at 20.5 MeV with con-

siderable strength extending up to 28 MeV.

This strength may

in fact be due to separate resonances as shown in curve B,

where less smoothing is applied in the analysis.

The validity

of this finer structure may be clarified in a more stringent

analysis.
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An earlier measurement using similar techniquesﬂ by
Ishkhanov ¢t a/. reveals considerable fine structure (see Fig.
2). However the éredibility of this structure is questionable
because the analysis procedure used to derive the cross section
from the yield curve is not fully explained. None the less
the agreement between the Russién work and that reported here
V(Fig. 2) is good, and adds Weight to the credibility of curve -
B in Fig. 1. o v

Also shown in Fig. 2 is a measurement of the Cr(y,n) cross
section®” derived from a total neutron counting yield curve.
Again considerable fine structure is evident. However the
significant point to be noted is that the main strength for
neutron decay is centered about 19 MeV, whereas for proton
decay the strength is significantly higher at 23 MeV.

If we assume that the neutron decay is predominantly from
the 7< GDR, an apparent isospin splitting of about 4 MeV is
observed. This is in good agreement with the value of 3.6 MeV

calculated using the simple relationship from ref. 3:
48 =8 (741) (Mew) Y

In the equation above, A the mass number and 7T the isospin

have values 52 and 2, respectively.

3.2 *Ca ‘

This cross section is shown in Fig. 3. It has a maximum,
at 20.5 MeV, with considerable strength extending up to 28 MeV.
There is a strong possibility of a second resonance at 24 MeV.

In this case there is no corresponding “Ca(y,n) measurement
yet available. The only experimental comparison is with the

Ca(y,p,) cross section derived from the “K(p,y,) measurement

)

of Diener e¢f a/ .” This cross section is also shown in Fig. 3.
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The cross section confirms the

position of the main resonance,

o
T

but does not extend far enough @
to check the strength at higher§4.
energies. és_
In the absence of any ex-— o
perimental data to check the g
degree of isospin splitting, a 1} /A " .
theoretical estimate can be t o E o E S
made. From the known systema- eo®® zzsxcmz\:u)y zsfqgncvztzmev)

tics of the GDR, the energy of Fig.3. Curve A: #Ca(y,p)
the total absorption peak can _(This work) Curve B: “?Ca
be estimated. Then using eq-. (v,p,) (Ref. 9)
(1) above, the isospin splitting can be calculated.

The estimated positions of the 7. and 7. are shown in
Fig. 3. It need only be noted that the estimated position of
the 7. resonance ané the maximum of the (y,p) cross section

agree quite well.

§ 4. Conclusions
These preliminary results provide interesting data on the

photoproton cross section in this mass region. They are con-
sistent with the present theory concerning isospin splitting.
However additional information is needed before any systematic

trends can be observed.
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nm—1 Measurement of Neutron Quasielastic Scattering for
Liquid VCl, Using Double Stationary Crystals Spectrometer

S FEH= HAHE
§1. Introduction

As far as we know, use of electron linac as a pulsed neutron
source has been carried out so far in neutron inelastic scat-
tering experiments by two research groups. Watanabe ¢t ¢/ have
used a stationary pseudo-bent pyrolytic graphite to monochroma-
tize pulsed neutrons and measured paramagnetic scattering. On
the other hand, Egelstaff ef /"’ have made monochromatic pulsed
neutrons by rotating an aluminium single crystal under synchro-
nization with firing of linac and studied molecular motions in
dense gases and liquids.

Their results have shown that the combination of crystal
monochromator and pulsed neutrons generated from linac is quite
effective and must be developed especially in the field of
neutron inelastic scattering experiments for isotropic liquids
and amorphous solids.

In this work, based upon the experience of pioneers men-
tioned above, construction of a new spectrometer was attempted
using a hybrid system with stationary and rotating crystals
and it was installed at the 300 MeV Tohoku University electron

linac. As the first step of this experiment, our spectrometer

K. Kai* and K. Suzuki.™
The Research Institute for Iron, Steel and Other Metals,
Tohoku University, Sendai 980, Japan
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was operated in a configuration of double stationary crystals
parallel with each other. Preliminary results of instrumen-
tations and measurements of qusi-elastic scattering for liquid

VC1l, are described below.

§2. Spectrometer
A schematic diagram of the spectrometer is illustrated in
Fig.l. Specifications of the spectrometer are given in Table
I. In the monochromator housing the Bragg angle 260y of
pyrolytic graphites is allowed to be set in the range of 45
to 135°, which gives conveniently the wavelength of incident
pulsed neutrons variable between 1.0 and 6.0 A. Incident
monochromatic pulsed neutrons are monitored by a fission
chamber located at the outlet
of collimator. Scattering Eégég““UWONsmmCE
angle 260 can be continuously ' o ;;’~FUWTHBE”

chosen between ~20 and 90°

MONOCHROMATIC-

7 CRYSTALS.,

. SOLLAR SLIT .0 :
by locating a bank of three 2N LEAD BLOCKS
FISSION .- " 4 SHIELD BLOCKS

or four He-3 counters at any CHAMBER

angle. In this work scat-

' SAMPLE "
tered neutrons were counted POt TION

simultaneously at four scat-

/;
o
77
Sy
7
7 H

. VACUUM” _

. . . CHAMBER
tering angles using four o CrAMBE
banks of counters. The system S

of data aquisition used in il £ smieps

connection with this spectro-

meter has been described in

DETECTORS
detail by Niimura and Kubota?

Fig.1l. A drawing of the spectro-

meter viewed from above.
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Table I. Specifications of the spectrometer

Distances ;
neutron source to 1st crystal 2.67m
1st crystal to 2nd crystal 0.46 m
2nd crystal to sampal position 1L17m
sample position to counters 1.80 m
Monochromator - square hole in biological shield of a size, 0.66 X 0.50 X
housing : 0.70 (m ) and walls lined with Cd sheets,
1st crystal : stationary, pyrolytic graphite, 10X 10X 0.3 (cm ), mosaic
spread ; 2°
2nd crystal : rotating ( stationary)  pyrolytic graphite, 10x10x0.3 (cm),
mosaic spread; 27
Collimator : 10 cm width x 10 cm hight x 60 cm length, set at 2° in
aperture with Cd sheets,
Vacuum chamber : A1l window of 3 mm thick with a radius of 1.0 m, and
evacuated to 107*mm Hg,
Detectors : bank of 4 atom, He-3 counters of 50 cm length and
2.54 c¢cm diameter ( Reuter - Stokes, U. S. A.).
Shield blocks : 0.6 m thick, piled with 50 pieces of borated paraffin
blocks ( 30 cm x 30 cm x 15 c¢m).
Shields : borated paraffin wall of 13 cm thick and inside "of wall

lined with 2 cm thick B;O; powders and Cd sheets,
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§3. Quasielastic Scattering of liquid

Vanadium tetrachroride (VC1,

VCl,

) is a molecular liquid at room

temperature (melting point; -109°C) and its molecule has a

structure that a vanadium atom is surrounded tetrahedrally by

four chrorine atoms.
The liquid VC1,
tube with 0.2 mm thick wall and

sample was sealed in vacuum in a silica

10 mm ¢ diameter. Neutrons

with the wavelength of 2.61 X monochromatized by a 002 re-

flection of pyrolytic graphite with a Bragg angle 20y = 46°

was used as an incident pulsed neutrons.

spectra of incident pulsed

The typical T-O-F

neutrons at the position

of fission chamber and neu- *°°f
trons frcm a vanadium rod
(10 mm in diameter) as a

standard sample are shown

300

in Fig.2 (A) and (B), where
a channel width is 16 psec

and irradiation time is

200

x10°

)>

about 16 hours. 004 and
006 reflections frcm pyroly-

" tic graphite are definitely

observed, but such higher

order reflections can be
removed in rotating crystal
system.

Representdtive data of
the sample and the container
run are shown aiso in Fig.2 (C)

and (D), respectively.

400

300
Ch. No.

160 2(‘)0
Fig.2. Raw T-0-F spectra for
incident neutrons (A),

vanadium run (B), sample run

(C) and container run (D).

All data in Fig.2 have been normalized
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with monitor counts.
In Fig.3, profiles of the quasielastic peak are shown as
a function of energy at six values of momentum transfer Q.
Gaussian or Lorentzian function was used to fit the
observed profiles and to determine FWHM by least squares
method. TFig.3 shows that the energy spectrum of scattered
neutrons is weil expressed by Lorentzian function a,1',iQ_:=o.791°y1
and Gaussian functions in the range of @ higher than 1.15 A
Energy resolution is obtained from vanadium scattering and
described well with Gaussian functidn at any wvalue of Q.
If it is assuﬁed that the observed FWHM is related to the FWHM

for resolution and intrinsic profile as follows,

Q=1.72(A")

Qa331(A%)

04}

0.1}

0 1
E(meV) E(meV)

Fig.3. Profiles of the quasielastic peak at constant

momentum transfer Q and fittings by least squares method.
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T2 _ .2, 2
Wn=w"t+ w;

’

(1)

the FWHM of aimed quasielastic scattering spectrum (as root of

o2 ) can be obtained. The result of FWHM is shown in Fig. 4

(a) and 4(b), together with observed S(Q) .

It is found that the width becomes narrower in the vicinity

of the 1st peak of S(Q)(Q = 2.1 A7 ), perhaps because of DeGennes

narrowing from the coherent scattering effect in S(Q ).

At smaller values of @ observed peaks approach incoherent

scattering approximation limit

because contribution from A3
coherent term is very small 'E2
in § (Q). Incoherent appro- ;

ximation for molecular motionsE‘
is also available in high @ 0

region because intermolecular

correlations are lost. If

3
the FWHM of quasielastic peaks
>

for molecular liquids is ex- g2
pressed as follows, §

1

do=2(1/t + 2D, +DQ*) (2]

0
, where first two terms in eq.

(2) are Q independent terms
resulting from rotational modes
and DQ? is Q dependent term
corresponds to a diffusional

mode of a center of mass of

(b)

0 12
06
{045
€
. (V2]
10:2
0

6
QXA
(a)
° o
3 4
Q(A™)

Fig.4. Full width at half-
> maximum of the quasielastic
peak against momentum trans-—

fer Q (a) and Q2 (b).

molecule. Combining the equation with Fig.4(b), results of

diffusion constant, D = 0.13 X 107°cm’ sectand 2 (1/7+ 2D;)=

2.13 X 10" sec”! were obtained.
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I—2 Structure of NO; Radical in Molten Monovalent
Metal Nitrates

SW ElsEET - shAkmE ™

§1. Introduction

Structures of molten nitrates have been studied by many
investigators using Ramman scattering,? infra-red absorbtion®
and X-ray diffraction?  Although there are three types of
correlations, i. e. NOg-NO; , M*-NO; and M*-M"in molten nitrates,
a precise knowledge about intra-radical structure of NO; is
first needed to know the ionic correlations in molten nitrates.
However, conventional experiments have not fully clarified the
detailed intra-radical structure of NO; in molten nitrates.
To determine the intra-radical structure it is essential to
observe a structure factor S(Q) in high momentum transfer (Q=
47sind/\) region, because the inter-ionic or inter-radical
correlations are completely lost and the intra-radical corre-
lation only persist in high @ region.

Based on such a point of view, T-O-F pulsed neutron dif-
fraction experiments using hot neutrons generated from the
electron linac were carried out on various kinds of monovalent

metal nitrates in the liquid state near the melting point.

§2. Experimental
The T-O0-F neutron diffractometer’’ installed on the 300 MeV
Tohoku university electron linac was used to measure total

structure factors for molten MNO, where M is Li, Na, K, Rb and

Y. Fukushima* and K. Suzuki**;
The Research Institute for Iron, Steel and Other Metals,
Tohoku University, Sendai 980, Japan
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Ag. An operating condition of the linac and method of data

processing are same with those described in a previous work?

Samples were sealed in vacua in a silica tube with 0.3 mm

thick wall and 10 mm inner diameter.

Before sealing, all

samples were dried at 120~150°C in vacua for 24~72 hours.

During measurements the temperature of liquid samples was kept

by an electric furnace’ at 280, 340, 390, 350 and 260°C for

Li-, Na-, K-, Rb— and AgNO,, respectively.

§3. Experimental results

3.1 Structure factors

Fig. 1 shows the structure
factors S, Q) observed for
molten LiNOs; at 280°C, NaNO,
at 340°C, KNO, at 390°C, RbNO,
at 350°C and AgNO; at 260° C.
There are big differences in
the §,(@°sin the range of
Q<<5£}1 In this region there
must be included a lot of in-
formations about M*-NO; and

NO; -NO3; correlations. On the

1
other hand, the S,(Q’s in high

Q region still show that
oscillatory behaviours are
very similar with one another.
Therefore, the intra-radical
structure on NO7, in molten
nitrates can be expected to
be derived from data in high

Q region in Fig. 1. In this

Sm(Q)

e
.6}
5}
A
/\/ LiNO3
/\//\_‘/\_A T
/\/ NaNPa )
/\//\M'KNps
6
RbNO3
AgNO3
2H N~
AH
0 ll.lllllll LAt ittt vt it

(1) 5 10 15 20 25

30 35 40
Q (A"

Fig.1l. Observed structure
factors for molten LiNO,
(280°C), NaNO; (340°C), KNO,
(390°C), RbNO; (350°C) and
AgNO, (260°C).
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paper discussions are focused on the behaviour of the S.,(@) s

’

in high Q region and studies on lower @ region will be reported

in another paper.

3.2 Radial distribution functions

Fig. 2 shows the radial distribution functions (RDF) for

molten nitrates Fourier transformed from the observed structure

factors. Numerical inte-
gration of Fourier trans-
formation was truncated at
Q=38 A in each case. All
nitrates have a sharp peak
in the RDF at r~1.25 A,
which corresponds to the N-
0 bond in a NO; radical.

The second peak near r=2.2 A
is assumed to display the
0-0 separatioh in a NO;
radical, but the position -
and detailed profile of

this peak are different

according to cation species

‘in molten nitrates.

§4. Disscussions

4.1 Least-spuares analysis

F

D

a

20

15

10

LiN

o
;||H|IIIIIIHIIIIFT-

Qmax=38A1

© NaNO3
N A4 e V|
_  RbN
0_ AI\V/?‘B’ / 'MVM
E AgNOs l ~
OO WAV '/\'\
1r (A) 2 3

Fig.2. Radial distribution

functions for molten mono-

valent metal nitrates.

All the observed structure factors Sml@) ‘s were analysed

in the range of Q>7 A 'to determine the precise structure of a

NOs

radical in molten nitrates.

The

Sm(@)’s were fitted by

least squares method to the form factor F,(Q) for a NO; radical



as follows,

1
F — [ 2+ 2 2
I(Q) (bM+bN+3bo)z bM bN+3b0
+2.nNO°bN'bO'M . exp (_%Z.Qz>
Q* 7ro 5 2

. . ' 2
D sin( @ * 700 ) . exp (_<Aoo> . Qz)]» ,,,,,,

Q700 2
where by, by and b, are the coherent scattering length of

monovalent metal (Li, Na, K, Rb and Ag), N and O nucleus,

ry, and T, are atomic separations in N-O and 0-0 pair, nwo

and Ny are numbers of N-O and 0-0 pair in a NO; radical, and

<A%> and <A%,> mean average square amplitude of fluctua-

tion of atomic separations in N-O and 0-O pair. Eq. 1 is

derived assuming a tentative model that a NOs radical has a

regular triangle structure where three corners and center are

occupied by three O atoms and one N atom, respectively.

Numerical values of parameters for the best fitting are listed

in Table 1.

Table I The results of least squars treatment

N-0 0-0 ‘
n* A < AP 2(AP) o r(A) <N> /2( AP)

LiNQO;(2800) 3.0 1.252+0.001 0.00143+0.0009 3.0 2.197+0.004 0.00246+0.00034

NaNQ; (340C) 3.0 1.249+0.001 0.00150+0.0011 3.0 2.198+0.005 0.00306+0.00045

KNO; (390C) 3.0 1.252+0.001 0.00171%0.0011 3.0 2.187+0.005 0.00270+0.00039

RbNQ; (350C) 3.0 1.247+0.001 0.00103+0.0009 3.0 2.171%+0.004 0.00180+0.00035

AgNO; (260C) 3.0 1.265+0.002 0.00155+0.0012 3.0 2.249+0.005 0.00247+0.00045

* neighbouring number(n) was fixed (nyo = noo =3.0)
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+.2 Effect of intra—radical wvibration

An intra-radical motion, suéh as internal rotation or
puckering oscillation with a low librational frequency, is
expected in a NO; radical. The correction of this intraradi-
cal motion effect for bond iength is necessary to get the
precise intra-radical structure. The inter atomic distance

. . . . 10
averaged over the vibration (rg) is written as'”

g :7§+E<Q2>+A2/7’e,‘ .................................... (2)

where ra is the bond length expressed by eq. (1), # is a para-
meter which is related to the cubic coefficient  of distribu-
tion function, and r. denotes the equilibrium inter atomic
distance which can be derived from detailed spectroscopic data.

11)
, and re-

Parameter £ is expected to be the order of 107643
placing r. with r,, the value of r, is approximately estimated.

Calculated results are summarized in Table II.

Table M. Corrected value for N-O and 0-0 bond length by

eq. (2)

Fro(A) Foo(A)
L iNO; (280C) 1.255 2.200
NaNO,; (340C) 1.252 2.201
KNO, (390C) 1.255 2.190
RDbNO; (350C) 1.249 2.173

AgNO, (260C) 1.268 2.252

4.3 Correction of superposition of closed next peak for O-0

separation
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(a) (b) (c)

Fig.3. Correction for 0-0 separation, dotted line-observed
and full line-calculated [(a)...after least squars treatment,
(b)...after correction of superposition of next peal (c)...
RDF for 0-0 separation in isosceles triangle NO; and (d)...

structure of NO; radical.].
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As shown in Fig. 3(a), the peak position for 0-0 separation
in a NO radical is close to the next peak position in RDF of
molten NaNO;, KNO; and AgNOs. The fitted 0-0 separation (r.),
of which values are shown in Table I and I, are shifted by
the effect of superposition of the next peak. The correction
for this effect was made schematically as shown in Fig. 3(b).

A NO; radical in molten NaNOs , KNO; and RbNOs is regarded to
have a structure of almost regular triangle. Their dimmensions

are listed in Table II.

Table 1. N-O and 0-0 separation in NO; radical in molten
nitrates
feo A Topor A Too (A
LiNO, (280°7C) 1.26 2.09 9 21
NaNO, (340°C) 1.25 2.17 9 17
KNO,  (390°%C) 1.26 217 9 17
RbNO, (350°C) 1.25 2.17 9 17
AgNO, (260°C) 1.27 2.10 9 22

The 0-0 separations in a NO; radical in molten LiNO; and AgNO;,
however, are apparently longer than that expected from the
structure of a regular triangle with its N-O bond length of
1.26 A. Therefore, we conclude that a NO; radical in molten
LiNO, and AgNO, is distorted from a regular triangle into a
isosceles triangle by the effect of coulomb force of nearest
metal cation, as shown in Fig. 3(c) and (d). Numerical values
of isosceles triangle for molten LiNO; and AgNOs are also

summarized in Table 1.
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T=Transverse mode

L=Longitudinal mode

Q.EP —Quasi Elastic Peak ,A\
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WF o@dFOLz v E 25 <w0?> 344 Y02 ey HEHRD 2 R P TRHA
B ¥ 2 —42 J) &, <wf >= %5 (S+1 )? 5 15 BEETHOST AT B,

W THAEYNWT R YROEER, PHEFOI X VF-BICHLTH v RBOHKEE
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21 R LEEE54 P EROT, Cs BT SHICHTBA 4 VARBMAREWE Lo b
v—y—tLTid, PTCsh iU ¥Sr (KEMO LINAC THE) ZAVT, #75 4lkick
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§ 3. HEBIUBE
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(NaA) T, DTATB60CE 955CICqesh € — 2 AR Lizds, X@EicLy, <o
BEA 5 A b DM - RS ICE B h —% £ —7F ( Carnegieite, Na Al SiO) 157 =
3 ( Nepheline, NaAl Si04 ) ~OZEALITL B D TH BT &R ST,
Breck 512, 800CTA — 7Y A bsN54 MCIEBEHELTNES Cs AR LI AN
( Cs A) Ti2870C. 1,040°C, 1,146 Cle s v — 7 D o1, %ZI\ZHC?T\‘Lf:X%}?@
FosBIC LD, 800CHITTHEREARL, KT, 71— 4+ —HAKTHLYA b
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s — MOAJW MA  Pae P e p 11200 °C
— LU\A»\AJ\..__A.MA . ____noo°c
/—‘vﬂ———-——*————w‘ e 1000°C
C
(o} C Cc C Cc
P A — 900°%C
M hAA | P 800°C
R.T.
0° 20° 30° 2 50° 60° Bl
— 29
C: Carnegieite, N:Nepheline, P:Pollucite
T2 CsADPERERICK 3 XRETE O EAL
3.2 CRBIUSrOMF4 VTR E
BTl CsBILUSIoM 4+ XBBE
Cs Sr
Csb) ECS/ ENaC) ESrd) ESr/ ENa
(meq./100g) ( meq.,”100g)
A 178 1.3 510 9,10
X 185 2.5 470 1
Y 185 1.2 290 4.5
)
s M 196 67 218 9./10

a) S.M : Synthetic Mordenite ( Zeolon )

b) Eg : Cation Fxchange Capacity for Cs
€) Epa @ Cation Exchange Capacity for Na
d) Eg, : Cation Exchange Capacity for Sr
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Hb. Lvl, BMORERD S, BLEHPORENCs B LU P SriciZBRM & <,
TEXTH 5,

Cs #% % (g/cm*day)




344

COEREITES CHD, RREBOMETZIEC/ORIKSRITR, MR RERIC,
7o, Xgladr s & ol I nmEE, NEXEICEHORERT 5o

e % X ik
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M—2 72uy7=sMA8YDRERIC
B35 (7, n) RIbD(LFHE

HEEHEA L mEEL - s - EaE
6 15—

The chemical 'beha§ior of hot atoms produced by (r, n)i reaction§ was
studied in the mixed crystals. of cobalt- phthalocyanine Iand copper
phthalocyanine. The initial retentions of *Co and *Cu  increase - with
increasing mole fraction of copper phthalocyanine.

The relation between initial retention and mole fraction of  copper
phthalocyanine is linear in ¢ —mixed crystals. When mole  fraction of
copper phthalocyanine is extrapolated to zero, the initial retention of **Co
accords with that of *Cu. In o-—mixed crystals, the initial retention for

(7, n) reaction is lower than that for (n,r ) reaction and the initial

retention curves are parallel to each other.

o -

§$1. #

InFTO 740y 7= LAYORBRCEBI S5y T L 2O REEGOHRER (n,7)
Rt RCTIbh T&lk, LHLEMNS, (n, 7 ) RSO TREEEEZBEVT 2IC
BRAND O, MOBKKISPKEZICHESDRODOE TR T ILENH 5. 40, HKFEF
RstElic L 0, FILK¥EFHEBEENERROET ) =7 v 7 2RAT28L2218/207T, (7,0)
BB 2Ry P 7T b oD RBERES 2R Uice BRICANIREZ, & (n, 7) UK
OEBICERA Lizarsvirygny 7= (CoPc ) El7a2nv 7= (CuPc) DaEsk
UBBRTHS. CORBICENT, (7, n) KIBTELS ®Co & ™Cu 0@l 7 v

* Chemical Effects of (7, n) Reactions in the Mixed Crystals of
Phthalocyanine Compounds.
T BT - &M R
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2V (Ry) KOWTHRIL, (n 7 ) RIETELS"Cod ™Cu DRBAH & D ILE, B

%TT’J o

§2 £ B

SHOBRRI, (n, 1) KEOERICAVLLD ERLLOAEZOE S EA LI, AL
F b BICKHE L7z CoPc & CuPc D&, TERMT O BEHMEAT % 1T - T i % ik &
Lt MENIEE L7 CoPck CuPc 0@ k%, 55 LoBHIICRA Lk, BRI
AL T e L, KBKICENTHER U, CORSE%E 110CT1 BER L Ta ERmM
SR E L, X OICE%, 300°C TI3MAIMNEA LT A RBARK & Lic, BEOKEEICOVT
2, X G KB TR Lo

(7, n)RIBICIZ, BTV =72 h50H6MVOET R, A% ¥/ -2 —ICL DT
A B  EH L TH s KEREBTR Y 4 — 7=k FICEDBEL, X5ICHEER
KHE K54 T4 RTHILT, BARAROMT=—1 v 7Bk Uice RATRRIZK 4 FRET
B0, FHEKTICOERR TR I00A, SEEETIZ 220t ARETH -7,

JABEENE IR S L TR 0o b & RRBETE B LKA IR IR, WK LICHE X,
Kt 72ay=7 Y ALEHOmBAEREN L oo Tl o MG RENEICI233nl £ 721368nl
D Ge ( Li ) Bkt & 4096 F + ¥ VBT BE Az, *Coid ™ CupBERIC,
$EH Nal (T1) B8 & 400 F + ¥ 2 V& S8 TRIE Lo 8Col2 810keV O 7 #%,
% Cutd 511 keV D 7 85 TR R L, |

§3. BREEER

A FRED (7, n) EOHKRERE 1 RICRTED TH S, *Cod Ryl CuPc DENVSY
BoRTE Ebich L, #ic® Cud Ryid CoPc @ EAREDHMN( CuPcd ELIFHEDH
L) EEBICHD Uize BEP TR, ®*CoDRyB¥Cun Ry £V HEL 5T B, TODR,
LEANROBFRIT, ABRETE—KRTHD, LrdbCuPcDENVFEELDICAET L &,
B Cod ¥ Cun Ry 2i—Fd b, CHODOFRR, (n, 7)) KEDEAED®Co & * CuDKBEE
B EEROHATS 5.

FRR&ED (7, n) FEOKRRE LMICRTBEY TH 5o * Co, *CuPRETNS
CuPcoELSEDMME &b i, 2 RBRETS, CuPc®ENVHEE L DICHE
T2, %Co&CudRyE—HT %,
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Cr,n) RIBO#ERE (n,7) RIGORKRERETE E, ROXHI1C E 00D 50 7272 L(0,7)
RIGDOXEBE T, JRR-2DKFXEEZANT, F54 74 RBET, 30 Bl sh T 55T
2T 5. BIMBaBERICETZ%Cot PCoD Ry ZHE LI bDTH 3. BCoDR,HIZ

* (¥,n) /O

[o2]
T
1
(o]
1
o
il
o
O\
O,

Initial retention
) ~
N T
%\\O c

02 0% 06 08 10
' Mole fraction of CuPc :

% 1K [Initial retentions of *Co and *Cu in «-mixed crystals.

%
(T,n) ' /
QO— 58Co °
15F N / P
c -0- Cu : /:/ :
.0
E ./
S10r /O |
e 0
'-.—g o/
Est o——@
.‘w / .
o0
1 1 1 1
0 0.2 0.4 06 0.8 1.0

Mole fraction of CuPc

# 2K Initial retentions of ®Co and *Cu in f-mixed crystals.
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MoomENEDBIEL, Lib ®Co&®Co d Ry DEMMBTFATTH BT LHb15o 8Co ® Ry
ML &R, (T, n)ﬁbﬁ@ﬁbfﬁﬂ%liwﬁ?—i)ik%b\f:btcﬂ%ﬁbijﬁ%<, & & o RBKAT
Bt E o THEAT 2EEMSNEVnD, TR (T, n) BUGODF s TR IVEF —HBRE N
BB FORGBAEL, BREEGEEOHEMNS I Sttt EEZ BNB, (T, MRGE
(n,7)DRIED Ry DEBATITICE » 2 € &1F, WRIBICED 3 Ry ABROBEMSYUTHNET L

AERLTOBSDEEL SN D,

%

8 L
C
o6
=
e
24
5 oo
£ ) /O/

O
-0- 60Co
(] 1 1 1
0 0.2 " 04 0.6 0.8 10

Mole fraction of CuPc

# 3K Initial retentions of ®*Co and ®Co in a-mixed = crystals.

#wANBa BRERCBNT, (71, n) BIETHE L7 %Cus (n, 7)) BUBTHE LE*CudR,
AT WDk y b7 ADEAICS (1, n) BIBDITH R MEL, MBED R, DELERZIEE
AT > TN Be COBARICHEINNVPOF Y T FALREOBIRNTE 3 EEZ 515
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]
m I
4 -
u |
_— : °
T ) o °
L a2k
}’g -m- 63Cu(n, r)SLCu
St 1 -
-0- 65(Zu(l,n)sl’Cu
1 1 1 1
0 0.2 0.4 0.6 08 1.0

Mole fraciion of CuPc

%4 Initial retentions of ®*Cu in «- mixed crystals.

|EMICIR BIRBRICEITB%Co &°Co DRoETRTo LIERBDEEITE R DHlERITF
itz 59, CuPc® ENBEMSETICONT (7, n) BIEE (n,7 ) KIGD R DEHN

§<f£’)f< 50

°lo

—
($))
1

—
<

Initial retention

1
0 02 0% 06 08 70
Mole fraction of CuPc

@5 Initial retentions of *Co and “Co in g-mixed crystals.
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WEMICIE AERICENT, (7, n) BUE & (n,7)RIBETELZMCUDRERT

lo
15 -m- 63Cu(n, I)SI'Cu ' /./
_a_ 65 64 ° 4 I
S [ ) CU( U,n) Cu | -/.
%m_ ////// ////
=2 °
s 5F ./
ng—8—e
.’/
1 1 1 1
0.2 0.4 0.6 0.8 10

Mole fraction of CuPc
6K Initial retentions of $Cu in f-mixed crystals.

CuPc d EVBFRONEVRETE, (7, 1) BIED Ry DL DR, ENVDROR SRS
TR (7, n) USEO Res ( 0, 7T WIHEDEL O b &L BB b b, COT LR, f
JCEREN—ROCEHT == ) YT EZFPTNEND T EDEDIC, 4E D BB R D
BORBBRKENTD, FIATARTHALLIC 20 OLT, AT =—) Y7k &ETL
F oM EARLTNEEEZ OGNS,

o PIBEROERERLS, MUBEHOFy T Tk CuPcoerTBoRKEWIESR
THT=— ) Y /EZEIPTNCE, BLU BCok Db HUCun FHiT =~ Y/ EZFD
TN EDBDD B, BCoL DY Cun HMmT7=—) YKL B ) F VY a vOBMMBAE
NWZEER ERFOMIAITH S, COTEDS, RyZRETHINEEAT =— ) ¥ 7RI
ZOMBERICTEODEEL SN S,

REBRECTHOCHIOMEE SMBELE > e AL RZEELIGINEREET, \AKRBD%

%, SREZHERICEES oBmEET,

e~ % X ik

1) O.Kujirai and N. Ikeda : Radiochem.Radioanal. Letters 15 (1973) 67
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M—3 AREEEKED (7, n) RIis®y F7 F & b
DHR#EEIT L B

SRAEEH  RELE - REHEE
M — - FRER

§1. #
TR ETRFFERHCEL-> TR DOEBESBEOEEE&E LAY ( Phthalocyanine,,

T

acetylacetone, dipivaloylmethane #(k)® (n, 7 ) RIG®D & D E#E + v TR ok
EAUERERICL > THEEToTH D, BDZMAEE TR, | A LB EF
54 F 0 7105 OHBHHBIMIC & > TH BB, dipivaloylmethanate ( 51T dpm
R I, M(dpm),) @ (7, n) KIS, FRICVOEDTLHEEDINVDFy b7 LR
ERERICE > THEL, EREEOBEHEICONTRD 3 SERT Lics, Blichy b
T PARISICK 2BMEEICEET L8 7 v MULAYOBHITORBRAEBETFHRETAF v D
BEICOVTHE T %2, B2 ICKIGDENPEENRICL ZEHEDROERFEE LT, B
FHRI4F v 7 ICLBBEDOEEICODVTIHFERT 5, 8 3 IALESEERICE D 5 2 BIRIE
K > THERBRED Y 7 vy a VEBET EHEI DDV TORNTH 2, SS5ICEBD
BRashR A RIS OHEICD0T, " Yb (dpm ), (EBHEE 18%, 22%) AV THEN
oo HECOWRIE, 484 49467 DERICH AT Yb,0,% 40~ 100mgBE L, 2%
L Tm 2B 4 A4 v ih 5 ATHET 5 EAFT - 7245, TOIVE RO & B
ERBEELEDT, ZOMBEENHEE LTOFy b7 b LRFABEEAT 2RSS 2 5
ED D DEBHEE LTIT - DTH B,

§2. =7y MLEH (YD (dpm), ) DEBHICKBAIE

& =4y FRUTFOERICE DT TmoOBMASEICT~T Yb(dpm s 2 ML,
Yb (dpm)si2Yb,05 /0 & AR AT HENEE T - 72 b DM 1005 2 70 S FHIC <
BAMUBIMER (R TFLYF 2T ELBEEE) CANTHEAOEE (F1R) T
E?ﬁ(ﬁﬁﬁ@?ﬁ‘ikﬁ%@)&i%kf4ﬂ"yﬁfﬁotoE?@ﬁ%ﬁﬁﬂﬁﬁ
THi-7co 743y 7BATIRI 23— 2EFRIBREBRLOKS, ~—7 74 MURHZE
$¢(9mx6mx3&mﬁﬁ%ﬂlﬂkﬁéN,E—A%:ﬂ—@Cuﬁ(~3%m)&&%K
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FS4T74AZBMELIBRTT -7

4 1% The irradiation conditions of Yb (dpm ), in the different

radiation field.

Radiation field Thermal neutron flux | gamma-ray dose rate
é n 4f- sec roentgen /h
cTO KUR (pn-2) 2.75 x10" 1.2x108
REA! R RIKKYO
* (RSR) 49 x10" 1.4x10°
TOHOKU =10®
LINAC 45, 60 MeV
Sk

* Irradiation was performed at reactor temperature.

*x at dryice temperature.

el k T xuE—12, 45MeV F70id 60 MeV T, ¥FH e — L& 120~ 1804 ATH
2 (LUTFOMEIE T TN EBBEDEMHITTIT 5 720) o RA & © O BRI 24 R 15 1)
D%, K10mgAbFAFICT, T IRER(£—1) bic, FE%, HERERBEICION
180°C, #1072 torr. T 2BHSEER fod 71k, M RYIEE & FEEME T 72 TN S REARR
%' Yb (4.2day ) DEEAE D, Yb DEHMERAK (61H) & LbICUHEKRR TS RSRT
6ERIBH L-e 20, Ge (Li)—4KPHA Tr 27 b vERELT, " YbOARKE
Ol SRR O E AR M Ui,

Th S DRERIMHHERNICTT 2 Yb (dpm ) 10m4 0 O Ybeg & & LTH 1 RIC

Altc, COEDETH-74F 57
& SRR MMICH - S REO M § T ]
U I v L

3 = ) B |
45 MeV o Ba % RBY (Mha TRT) 2 0min
TR, F34T742BR(ATRT) & F ,s,i;:.//' . E
D HHEIREDE CEHDD - To 60 - T e
MeV 0 B4 12X Eic i3 7R S sa psksE o - LL/‘;’L// )
BT AE S O FERERIN LS 45 MeV % — S Tew—
EDOPRORENT EDBDE ST, 881X The decomposition of Yb(dpm),

during irradiation
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§3 Yb(dpm) DBHFHDETODKRY b7 FLMREIVCRESBEPOHE

3.1 Yb (dpm),0BHIC & 3 EMEERMDR

Yb ( dpm )3 DRESHC L D KT 5 EDRMERIRICOVT, BKRIEDENIC & 5 EBETIH
ﬁ%ﬁ?@%i@?4fvﬁ%%KwaiﬁﬁﬁbtoE?@ﬁ%wiééﬁ&EQE%%
SV TIRT TICHE Ly
F4Fy VBEICEIVERT 2EKSEKEE LT Tm b 208, 202" Yb (7, n)
107 Y BCREIT T 1c & AT B0 Lo L' Yb (2 RGTAAEEE 45 0. 13 % & 15 TIE <
WYbDAERBOD IO, BYDb D 18 BB LT 22 BEHERAIAKE RN TOEREUTO
KT -7,
' Yb ( dpm Js DAL 18 %' Yb, 03 DBHICDONTE 2KICTT

% DL FEET o ¢ZTLlaldYbic
2%OHELRAKTHS Preparation of ’68Yb-dipivaloylmethenat¢

HBATZD dpm SER D ZEEEHMBES , 47 "%8vb,04(18.5%) 30mg (8%Ybabelled)
+ LaCly7H.0 287m ’
Y= k257 4 —ICL D Yb ( dpm )y stk &5 32 g
8) (—concAHNO3
ENMT R ENHETTEE2D, LEOD : dry to little moist
. |€—50%EtOH 2m!

'EYb AR AROEEE LTRM L, & Stirring Le —ppum 059

€—0.378 m! NaOHsoln.

NI 1 13 19Yb O AR (NaOH 2.4g/50°%EtOH 50ml)
B 73 6 DIC FER R DK T BE o35t naor o
( BRI FIOER CHIEERLEOT, T Cmaer edoted preolume. i ation
S — 10
T YO MELEL T S, ) LOKRD, } Cr;zi:ln’ie‘i;mp"';‘x
deposit
fBEZ 8 YD ( dpm Js (22% ) %910 mg % 60 Vacuum Sublimation
) . 180°C, ~10°3torr. , 2hr.
MeV, 1704 F54 74 2 BETHESE, &
_ . residue \J
2 RIRA ESBMATEOTr 227 P VEIESE o
(<1°%Yb) La(dpm)3,Yb(dpm)3

fT-7 (> 99% Yb)

‘ 64.6mg'GBVb(dpm)3. (Yield 60%)

% 2K The preparation of ‘®*Yb(dpm),

and its purification.
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L, REHOr 27 bR IRIC, T i Yb-169
o peak B 5 OFFRERER 2 RICTT o 'q 1' Tm-167
CCT® YbRET 57 v s YD </ ulk Yb 10 Il ” '(\, / P Yb-175
ZhEbL, ™ Yb BEHICE > TE LD | é I\ \ \
THb, INED'PYb DY) 7V a VERS 10 ‘ l‘ !.r\
%TH BT, TTm o TOIE 635 % 20' Sublimate J \ R
3

F0)F Yy VEIRK65%ED,YD 10
ICHE L Th s 0K <, BRI 125 TH -7 I

N
10F \I J ,ﬂ\ r
(2% The distribution of radioacti- i S e | ‘ ' /J\n
vities between sublimate and 10+ " Residue e o ’ \
residue from the irradiated o
. . . [ - 1 1 1
1%8Yh (dpm)s 100 200 300 400
: ~ kev
peak counts /10min |activity ratio #3K The gamma-ray spectrum
Tm—167 | Yb—169 | Tm,/Yb of residue and sublimate,
(208kev) | (198kev) target ;'*Yb (dpm), 22%, 10mg
Sublimate 85361 | 10438:122| 0.0817:0.0059 irradiation conditions ; 60 MeV,
Residue  1537+47 568+35 2.71%0.19

’ i : 170 min, dryice temperature.
radiochemical yield (%)

643+29 | 516032

3.2. ¥Tmyv>v 3 EADTYbOE.C.EEHROSE
BYhk D Tmo) v57 vy a VEOEVWEHEREL TYYb 0E. C.HBEBSEZSNEDT
CRAERDD BERET 10 '

& =4y MICIRED'® Yb (dpm)s 18 %DHD A, BE& 10mg% M7z, 'YbR17.7 53 &
BB HIE o> O TR E 20 53 ( 60 MeV, F5474ZREE) TV, AREs~RA
CHRELTY, BRIYDABESHTHOHFELTE - 10 WERERE, REHDOT X
7 MVEZRENRIRD, V7 vy ME, BREEHERDT, BRIERZAOHME L HIC,
WIRICRT, ABBED Y Tmo) 7y a YEBKBKEL, COXINRY TV
YMED#RE, C HMEOHEATE LTV 2, SHRHERIIZAERTIREOHWBAATA,
B REITHEDHIIELICAED NP 5T
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$83%& The experiments with their results to examine the EC decay effects.

Yb(lGB)(dpm)3 (v, n)Yb—]67LC>Tm-167. Results
10 mgx2 17.7min. . . .
Retention Enrichment
Irradiation Storage Measurement | value % | factor
60MeV brems. -
| 574018 | 355.0F
‘ £ | pftzminl Brelies | 3224103
(10min)  E
] 682+ 49 | 4571142
gl| |@t29Zmin)l 64,97 | 4762152
(20 min) ’;Ei
(262min) 2| |(at352min)| 425286 | 348275
2B
n
~ .
117 7min. 3:3
b ([ Tappedwitn i (at1177min.)| 441282 | 343:37
s | 260°C X Yb-167 (0.511MeV)
L tube) 10 torr others: Tm-167 (0208 MeV)

3.3 #ER#EHRORHICLIHR

REIC L 2EREBEOBEDERE LT, LilbhbhidEASEOBHICLE )TV a
VEDEFODEEH - 720 COTEECETIEYbE Sc OBARIKICDOVT, BFF, 5
4% 9 7 REICBD THERE Lice 2h2&FCDIHIBHRCHBETICLELT, &
AEEDOBEDFEPRE LRHOEF B EEZDP X HEIC OV THEHNT,
EAOERDOAMIB L ICARL, REEM LA Yb (dpm), & Sc( dpm ), %, EH1 -
2, 2 1HBLSKRAL, ChE—E~vE  ICERRBULS (F45 ¥ 7FieTn
ﬁ)bf%koﬁ%mﬁ%ﬁﬁxvi4f77Tlﬁﬁﬁokﬁ,E%ﬁuiﬁkﬁ%ﬂmb,
54+ 57 TiA60MeV, F34 T4 RBETOREET -7, BHEBEO(LEIBICIIFERE
ZEAL, BELAEHOr A7 PVERELT, V7 vy s VEERER U, THABR
ZENBERTR, Yb:Sc=1:2 &R UMBOBKICONT, NV €V EmE, Bl
BIRAIC & > CHE LA ARKE RS L, 55 20SVICRIBOMKOE D Yh 1 Sc=
2:1050PYb DHDO D bREBICBHEL . ’

%7:Yb ( dpm), & Sc ( dpm ), 25~ iICBE L, RE®RRE UMRICIE 2 &5 ICEBRPES L
BRI OV THRE Lic, ¢ OBEORM R NTUHRRFF T3 HMTE, S
HBICAESHEATY, BE, REHYDOr X7 PVERELTY F VY a3 YEEAKRD R,
%w®%%®%%ﬁﬁ4m,0§®%@®%%H%5EK%¢0%4@@BMYb(@m%
DHTRY 7YY a YEREFFELTE 54 F 97 OTHOBHOBEAS 80~90 BEH1D
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B, Sc (dpm ) DIEMEEBICY F vy a YER T T0b, ZOMTIERYbKE
PESTH, KEWLGHERS SN ST 74 F v 7 RHOBAE, C, & TE LA Tm
IKOWVTIR, COBEBEREMAKERKD YbTHE7cw, ' Tm OEKEE CFHEIGRENZ <,
XLz siznnicd g, Se(dpm), BAICELD VT Yy a MEMETTHC LA
ED o

Composite complex:(Yb+ Sc)(dpm)3

O Yb-169
B Yb7s - Reactor neutron Linac brems.
irradiation ir{adia)tion
. T ¥.n
Yb-168 100 (n,7) 100 :
o) 2 2 o
Yb-167 ° r : — LA
JEcs § | it i ®o
17.7m. > ' & .
AaTmi67 § | o} -
g.2td < ;6 .
e r : . ™ '
(] . . !
o] o 50 :

Atomic ratio Sc V2 21 Yb  Sc V2

R
<
o

¥ 4 The variation of retention values in the irradiation of composite

complex; (Yb+Sc)(dpm)s,

%o
100 [
175y
e 46
target irradiation sublimation Sc

oth 4x10™" 107*175°C 90
3h 30min. S
O Ybldpm)y | | g
Oisc +2Yb)(dpm)3 @
O(Yb+2Scldpm)yp——f> &

homogeneous

O 2Sc(dpm)y l
+Yb(dpm)y -7 70~
mechanical mixing

@ Ybldpm)y 2 e///+
2Scldpm)s 60 ]
Sc +/ Yb
100% 100%
atomic ratio

©
S
|
——-800

5K The variation of retention values in different conditions for

target preparation and sublimated samples.
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Sc (dpm); DIRMHARICEZ )T vy a VEEMEZOEOBESKORIHEICLOELAD
FUCERINBZ L OD 5L, THROLE—RBATRELLLDON—FY) 7o 3 VELE
18D, DXCHEBBHMES L TRHELALbDERD, BELTLOBBHNES LZbDD Y T
Y a VEBTOHRIL, ULhrdnSidA% Yh(dpm), MO DX DIENY 7 s
YEERLTO B, COLIBREEAE LTRBHAPBIURETOASICL D, KBKAER L7
B Yo LABEOLD LD ORBEIIES 503 dpm B & ODRIOBFRARIENSED, 20
HBOPHEXHICLIOEBEBINEIDTHAH NI T EBTREING,

3.4 MBFFGOEBEYbE HRELEEKRLOTRED

RIOERBKERORRT 2 AHET 2D OEDL I NERET- 72,

YbCly« 6H, 0 2 AEBEICHALTOE0 MeV 54 F » 7 T6REMBHLT, ' Tm , '®Yb
THERIEIbDE20m s D, ZHdELa (dpm), 100mg( Yb: La o = lhic LTl :
3)&EE[DOSHITL JhTHMWICEART 2. TNEBEERN2200T545, 254, 454,
603 &L DEDEIC—EREFRET 2, AEORBRTOBEEDO r 227 + VAEBLIUNal(T])
TOEBHEFHET 5. COBRIVAERL KD,

BOXNORERIL, KEEGFELAEELLU

BERO'T Tm /1®Yb i, BEICH L OR 571 59y
) :———00————0——-——0-
LicbDTH 5. HELORBICLDIBY L
J -y L.
O30 HMBEDRETL 5~ nEnEYD 32 E;.‘Hi;;;ﬁ?y
(dpm), $£0° Tm (dpm), #4930 Bl 5 2|
. . ot e = o——o— —©
RELTO S, FUDLMNIHRIESHEEE £ & 4
zZ E Comparison of o
BRHEANOBATLROTREC DD 9 :f/ | sublimed radicactivity
. o I~
ot TNSRBZ L MADERSESKDE S
[S SN .
AbE-~TNBELEARERLTV S, T/%°YD
I T Y T Y O A |

LT TMOKRIEEAEELLTONRENDT, 0 60  120min.
Duration of Sublimation

RFEED1 2585 Tm & Yb TlRCZD LD - o T L

% 6X The exchange reaction induced

NRBMTUSPREFRBEICITEAEEDRLNT & by heating during sublimation.
materials;YbCly 6 H:O 20mg(005m
BOP -T2 COT LIRS 2D YhICk mole), La (dpm), 100g (0.15m mole).

sublimation conditions; = 107*

LT Tm OR#EHRIZE. C. HEORRIC torr. , 220°C.

FELUTHETLEBZTLNTEETRT,
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4. BR¥E'CYDb (dpm); D BHEHR

PlEofERES &1 Yb (dpm), OREHIC & ' Tm D RIERHRZ T~

g—ty b & LTHMO YD (dpm), D134, *¥Yb (dpm), & Sc(dpm), & 1 : 2Dl
CHE—ICRE L b 0D, THERHICRE LcbDERAT, 108 ®Ybdpm) DA% RE L

<# Sc(dpm); Z EHEBICEE LEb DI DT REERLZTOEE L, RAII60MeVT

AF 92T, F53A4T4RBECHHLTH170~355 FET - 7o REKRA20MH F74T

4 ZBRETHRE LRI DO TRERIRZT S0 Z D5 107 torr, 180°C, 2~3K T H 3

ZOBBELIRENDT 227 FVERIELTY 7V Y a ViEBLCRBEHREZ KD BB Ui,

WABCTED TRLEBRICEIDDEDC EDDOD B, ¥ Yb(dpm); DA TRY T V¥ a3 ¥
BB L 23B%T, BHEGRIBHBEEOEMNICLDDLEND S, ChidBZ 5 RaH

ORRICEEBDTHA D,

@ 4% The results of irradiation of 1%8Yb(dpm); at the various conditions.

*rradiation was performed at dryice temperature and beam energy

max. 60MeV.
Target Irradiation Retention Enrichment
time (min) | value (%) | factor

168Yb (dpm)s enrichment

22% 170 35.7 = 1.6 125 £ 1.0

18% 238 35570 514 £0.71
(*8Yb +2Sc) (dpm)s
e homogeneous mixture 35.9+4.0 3.96 £ 0.41
o mecanical mixture 355 | 41.6+37 | 305+ 0.34
168 Yh (dpm); (irradiated ) +2Sc(dpm),
e mechanical mixture 41.8 + 2.0 8.28 £0.58
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Sc(dpm); ZMA 726D T3, H—EBEEVOHBEENEEGUL VEEILV, $/-chd
DY TFvya YEREMRI®Yb(dpm); BHOBHE EH T 0 EMIEL - ERRKIT LAKL
Woteht, TREBZORHEBHIN2HBELRNCEICBLZDIES D, DX I BER,
Sc(dpm), DEINC X 2% RIZH F D15V, BHIC Sc(dpm); ZHEHSRMUIZS DT 1 Tm
DIRFEREBSKI 2T s e C LIRBKRBH B, 3B 5 RERDFRSRIGH, ZE
BEMDAE Sc(dpm); DEHEICE DIRIEEINLEEZ OGNS,

§5. & -2

VUEDERZ, “'TmDdy b 7 2 BB 2FA LBEE2 BHIC, 20 30O (L¥ERI%HE
Z, BHOLRy T P LEERFOLELLVANALBFLTEHLEDTH B,
FBIOMBERE LTEREDMOMBHILEVO GBS 3, CNFBHBICEY 2B EH
PERHRIC & O B S N A BB ERIEOREDERICEZbDTH B, bbILZMRESN T
LEPICOVCTRESHEREZIT - 1208, COIVRELLARS2HHBHE L, RETIYE
2HLEDHTHETBEABIE L, 2 TR, REHNR, FEDDBRIGIC L KHEIE
Ghd s REEBIN LTI 20RO S5, LIBYBCAVAEIRERDZE L
TOE0, ZNOEFBEADBRICIDELLIODRETHE, BEFFELLEITAF v 70R
HGTORBOKRIR, BEUOKRBLELOICOHEEBEOHEMMNS 22 L2RL TV S, BFFE L
AT OEECBOT, VTN ERTER RS 20 C TRECEEBICELEST BT 4
RABREEROHICEBLTEELTCH S, 74 F v 7 TOKRERD, BRHESARLBURE (&=
KT FT A T4 RBH) KE0# Cu DERBSEE b & 1c SR L, Bk 2HEE~1F
R/h&EE o7co BIRICA B EDIC, 7THEERKIR'h THANBEARETHF LD A+ 2
REOHMBABEERIREOBZNEFERESTEDE L, L LT7THREEKI®R/h tRAEED
KUR M& & Di3/h &0, Chi3EFFRS T 7 SRR HE URE TS BT 2 0o B
MBICL DX SICHEB MO BEBFBRICKELS TS T 21D THA D $HTFAF 92 TF
TATARBH ZEREEE T BICL D ZRVICHE LRI NIRIEBTBICKELFTELT 3
TEEbnb, T ULBEDIRICET 2 BHMLENERL, - tHMTBHAEICE
DIEENBENETHY, chRLUROFIFRFETS 2, T2k 7 b a2RIBICET 2 KBk
HERGEREORMBETH 2, BHICET 3 REEKBRFOMBI & » RGO A 8RR DIRODT,
ZNDHRSF N T vy a Vid~0BICECETH 5. LU 321D~ KERD K R AR
igﬁm,Yb;bébkab,m?b&%m9%7737@u%~%%&$ﬁw%v0cn
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Fh oy b7 LD TR FE - REOKRKBRICET ARG OAENES R, & RED
@%&M@%%%%E?N%C&uﬁwewﬁ%%oﬁ%ﬁ?@%XGm%ﬂwﬁm,ﬁﬁQ
¥tk E LTORBICLIOREI NG, CARUAIOR L X 57 8 ¥4 + vk Th
(acac)® % Zr (acac) P IC DV TOEBRTIR Y 7 v ¥ a VEKNL%, 0BELBENDICHL,Yb
(dpm); £ DO+ dpm #EEK SV D Y 7 v v 5 VEISBI~VBEFN T EBENLDS & b Hs
ZBo LT TRITREDENDIZNICEAF acac & dpm DZE L 2 EADEREHD LD
HREEZ ON D, BBREL dpm ROV TE B A RDORT L D IKKRIGEDENICKE AR
HEEEZBBOCEQIEBRBTNEC LT, BEBOBHROAMBEL 5N B, 2D F Sc(dpm),
DM R, BRI Y 7 v a VEMES & Y DLENIEHED®, 3405 dpm sk
ZSCMEDERLPLTVCEETO TV ECERZRET S, COLIRARIBIIBHPTS
HC2ELEHBUBESROERPOODD DL IICHENTOHRL » T 2, BWEBHAFEPORIG
T2 TR, BEHRESHICOVTHA5NEDT, COIVWEEHEOE I TCOREEL TR
BZIWK K —EACE DIEM U RETRIESEATONEEEZEIOND, COZLIIEERD
HWERPOLWHOHLTH o COLINARIGBROEEIRAFER T BET T REMICIZRA
LEBIBIN, Kk y b —VETFTVD LS BRTHEMRETH 2P RAEDIVD LI
ERBERMRETH 20D ECTENRCEEIONS, SORODXKMBELNRZORISAFy
FHHOSVICERT 2 TmORN Y T Y Y a YETHE, Yo, Tm DIFEAEF LWL
FZHRHEPOTNE LOBBHNER T TR YT Yy a YEREBREBLIKEE EEZL SN,
COCERBEMICARTERERL OO DD E, LT AN TmH Yb & DA0%BH BN F
Vv VEERTDE, W Tm s WYb ORBKE RICZ T, &5 D®IC B BHME (E.
CHICKEFEREREL ERES THEPFTREBR T - LREB LT 220, £2E&KELT
DEASRIEHREEG SHSENC DI AR 2D EBRT NETH S D BBEBDOER
D % Yh (dpm)s DB T Sc(dpm)s #RIN41355 SPBRFOHRENLS L NEDERIZEMT
NabDEEZOSND, THLAECHEHEDHRIY, BREEOHRNERUS T HR B TE
5L EIEEBERY FT P LHBROVESDRITH A S, LML &3 Ybldpm)s DET
FRHDEOCAERT 2 Yb D#BMHMERAED ) 7 v v VEDEEC SRR ITh SphZ
o COINEFEREEDS  Yb & MY BNECKERK L ~LvEEL, PYbiz+ 5 L
FURLBHEILOECIBRBROENKE L DE LTERI N, CNHDT ERF
EOMELHALTCRBINAERTNERETH I, S ORBRSBEOEELGHA &£
NOXVBOSNIMREOERICKDFLVANESEON 2D LW/ N, X HICHIESE
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DECOFERE, FEMRELICZORMPBEKROFLORIT L LIC, ChoRAHROR
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BBICAFRICOVT, L EKEBENOERICEBV T, SRKOMBABSTICHAR N
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D
2)
3)
4)
5)
6)
7
8)
D

10)
1)
12)
13)
14)

e % X R

. Endo and M. Sakanoue : Radiochem Radioanal Letters, 9 (1972) 255.
. Kawazu and M. Sakanoue : ibid, 16 (1974) 363.
. Kawazu and M. Sakanoue : ibid, 16 (1974) 373.

K

H

H

R. Amano and M. Sakanoue : ibid, 16 (1974) 381

R. Amano and M. Sakanoue : ibid, 19 (1974) 197.

R. Amano, H. Nio and M. Sakanoue : ibid, 23 (1975) 63.

Y. Shirota, M. Sakanoue : ibid, to be published.

RERE, BEER. R EERF  FITORHEFHRIBHEESSER2 B 2.

RERY, HREE, RA¥RE, REES :
FIBEIB A LFHRLFBHEEEELLQ 16.

RMPEE, K EFRE  BOEMSLEIREBHESEL2M 15

WA, W, R, AR ZEFRA®RS 7 (1974) 204

ZH, Am, @A, A& - ibid., 8 (1974) 193.

fmige ¢ ibid, 5 (1972) 133.

L. Katz, A. G. W. Cameron : Canad, Jour Phys, 29>(1951) 518.



362 BRI RS Vol.8 MNo2 Dec. 1975

IMT—4 The Yields of Photonuclear Reactions for
Multielement Photon—Activation Analysis

BEHAEFE o 2 ;|
BEMMAFE # K &
EFRHE B B £ KT
MEHAE B K B B

A comprehensive study on the yields of photonuclear reac-
tions of various types has been performed, and sensitivities
and the effects of interferences in multielement photon-activa-
tion analysis have been evaluated by bremsstrahlung activation
of many elements with maximum energies ranging from 30 to 60
MeV. The applicability and reliability of the method were
demonstrated by analyzing standard round-robin samples and
then by presentiﬁg the elemental abundances in several geologi-
cal and biological materials. The method was almost insensitive
to matrix effects and was assessed to be promising for non-
destructive multielement determination of the materials of wide
variety, giving good reproducible results for 20 or more

elements.

*1 Toyoaki Kato: Department of Chemistry, Faculty of Science,
Tohoku University. » ‘ '

*2 Kazuyoshi Masumoto: Department of Chemistry, Faculty of
Science, Tohoku University.

*3 Nobuyoshi Sato: College of General Education, Iwate
University, Morioka. . ’

*4 Nobuo Suzuki: Department of Chemistry, Faculty of Science,
Tohoku University.
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§ 1. Introduction

In view of the increasing concern regarding trace element
material balances in environment, much effort has so far been
paid to develop improved techniques for the measurement of
concentrations of many elements in a complex multielement
material. Because of its high sensitivity and the multi-
element capability, instrumental neutron activation analysis
has successfully been applied for this purpose, but this
‘method is plagued with very high induced activities from
abundant elements or trace species with high neutron capture
cross sections, and is not capable of analyzing all of the
elements of interest. Similar advantages are offered also by
the photon and particle excited X-ray fluorescence techniques,
which are of particular significance in analysis of environ—

. 1,2
mental materials.”?

This method is, however, subject often to
suffer from potential matrix effects for which careful correc—
tion or standardization will be necessary.

An alternative nuclear method which can meet various re-
Quiremenfs of the problem is photon-activation analysis. A
substantial feature offered by this method has been summarized
by several reviews) " and the reports concerning the application
of instrumental photon-activation technique to the analysis of
geological’,”biological”'?and environmental materials®'”have
also been published previously. Most of these work involved
the use of electron energies below 45 MeV. The success of
the method appeared strongly to depend on the energy-dependent
photonuclear cross section for the reaction, the photon flux
and the duration of exposure. In multielement analysis of a
~complex material by nondestructive means, however, the inter-
element interference problems should also be taken into

account. Thus, studies on the reaction yields given at an
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electron energy and their dependences on excitation energies
should provide useful information in designing multielement
photon activation procedure with high-energy bremsstrahlung.

A considerable amount of work of this sort with 30 MeV brems-
strahlung has previously been presented along with the sensi-
tivity data derived from irradiations of each pure element

from carbon to bismuth.” The photon-activation method has

also been applied to the multielement determinations in several
silicate rocks™”and biological materials.”

This paper deals with further study on the yields of photo-
nuclear reactions, mainly with 60 MeV bremsstrahlung, using a
linear electron accelerator of Tohoku University. The relative
probability of forming a nuclide from various target elements
was discussed from standpoints of sensitivity and interference
in multielement photon-activation analysis. TFinally, the pro-
cedure with 30 MeV bremsstrahlung was applied to the multiel-
ment determination in various specimens involving geological
and biological materials. From the data thus obtained,
apnlicability, reliability and versatility of the method were

discussed.

§ 2. Experimental

2.1 Sample materials

For the determination .of individual reaction yields,

samples were prepared from either pure elements or simple
compounds from beryllium to .bismuth. The metallic samples
were small discs 6 mm in diameter with a thickness of about
0.1 mm. The pdwdered samples were individually wrapped in
small pieces of aluminum foil and made into small discs 6 mm
in diameter with thickness less than 2 mm. In order to monitor

the bremsstrahlung flux, accurately weighed discs of copper,
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0.1 mm thick, were placed on the front and back of each sample
and irradiated together with the sample. The *Cu activities
produced by the ®Cu(y,n)®Cu processes were used for compari-
sons. A mean specific activity was used to determine the dose
rate of bremsstrahlung to which the sample was exposed. The
samples and copper monitors were encapsulated into a silica
tube and this unit was placed in a water-cooled sample holder
on the bremsstrahlung beam axis directly behind the photon-
producing converter for irradiation.

Several of the intercomparison standard materials were
used to check the accuracy and precision of the method. They
were the USGS G-1 granite, GSJ JB-1 basalt and NBS SRM-1571
Orchard Leaves. The JB-1 and Orchard Leaves were also used
as the multielement comparative standards in the later real
analyses. Comparative standards used for round-robin materials
were the synthetic multielement discs or pellets which were
prepared by adding known amounts of trace elements (up to 33)
to the matrices of similar compositions and were made into
discs or pellets with the same size as the sample to be
analyzed. The detail involving elemental composition and
preparation of the standards for geological materials was
essentially the same as described in our previous reports.”'”
Cellulose powder was used as a matrix material for Orchard
Leaves, and, after mixing with the elements of interest, each
1 g portions of these mixtures were compressed into cylindri-
cal pellets with a diameter of 13 mm.

Samples subjected to real analysis in this work were
Bruderheim meteorite, Indochinite tektite and several brands
of cigarette tobaccos. The meteorite and tektite were finely
powdered in an agate mortar, each wrapped in a small pieces

of aluminum foil and then made into discs with a diameter of
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9 mm and about 4 mm high. The cigarette samples were taken
from commercial cigarette packets available on the open

markets. The wrapping paper and filters were rejected, and
the tobaccos were individually powdered in an agate mortar.
They were dried at 90°C for 24 h as recommended by NBS for

'’ Portions each weighing 1 g were pelletized

Orchard Leaves.'?
for irradiation. In all cases, the sample and the comparative
‘standards were stacked in a silica tube so that the standards
were placed on the front and back of the sample for simulta-

neous irradiation.

2.2 Irradiation

A linear electron accelerator of Tohoku University was the
bremsstrahlung source. All irradiations were performed with
the high-current accelerating section of the machine, which
provided a high-intensity electron current, the peak current
being at least 100 mA, with energies up to 75 MeV. The pulse
repetition rate was mostly 200 pps with a pulse width of 3
nwsec. The electrons were made to impinge on a 3-mm thick
platinum target located 3 cm from the beam exit window. The
average beam current was measured at the converter using a
current monitor, and found, for typical operating conditions,
to be 70 - 100 and 150 - 200 pA at 30 and 60 MeV, respectively.
The tube containing the samples was aligned along the beam
axis with the front face of the tube. Further detail involving
the operation characteristics and the target-sample configu-
ration used for activation was reported earlier.” In order
to prevent chemical decomposition of organic materials during
irradiation, these samples were positioned far from the con-
verter. Under the typical irradiation conditions with a 70 pA

beam (on the average) of 30 MeV electrons, no significant
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damage was observed for a period of up to 2 h at 10 cm, or up
to 6 h at 15 cm, downstream from the converter. Irradiations

lasted 1 - 6 h.

2.3 Radioactivity measurement _

The counting equipment consisted of a lithium-drifted
germanium detector with a sensitive volume of 33 cm®, ORTEC
Model 8101-0525, and its associated electronics coupled to a
4096-channel pulse-height analyzer made by Toshiba Electric Co.
Ltd., Japan. The counting system had a resolution of 2.4 keV
for the 1332 keV gamma-line of ®Co. Additionally, a 68-cnf
Ge(Li) detector, Camberra Model 7200-7600-1423, coupled to a
4096-channel pulse-height analyzer was also used. In the case
of a sample in an aluminum wrapper, the wrapping foil was re-
jected and the content was again wrapped in aluminum foil for
gamma-céunting. Counting has been made consecutively for in-
creasing intervals over a period of one month or longer. To
absorb positrons from a number of positron emitting nuclides,
if needed, lucite plates with proper thickness were placed on
the front and back of the sample to be measured. Characteri-
zation of gamma-rays was obtained from a knowledge of the
gamma-ray spectra gained by irradiating pure elements and
nuclear data listed in the Table of Isotopesfw In obtaining
full-energy peak areas, total peak counts were computed and
background contributions were subtracted, assuming linear
variation of background over the peak of interest. Decay
curve analyses were made to check for interferences. To the
initial decay rates of the various products, normalizations

were applied for dose rate and sample weight.

2.4 Yield determination

A yield was defined as the rate of production of a nuclide
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due to a certain photonuclear reaction in dps at the end of
irradiation of one mole of a parent nucleus. This was con-
verted to the cbrresponding saturation rate. With 30 MeV
bremsstrahlung, the dose rate was determined in the same manner
as reported earlier;ﬂ and the yield was expressed in the form
of dps/mole *R. In obtaining the yield values at much higher
excitation energies, those values for both the ®Cu(y,n) *Cu and
the 2C(y,n)!C reactions were calculated as functions of brems-
strahlung maximum energy by using the tables of the brems-

0)

strahlung spectrum for a thin platinum radiator,;” energy flux

required to produce unit roentgen vs. the photon energy,” and

o . . N . 2
excitation functions for the above reactions-

2% por instance,
the yield values used as reference at 60 MeV were 2.99 x 10°/
mole*R for the ®Cu(y,n)®Cu reaction and 1.00 x 10° /mole*R for
the 2¢(y,n)"C reaction. In a typical operating condition at
60 MeV, a dose rate of 1.37 x 10" R/min was obtained at the
sample position. This dose rate corresponds to about three
times higher than that obtained at 30 MeV. In some cases,

proper wet-chemical steps were introduced to separate much lower

activities of interest from an irradiated sample.

2.5 Abundance determination

The concentrations of each element in 12 samples subjected
to analyses were calculated by means of the comparative method.
A mean specific activity in terms of the peak areas for any
specified gamma-rays from the comparative standards on both
sides was used for calculating the abundance of an element in
question. In order to provide information on the reproducibility
of the method, analyses were performed in duplicate for each of

the sample materials.
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§ 3. Results and discussion

3.1 Reaction yield

Yields of various photonuclear reactions determined with
60 MeV bremsstrahlung were plotted against the atomic number
of the elements as shown in Fig. 1. Figure 1 covers the yields
of the reactions of the types (y,n), (y,2n), (y,3n), (y,4n),
(v,p), (v,2p), (v,pn), (v,x) and (y,un). In many cases, a
radioactive end-product 108

can be formed through

T 'Allllll

several different
reaction paths in an 107

irradiated element. The

T Illnll

main reaction path was
P . 108
assumed by considering 0
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target nuclides of neutron or
ung, anomalously small proton magic



370

yield values were obtained for the reactions on parent nuclides
with magic neutron or proton numbérs. The yields of metastable
state isomers having the large spin differences from the target
nuclei are also low in general. The yield of a reaction with
the emission of more than one neutron or one proton appears to
be strongly energy-dependent. As seen in Fig. 1, the yields
for the (y,xn) reactions appear likely to show almost an order
of magnitude decrease with each unit increasing in x. The
(y,5n) reactions could occur even with 60 MeV bremsstrahlung

in certain heavier elements e. g. bismuth. The marked en-
hancements of the yield values were also recognized for the
(y,pn) and (y,xn) reactions which would involve the direct
emissions of mére energetic photoprotons or photo-alpha
particles. For several lighter elements, the (y,2p) reaction
products were measured. Besides the reactions discussed above,
several of the other complex reactions with the emission of
more particles, up to 9, were observed. The yields for the
reactions of such types are, however, very small, and usually
found to be less than 10° /mole*R. These reactions are
generally of little practical use, but may cause severe inter-

ference problems in multielement photon-activation analysis.

3. 2 Sensitivity and interference
Since a yield of photonuclear reaction is strongly energy-
dependent, much higher sensitivity can be expected with much
higher electron energy. With our accelerator, it can be im-
proved by a factor of 3 for many elements. In nondestructive
multielement analysis, however, severe interference problems
have often be accompanied with higher electron energies. In

9,10,14)

our previous work, therefore, an electron energy of 30 MeV

was selected. In Table I, the elements .determinable by
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Tablel Pertinent nuclear data and detectability of the products

Element Process Prodyct Half life 7 ray used Other 7 - rays Su?tab]e decay Practical detection limit*
nuclide for de.ter» observed* time for
mination, A measurement  JB-1, Orchard Air filter
keV Leaves, sample,
»g ng ng/m
As (r,n) ™As 17.9d 596 634, 1204 10 — 15d - 0.3 0.4
Ba +(2’, n) '¥MBa  28.7h 268 1— 2d 37 - —
r, m
Br (r, 2n) "Br 57h 521 239, 297, 579 2— 3d - 36 120
Ca (r,p) *®K 22.4h 374} 219, 394, 593, 1 - 2d 123 140 85
Ca (r,p) *K 22.4h 617 990. 1021, 1—- 2d 200 190 110
1524 (%K)
Ca (r.,n) “Ca 4.53d 1298 160 (*'Sc), 488 10 — 15d 470 130 140
808 )
Ce (r.n) B°Ce 1404 166 30 — 40d 1.0 - 0.5
Cl (r,n) ¥™Cl  320m 2130 2280(DE), 30 — 60m - 200 90
2793(SE), 3320
Co (r,n) 3Co 71.3d 811 30 — 40d 2.1 - 0.6
Cr (r,n) ®Cr 27.8d 319 10 — 15d 13 - 3.6
Fe (r,p) S*Mn 2.576h 847 1811, 2110 2 - 5h 400 170 85
1 (r,n) '] 13d 667 386 . 10 — 15d - 0.7 0.5
K (r,n) K 7.71m 2170 10 = 30m 130 2400 280-
Mg (r,p) *Na 15.0h 1368 1732(DE), ’ 1 - 2d 37 41 13
2243(SE), 2754
Mn (r,n) *Mn 303d 835 - >10d 5.2 2.5 2.5
Na (r,n) %Na 2.60y 1275 1786 (sum) >10d 82 6.9 31
Nb (r,n) *™Nb 10.16d 934 10 — 15d 0.5 - -
Ni (r,n) °'Ni 36.0h 1378 1757, 1918 1— 2d 19 11 2.9
Pb (r,n) #Pb  52h 279 401 1—- 2d - 7.5 12
Rb (r,n) *Rb 33.0d 881 1076, 1897 10 — 15d 2.6 0.9 0.6
Sb (r,n) '¥8p 2.80d 564 1171 (**°mSp) 1- 2d - 0.4 L1
Sr (r,n) ®mSr 2.83h 388 2 — 5h 3.9 0.5 0.04
Ti (r,p) *Sc 3.43d 160 © 2— 5h 3.8 - 5.6
Ti (r,p) *Sc 1.83d 1314 983, 1040 1— 2d 130 - 72
Y (r,n) ®Y 108d 1836 898 >10d 1.0 - 0.3
Zn (r,p) Cu  59h 185 93.3,1115(%Zn) 2— 3d - 18 20
Zr (r,n) ®Zr 784h 910 10 — 15d 1.1 0.1 1.4

*  See the text for definition.
**  SE and DE designate single and double escape peaks, respectively.

multielement photon-activation analysis are given together
with phe pertinent nuclear data, suitable decay times for
measurements and practical detection limits. It is difficult
to define the detection limits uniquely, since they strongly
depend on the experimental conditions and the matrix nature.

In this work, three different standard matrices were selected
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and the estimation of the detection limits was based on the
spectral data of these samples. They were measured at the
time intervals shown in Table I and were calculated under the
criterion in order to validate the peaks. They were the
amounts of the elements to give a full-energy peak area which
corresponded to three-sigmas of the area under the peak of
interest, assuming 30 MeV bremsstrahlung activation for
periods of 5 h for JB-1, 2 h for Orchard Leaves and 6 h for
air-filter sample, 500 mg of JB-1, 1 g of Orchard Leaves and
500 m® of urban air, and detection with a 33;cm3 Ge(Li)
detector. The air-filter sample used for the present sensi-
tivity estimation was the same sample subjected to analysis in
our previous work.” TIn selecting gamma-rays to be used for
determinations, those of intense and free from spectral
interferences were given prior consideration. The other
peaks from same element, where available, were used for con-
firmations. For several elements, such as calcium and tita-
nium, it was possible to select more than one gamma-ray to
obtain precise abundance data. The spectral overlapping
problems, where occurred, could normally be resolved by decay
analyses. In certain instances, its contribution was calcula-
ted and subtracted from the photopeak under consideration.
Some comments on these problems will be given later.

When the simultaneous determination of the elements in
Table I are undertaken, a number of competing reactions can
also take place, and, even in the energy region of 30 MeV
bremsstrahlung, some of these contributions are serious de-
pending on the matrix nature of the sample. These problems
are demonstrated in Table II in which major competing reactions
yielding the nuclides identical to those used for abundance

determinations are listed. Degrees of their contributions were
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Element

o be Nuclide Major competing —-Q, Effect of
determined measured reaction MeV interference *

As "As %Se (7, pn)"As 19.72 } Se,As =55x102
"Se (71, p2n)™As 27.14

Ba 133mRBg 1974 (7, d2n)ismBa 29.08 N D #*
MCe (7, an) 1%mBy 11.06 ND **

Br ""Br BKr (7, p)7Br 8.25 —

Ca BK %5Sc (7, 2p) 8K 19.06 ScCa=17.2x 10
®Ti (r, 3p) 8K 29.41 ND**

Ca 17Ca YT (1, 2p) ¥Ca 20.77 N D #*

Ce 139Ce MPr (7, pn) 139Ce 14.34 N D#*

Cl 34m(] ¥K (7, an)¥mCl 20.00 K Cl =39x 10!

Co 58Co ONi (7, pn)58Co 20.02 Ni/Co =17.2x10!

Cr s1Cr Fe (7, an)®Cr 19.74 Fe Cr =1.6x10*

Fe 56 Mn %Co (7, 2pn) % Mn 28.12 N D**
SMn (n, 7)%Mn - Mn Fe = 2.8

I 126 128Xe (7, pn) 1261 17.32 —
129%e (7, p2n) 28] 24.22 —

K 8K “Ca (7, pn)3K 21.42 Ca/K=4.9

Mg 24Na 2Al (7, *He)%Na 23.72 } Al Mg = 2.1 x 10
Z7Al (n, a) 2¢Na —

Mn 54\Mn %Fe (7, pn)5%Mn 20.48 Fe Mn = 1.2 x 10?

Na 22Na 24Mg (7, pn) 2Na 24.11 Mg, Na=17.7x 10}

' ZAl (7, an) %Na 22.51 Al /Na =13 x 10°

Nb 92m N “Mo (7, pn) 2mNb 17.46 Mo, Nb=17x 103
®Mo (7, p2n) ¥™Nb 24.60

Ni 57Ni None

pb 203 ph None

Rb 84RDb 8Sr (1, pn) #Rb 20.06 Sr/Rb = 1.1x 10*

Sh 122Gh 23Te (1, p)'%Shb 8.14 } Te, Sb=24x 10°
124Te (7, pn) 1%2Sb 17.56

Sr 81mSr 8Y (7, pn) ¥ ™Sr 19.01 Y/ Sr =59 x 10?
27r (7, an)8mGr 14.89 } N D**
©Zr (7, 2pn)¥mSr 27.32.

Ti 7S¢ SV (7, a)¥Sc 10.26 V/Ti = 2.4x 10!
®Ca (r,n; f7)¥Sc 8.11 Ca,/Ti=6.8x 10*

(after 136 h)

Ti 8Sc SV (7, 3He) *Sc 22.62 } V/Ti =17x 10*
V(7 pd) 85S¢ 28.10

Y 88y OZr (7, pn) &Y 20.20 Zr/Y=43x 10°
BNb (7, qn) Y 13.76 ND **

Zn 87Cu nGa (1, @) %Cu 5.14 Ca,/Zn= 15x 10*

Zn 657Zn None

Zr 87r “Mo (7, an) ¥Zr 14.04 Mo, Zr = 2.3x 10*
2Mo (7, 2pn) ¥Zr 24.70 }

* See the text for definition.

** Not detected.
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also determined experimentally by irradiating each pure element
with 30 MeV bremsstrahlung. These effects of interferences
are given in the last column in Table II. They were expressed
as a ratio of the weights of the elements to produce same
amounts of the nuclide under consideration. In some cases,
neutron-induced reactions other than the photonuclear pro-
cesses are the major source of interferences. These inter-
ferernces will be considered in detail in the later real
analyses.

For nickel and lead, competing reactions can not occur
energetically with 30 MeV bremsstrahlung aétivation. The
©7n activity is also free from competing reactions, but the
1115 keV peak of ®Zn overlaps with nearby 1121 keV peak of
#6ge from titanium. Hence, the interference-free zinc analysis
using ®Zn can be performed only for a sample of low titanium

content like biological materials.

3.3 Multielement determination
3.3. 1 Geological materials. In this work, the applicability
and reliability of the method in this application with 30 MeV
bremsstrahlung were demonstrated by analyzing 4 kinds of geo-
logical materials of different rock types, USGS G-1 granite,
GSJ JB-1 basalt, Bruderheim meteorite and Indochinite tektite.
The results obtained are shown in Table III. The analyses

were made in duplicate and the results for the standard rocks

are the averages with deviations from these values. The
average relative deviation for all of the elements determined
here based on duplicate samples was + 4%. In comparing our
results for G-1 and JB-1 rocks with those reported by
Fleischer® for the G-1 rock and by Ando et al’® for the JB-1

rock, the average of the ranges between them was 8%. Repro-
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Table 1 Elémental abundances of geological materials

Major USGS G—1 rock GSJ] JB—1 rock

constlotuent, - Recommended o . - — Bruderheim  Indochinite |

% This work*! Value * This work*! Literature** meteorite**  tektite**

Ca0O 1.24 =0.07 1.39 9.35%0.27 9.24 L77, 190 198 207
Fe,O, 1.83 =0.05 1.94 8.74+0.04 8.96 33.7, 336 5.19, 5.32

(Total Fe as )
MgO 0.41 +0.02 0.38 7.96x0.08 7.74 15.7, 16.2 2.06, 2.14
MnO 0.034+0.002 0.03 0.14+0.01 0.15 0.314, 0.295 0.093,0.094
Na,O 3.35 £0.02 3.32 2.73+%0.01 280 109, 109 132 136
TiO. 0.26 +0.01 0. 26 1.21x0.01 1.34 0.1, 012 0.82 0.83
Trace

element, ppm ) )
Ba 1050+ 5 1200 534+ 50 490 345,319 413,440
Ce 207+6 170 70+ 2 67.3 1.2,3.8 88, 89
Cr ND 22 424+ 10 405 3050,3545 84, 72
Co 2.5+0.1 2.4 - 42+ 1 39.1 748,731 12, 16
Ni ND 1-2 129 11 135 14800, 14400 30, 33
Nb 18+ 1 20 15+ 1 21 L5,1.1 11, 1
Rb 2037 220 46+ 2 41.2 L7,1.7 124,123
Sr 271+ 6 250 448+ 1 435.2 9.2,7.1 132,130

Y 15+ 1 13 27+ 1 25.5 3.5,36 3.5,3.6

Zr 209+ 2 210 144+ 3 153 6.9,6.3 333,336

#1 Average of duplicate analyses, Range is the deviation from the mean.

* 2 M. Fleischer (1969).

*3 A. Ando et al, (1974) . Consensus averages,

% 4 Results of duplicate analyses.

ducible results were also obtained for 16 elements in Bruder-
heim and tektite. The elemental abundances in Bruderheim
determined by this method are found to be quite similar to
those for olivine-hypersthene meteorités reported by Green-
land and Lovering.”) The results for the tektite are also com-
petible with the general composition of similar materials.”®
Trace amounts of niobium in geological materials can success-
fully be determined by measuring the 934 keV peak of “™Nb,

but the spectral overlapping with the 934 keV peak of **Mn
produced by the reaction®Fe(y,pn) *Mn required the correction
for this contribution. This contribution could be estimated
and subtracted from combined photopeak by using the 1432 keV
peak of *Mn. It turned out to be 50% for Bruderheim meteorite
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with very high iron content.

Calcium results in Table III are the average values ob-
tained for each of the 374, 617 and 1298 keV peaks. The values
.obtained from these three different peaks fell within the range
from the mean of =+ 2% for all of the samples studied. For
titanium, both the 160 keV peak of ““Sc and the 1314 keV peak of
®Sc were used for quantitations, and the results were given as
the average of the values from these two peaks. For most of
the geological materials, major interference problems due to
competing reactions are the *Fe(y,pn) *Mn contribution to the
total **Mn activity in the manganese determination and the “Al
(n,x)*Na contribution to the total *Na activity in the magnesium
determination. The *Mn activity due to the *Mn(y,n) *Mn reac-
tion for a given sample was calculated as reported earlier.”

A correction of 45% was required for the Bruderheim meteorite,
which had the highest iron-to-manganese ratio among the rocks
studied. The effects of interferences due to the “Al(n,x) *Na
reaction were corrected by using the value in Table II and the
literature values for aluminum. A correction of 14.7% was
required for G-1 rock which had the highest aluminum-to-magne-
sium ratio. Interferences from the sources other than the
above were also considered and found to be negligible in all

of the materials.

3..3,2 Biological wmaterials. The NBS SRM-1571 Orchard Leaf
sample was used to check the accuracy and precision of the
method. This standard material was also used as the compara-
tive standard for analysis of tobaccos. The results of ele-
mental abundances in all of the materials studied are given
in Table [V. Calcium results are the average values obtained

for each of the 374, 617 and 1298 keV.peaks. As seen in
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Table IV Elemental abundances of biological materials

Element NBS SRM— Orchard Leaves Cigarette tobacco**

ppm unless 1571, Imported Japanese

indicated This work™ NBS* Brand A Brand B Brand C Brand D
As 11£1 11+ 2 0.9, 10 0.8 09 0.4, 0.4 0.6, 0.6
Ca, % 1.97+0.05 2.09+ 0.03 2.41, 2.41 3.60, 3.52 2.23, 2.15 2.71, 2.59
Cl,% 0.072+0.014 (0.07) 0.57, 0.58 0.47, 0.44 1.05 1.13 1.45, 1.43
Fe 332+ 84 300+ 20 466,446 851,806 330, 350 540, 500
K, % 1.45+0.08 1.47+0.03 4.86, 4.92 2.89, 2.87 3.25 3.33 4.04, 3.97
Mg, % 0.615= 0:007 0.62+0. 02 0.483,0.482  0.546,0.553  0.458,0.444 0.545,0.539
Mn 95+ 4 91+ 4 176, 178 134,150 166, 163 227,216
Na 87+ 11 82+ 6 295, 283 119, 202 212, 207 251, 257
Rb 13+ 1 12+ 1 14,14 15,18 20, 19 30, 30
Sb 3.3+0.2 3.0%2 <~ 0.4 < 0.4 <. 0.4 0.6, 0.5
Sr 37x1 (37) 55,52 81, 81 84, 80 106, 102
Zn 27+ 3 25+ 3 32,34 26, 30 96, 130 16, 21

* 1 Average of duplicate analyses, Error limits are standard deviations based on
counting statistics of sample and standards.

* 2 Certified values, Values in parentheses are NBS noncertified values.

*3 G. H. Morrison, N. M. Potter, Anal_ Chem., 44 (1972) 839.

*4 Results of duplicate analyses, '

Table IV, reproducibility of the method was again satisfacto-
rily good. Our values in Orchard Leaves are also quite com-
petible with the NBS certified values.” When the values from
duplicate analyses were averaged and compared with those
certified by NBS, the relative deviations from the means based
on 9 elements were within 11%. VWhen considering the low
aluminum—to—magnesiumvratios in ordinary plant materials, the
“A1(n,x)*Na interference does not cause a serious problem,
normally less than 0.1%. As to the *Fe(y,pn)*Mn interference
in the manganese analysis, a correction of 3.4% was required
for Orchard Leaves. The elements determined here include
essential minor elements such as Ca, Cl, K, Na and Mg, essen-
tial trace elements such as Fe, Mn and Zn, and possibly toxic
elements such as As and Sb. This method appears likely to
provide aqcurate and precise results for Rb and Sr in bio-
logical materials. As seen in the analytical results for
cigarette tobaccos, there are considerable variations of the

concentrations of the elements from one brand to another.
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Since minor elements are usually in a highly mobile form,
their levels would depend on differences in growing conditions
and on different sources including the soil, fertilizers and
agricultural sprays. The levels could also have varied by

handling processes in the cigarette manufacture.

§ 4. Conclusion

Because of the multielement capability and reasonable
sensitivity and reliability, photon-activation analysis can be
applied to the multielement determination in materials of a
broader range as a useful complement to other analytical
method. The amount of activation, or sensitivity, is very
dependent on electron energy, but the interference problems
become serious under such conditions. The yield data for
various photonuclear reactions presented in this work should,
therefore, be valuable in estimating the relative probability
of forming a nuclide of interest from adjacent elements in
the periodic table. Of the elements determinable by this
method, Pb, Y and Zr are the elements to which the instru-
mental thermal-neutron activation analysis can hardly be
applied. Because of a number of elements to be determined,
the use of a multielement material with the similar nature
of the matrix and the elemental abundances is desired as the
comparative standard. The JB-1 basalt and Orchard Leaves can
be used better as the comparative standards than the synthetic
materials in multielement photon-activation analysis of geo-

logical and biological materials, respectively.

The authors would like to express their appreciation to
members of linac machine and radioisotope groups at the In-
stitute of Nuclear Science, Tohoku University, for their kind

cooperation with the irradiations.
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II—6 Diffusion of *Mg in Aluminum*

TEBEEIR BEIE 8 - FEE

§ 1. Introduction

The impurity diffusion in Al has attracted attention of
many workers, because such an investigation gives fundamental
information to clarify the interaction of vacancies with
impurities and the effect of impurities or alloying elements
on many important phenomena, such as precipitation, recrystal-
lization and grain boundary migration, in Al alloys.

Investigation fo the impurity diffusion of Mg in Al by
means of the radiocactive tracer of Mg is interesting from the
following aspects. (1)Mg is one of the most important alloying
~elements in commercial Al alloys. The diffusion data are
useful to analyse the fundamental behaviors of Mg in Al
alloys. There are many investigations regarding the inter-
diffusion of Al-Mg system, but the results differs signifi-
cantly among workers. (2)Recently, several theoretical works have
been carried out for the impurity diffusion of Mg in Al by
using the pseudopotential methods. It is interesting to make
a comparison between the experimental results and theoretical
results obtained by using the pseudopotential methods or Le

Claire theory. (3)The study of the impurity diffusion of Mg

* A preliminary result was published in Reference (2).
*+ Shinichiro Fujikawa and Ken-ichi Hirano:; Department of
Materials Science, Faculty of Engineering, Tohoku University,

Sendai, Japan
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in Al can pro#ide useful informations +to decide whether the
Mg atom-vacancy binding energy is small (< 0.01 eV) or large
(>0.2 eV). No data have not been available.for the diffusion
of Mg in Al when the present work has been started. Recently,
Rothman et al.” have measured the impurity diffusion coeffici-
ents of Mg using *Mg produced by *Mg (t,p)*Mg reaction.

In the present work, the impurity diffusion coefficient of
Mg in Al in the temperature range between 325° and 650°C were
determined using carrier-free **Mg prepared by means of *Si
(v, 2p)*Mg reaction’” The results are discussed in view of

the above mentioned aspects.

§ 2. Experimental procedures
2.1 The preparation of carrier-free *Mg

Fine powder to highly pure Si metal (purity: more than
99.999%) was used as the targét and 1.2 g Si was sealed in a
quartz tube 10 mm in diameter.

The irradiations were carried out by using the bremsstrahlung
of the Tohoku University 300 MeV Electron Linear Accelerator.
The Linac was opérated at electron energies of 60 MeV for T~
40 hours. The pulse width of the electron beam was 3.0 usec,
and the:repetition rate was 300 pulses per sec. The sample
tube was placed horizontally on the -axis of the electron beam
in close contact with the back of a platinum converter 2 mm
thick and cooled by running tap water. At the converter
position, the collimated electron beam had a diameter of about
5 mm. The beam intensity was kept constant throughout the
irradiation by means of a feed-back loop involving a core
monitor. The intehéity in the average beam current at 60 MeV

was 220 pA.
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The chemical separation procedures for carrier-free ®*Mg
and the nuclide indentification were already described in the

2—4
otherwhere.”

2.2 Diffusion experiment

Highly pure Al rods” (purity: more than 99.999%) were
machined to prepare specimens in the form of a column 13 mm in
diameter and 13 mm in height. The specimens were annealed in
a high vacuum furnace at 600 °C for 1 month and then furnace-
cooled. The resultant specimens contained only two or three
grains per section. One face of each specimen was carefully
ground with Si carbide paper, then polishing by buffing. To
remove Al oxide layer, the specimens were electropolished in
a solution of ethylalcohol and perchloric acid. *Mg in the
form of chloride was dried on the flat surface of specimens.
Then, a small amount of methylalcohol was added to the solution
containing ?Mg to avoid inhomogeneous distribution of *Mg on |
the surface. The metallic tracer was produced by the reaction
of the chloride with Al in the very early stage of diffusion
annealing. The specimens were then annealed for diffusion in
a silica tube containing about 200 mm Hg purified helium.
Annealing temperature for the diffusion of ®Mg varied in the
temperature range between 325° and 650°C. The diffusion an-
nealing was carried out in a resistance furnace controlled
to+x1 C. Annealing time was made as long as possible.

After the diffusion annealing, the cylindrical surface
and the bottom of the specimen was reduced by a depth of about .

1 mm using a precision lathe. This procedure eliminated the

% prepared from 99.99% Al by repettion ( 10 pass ) of zone

-refining .
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possible effects of surface diffusion and vaporization of *Mg
from the deposited layer. Each specimen was analysed by the
residual-activity technique where thin layers from the speci-
men surface were removed successively by grinding them parallel
to a flat surface. To count the total residual-activity on the
surface of the specimens after each grinding, a well-type Nal
(T1) scintillation counter and 400-channel pulse-height analyser
were used. The channel width of the latter was adjusted to
count the y-radiation of energys 0.942 and 1.34 MeV. The thick-
ness of the layer removed was measured by the weight loss method
using Shimazu microbalance with the precision of £0.005 mg.

The solution of Fick’s second equation for a very thin
radioactive layer at the end of a sufficiently long rod, analysed
by the residual-activity technique® is given by

dl,

aX = k. c(Xy)

YR
= k. exp(=X72/4Dt), (1)

where p is the linear absorption coefficient of the y-radiation
of #Mg in Al in cm’, [, is the surface activity in counts per
unit time after a thickness X,(em) is removed, k,+k;, is constant
and c(X,) is the radiocactive concentration at a distance X, from
the original surface. D is the diffusion coefficient in em?®/
sec, and ¢ is annealing time in sec. For the obtained diffusi-
vity, correction of the thermal expansion of pure Al was carried
out. The mean value p° is 0.157 cm™ for the energy of the y-

radiation used in the present investigation.

§ 3. Results
Fig. 1 and Fig. 2 shows the penetration plots of In(p/n-
Zéﬁ) vs. X2 for the diffusion of Mg in Al in the temperature

range between 350° and 650°C. Within experimental error, a



good linear relationship is
obtained. Usually, the pene-
tration curve consists of
three regions; namely, the
regién I (near—surface
region with steep slope),

the region IT (situated
between the region I and the
region III) and the region
ITII (region penetrated

deeper with gentle slope).
The region I on the pene-
tration plot is nearly
absent in the whole tem-
perature range. On the

other hand, the region III

is observed in the present
work, when the sectioning

is carried out to a suf-
ficient depth. In Fig. 1

and Fig. 2, only the region
IT is shown. Generally,
the diffusion coefficient
obtained from the region
II corresponds to true
volume (lattice) diffu-
sivities. Therefore, in

the present work diffu-
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range 350° and 475 °C.

sivities were determined only from the region II using eqn.(1l).

The diffusivities determined in such a way are listed in Table

I. TFig. 3 shows the temperature dependence of diffusivities
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compared with other works. Table I Diffusivity of Mg in Al
The values obtained by
Temperature Time
Takada and Moreau ef af . °C) (10*sec ) (cm®/sec)
in Fig. 3 are the inter- 650 305 210%x10°8
diffusion coefficients (D) 650 3.05 1.60x107®
extrapolated to infinites— 650 2.34 1.84x107°
imal Mo concenbrabi 640 3.65 1.89x1078
i ncen ion.
mat Mg concentration 630 5.06 1.87x1078
The diffusivities of Mg in 630 468 L79%x10°8
Al obtained by present 615 3.60 9.32x107°
-9
work does not agree with 615 3.60 8.09x10
599 811 6.23x107°
those by Rothman et a/ ., 599 8 11 6.43x10°
especially, at higher tem- 576 12. 60 4.84x107°
peratures. In the whole 525 8 51 1.85x107°
8.51 2.14x107°
temperature range of the 525 o
500 23.69 1.13%X10
present investigation, the 500 23 52 L 09X1049
temperature dependence of 475 12.55 6.69x1071°
-10
the diffusivity could be 450 12.59 8.36x10
indicabed b . 425 30. 59 1.75x107"°
indicated by a single 400 31.45 1.08x107 1
straight line. The least- 375. 40.39 3.93x10° 1
squares values for the tem- 350 45.88 118x10""
-11
perature dependence of the 30 45.88 1.09><10~!2
325 41.08 5.57x10
diffusivity is given by
+0.01
Dgnl :<0.0623_8O1 (2)2>exp{—( 27.5 +0.28) kcal/mol/RT} cm®/sec. (2)
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Fig.3. Temperature dependence
of the diffusivities of *Mg in
Al, along with the interdiffu-

sion coefficients.

§ 4 Disussion
4.1 Comparison of present results with those of other workers
Table IT summarizes values of the pre—exponential factor
(D,) and activation energy (Q) for the diffusion of Mg in Al,
obtained by the present work along with the values of the
self-diffusivity and the diffusivity of Mg and other in Al by
the previous investigators. It is noted that our values of D,

and @ for the diffusion of Mg in Al are rather smaller than
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Table M Diffusion parameters for the diffusion. of in Al, Mg, Zn,Cd and Al

Diffusion D Q Temp. range
atom ( cmz}sec ) ( keal /mol ) °C) Worker
+0.0126
0.0623 27.5 +0.28 325 — 650 Present work
~0.0103
+0.23 :
Mg 1.24 . 31.15+ 0.28 394 — 655 Rothman et '
-0.21 ,
1* 31.0 =1.2% 250 — 440 Moreau et al®
0.1% 29,0 * 395 — 425 Takada"
+0.047 .
Zn 0.177 28.0+ 0.3 165 — 645 Fujikawa e as”
~0.037
Cd 104 29.7+0.26 441634 Alexander o a'”
2.25 34.6 400 610 Beyeler et al '
Al ,
0.045 29.3+0.23 250 — 648 Sun, Seeger'?

% calculated from temperature dependence of the interdiffusion coefficients at the

infinitesimal Mg concentration.

those of Rothman e¢f «/., but nearly equal to those of Takada.

As shown in Fig. 3, the straight line calculated by the least

squares method fitted the values of D of Moreau et al . Using
their values above 350 °C, bo and é are calculated as follows:
Eo = 0.0728 cm? /sec and @ = 27.6 kecal/mol. - The values are in

good agreement with D, and @ of present work.

Here, we discuss causes why the present results and those
of Rothman ¢t /.’ differ from each other. The following dif-
ferences can be found in the diffusion condition and analytical
method of the two investigators. (1)The diffusion annealing
in Rothman ¢/ a/.’ work took place under high vacuum. Their
penetration plots show an evaporation region over deeper range
from the flat surface, namely, about 70 pum at 394°C and about
220 um atl 655°C. On the other hand, in the present work,- the
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diffusion annealing took place under helium atmosphere and
evaporation of Mg from diffusion layer has not been observed.
(2) The annealing in the present work is longer about one
‘order than in Rothman ef a/.’ work. (3) ®Mg used in the
present work is carrier-free. On the other hand, the specific
activity of **Mg used in Rothman ef /.’ work is not high. (4)
The range of diffusion temperature in the present work is
wider than in Rothman e¢¢ a/.’ work. Rothman ef a/. calculated
the values of D from the deeper region than an evaporation
region. Judging from the shorter annealing time, they probably
determined diffusivity from the region considerably affected by
the region ITI. It seems that the true region II, corresponding
to only volume diffusion is included in the diffusion distance
nearly equal to an evaporation‘region. In the present work,
the specimens are diffused sufficiently and diffusivities have
been determined from the region IT. Taking the above described
differences of both investigators into account, it may be con-
cluded that the values of diffusivities, D, and @ obtained in
the present work are more reasonable than those of Rothman e
al.

Tig. 4 shows the temperature debendencevof the diffusivities
of A1, Cd, Mg and Zn in Al in the temperature range above
about 300°C. Fach straight line in Fig. 4 is drawn for the
respective temperature range of experiment. The diffusivities
of Mg in Al are larger than the self-diffusion of Al, but rather
smaller than the diffusivity of Cd and Zn in Al. TFrom the re-
sults shown in Fig. 4 and Table II, it can be said that though
Cd, Mg and Zn have the same valence, the diffusion rate of the
three elements in Al differs a little from each other and

correlates the sequence of atomic number.
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1077 600 500 400 . 300(°C
E | | | 3
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A
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1000/ T(°K)

Fig.4. Comparison of the diffu-
sivities of Mg in Al with those
of Cd, Zn and Al in the same host

metale.

4.2 Application of the electrostatic theory to the diffusion of Mg
in Al, and Mg atom—vacancy binding energy
Here, we have calculated the screening potential about a
Mg atom in a dilute Al-Mg alloy by a semiempirical method
where the partial wave phase shifts are obtained from impurity
resistivity per atomic percentage of the impurity in alloy and
evaluated the difference in activation energy (4€) between the

impurity diffusion and self-diffusion of Al by Le Claire’
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theory.'¥ Moreover, the result was compared with the experi-
mental results.
The screening potential'” of Friedel type used in the

present work is given by
de  cos(2Kpr r+ D)
4 Ky r?
where V(r) is the electrostatic potential at a distance (7)

Vir) =

{3)

from the impurity atom and Ky is fhe Fermi wave number for
the solvent, « is constant and @ is a phase angle. They are

connected with the phase shifts by the following equations,

} (4)

where 7, (Er) is the phase shift corresponding to the / th

@ cos ® =+ % (~1)' (20+1) sin27, (Ey)
/=0

@ sin® = 5 (-1’ (2/+1) sin®7, (B

partial wave evaluated at the Fermi surface. The impurity
resistivity per atomic percentage of a Mg atom in a dilute Al

-Mg alloy is given by

do = (TAeZ Q (5)

where 7 is Planck constant, ¢ is atomic fraction of Mg solute,
Zs is the valence of Al and @ 1is the total scattering croés

section of a Mg atom for electrons at the Fermi surface of Al.
e can be related to the phase shifts of the / th partial wave

( %) in the following.

:%Elsin“%_fﬁﬂ ’ ' (6)

The 7, is required to satisfy the Friedel sum rule

4z :%;( 20+1)7, (Ee) (7)
where 47 is the valence difference between Mg and Al, viz. in
units of Jle| .

Blatt'” has made the suggestion that if the impurity causes
a significant lattice dilation (positive or negative), the

Friedel sum rule should be modified by replacing 47 in eqn.
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(7) by 4Zes in the following.
3, 0a

7Te @
where y: is given in terms of Poisson’s ratio o by yz =3(1-0)/

< Zy ' (8)

AdZest =47 —

(1+0), (8a/a) is the fractional change of the lattice constant
per atomic fraction of the solute, and Z, is the charge of the
solvent. As it has been generally shown that in the calcula-
tion of « and ® for the non-transition impurities only 7, and
7, are the most significant, we ignored 7, (/>1). dZes , 7o »
7,, o and ® are calculated by inserting following reliable
values in the egs. (3), (4), (5), (6), (7) and (8): ¢'%=0.349
(at 297°K), (%)-(%%)”)= + 0.0937 per atomic fraction of Mg in
Al, 4p"®= + 0.36 u()cm/at.% Mg and Ky = 0.927 (atomic unitsfﬁ

The calculated values in the present work are shown in Table II,

Table M Values of « and & for Mg in Al

1 da 40 D
7 “de | 4%t | (uoeamqatg)| T T | (radians )
+0.0937 | —158 +0.36 —2.48 ~0 | +0609 | +0.656

The difference in activation energy between the impurity

diffusion and the self-diffusion (4Q) is given by

40 = Qi—Q
oinf,
= AH;+4H,— b a—(l—ﬁ%
= —AE +4H,~C (9)

where 4H; is the difference in the energy required to form
vacancy next to an isolated solute in the solvent and in the
pure solvent, and 4H, is the difference in the jump energy

between a vacancy-solute exchange and a vacancy-solvent
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exchange in the pure solvent. The last term is the correlation
factor term which arises due to the temperature dependence of -
the correlation factor f; for the impurity diffusion. 4E is
the impurity-vacancy binding energy. f; is given by

oo (D,
i w1+w2+(7/2)w3

here w; have their usual meaning in the so-called five-frequency

1o

model.

Expressions for 4H;, 4H, and C are obtained from the ele-
ctrostatic-potential in terms of the charge on a vacancy Z,e
and the potential V(7) arising from the screened point charge
Ze on the impurity atom.

The expressions for 4H; and 4H, are

4dH; = Z,eV(r=a) an
where V is evaluated at the nearest-neighbor distance a, and:
AHQZZVeV(r:%a) | ] 12

where V is evaluated at 11/16 g which is the distance between
the impurity and the centroids of the half-vacancy hemispheres
that flank the impurity at the saddle point. 4K, and 4H, may
be calculated in the same manner.

" 4H, is given by
4H, = Z.,eV(r = 1106 a) 13

Each of the three types of ws jumps are associated with a
different 4H;. An average 4H; may be obtained by taking a
Weigh"bed mean of the three values of exp (~4H,/ET) exp

(- 4HPYRT)

=1 [2exp (—am2 T + dexp(~dHE ET)+exp (4HN/ET] 14

where AHY = Z, eV (r=1.01Ta) + Z,eV (r=1.552a)- 4H;
AHE = Z,eV(r=0.921q) + 7, ¢V (y=1+89Tg)~4H; and 4 HY = Z, eV



(r= 13,) + 27 ey(,:?_ga)_mf . The superscripts II, III and IV
refer to vacancy jumps to second, third, and fourth nearest-
neighbor positions relative to the impurity, respectively.
Table 4 shows the values of Qexp, @we , dH¢, 4H, , 4H, and C
obtained in the present work by using eqs. (9), (10), (11),

Table IV Comparison of theoretical and experimental values of A4H; , 44; and

4Q for diffusion of Mg in Al. All values are given in eV,

g™ au | dn, | 4u, an an™y o an ) oan, ¢ Acm,e:E HQorp|  Worker
10,018 |-0.071 |-0047 ~0.0071 |+0.013 |+0.029|+0.0084%]-0.0006™" —0053""‘”%—0.31” Present work
-0.02” —04032""1”;—0078” Present work
5‘—045” Rothman «£ 2"
1‘;+0.08c' Rothman et 2"
v |
003 |+0.24 1003 - [+018 Du Chame o o/
-0.008 <0007 |+0.009 |~0.001+0.003" ! Takai o o
+0.064 " Takai et
—0.042° | Takai v at?
-0.009" Takai et at?
+0.336" +0.0856"| - 0.0066™, +0:0092 ~0.0009 { Takai et al
~001” J Bedman e¢ o/*
<<-005" McKee et al*!
- 020% ) i Takamura el ol

a) clculated at 500°C, b) taking DI - 225cd.Sec, Q@ - 1506V, ¢ taking D' 0045k ssec, Q% 127eV,
d) calculated at 533°C, e) calculated at 600°C, [) calculated by using RPA approximation, g) calculated by
using HS approximation, h) calculated by using SSTL approximation, i) obtained from the equilibrium method
combined length and. lattice parameter expansion, j) obtained from positron annihilation method, and

k) obtained from quenching experiment.

(12), (13) and (14), along with the theoretical values and the
experimental values by other workers. The values of Dy, and Q
for the self-diffusion of Al is still in a little dispute and

Table IV shows two extreme possibilities. However, in.any
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case the values of 4Qy. and 4Q.y, obtained in the present work
are always negative, and moreover, both numerically agree with

each other. The value of 4Q

exp Obtained in the present work

is different from the value of @Qul”calculated by using
pseudopotential method in the sign and magnitude. Therefore,
it can be said that the semiempirical method used in the
present work can explain the value of 4@, ,more satisfactorily
than the pseudopotential method.

We discuss in detail each of right-hand terms of eqn. (9)
and moreover, deduce the Mg atom-vacancy binding energy. The
experimental value of correlation term C for the diffusion
of Mg in Al has not yet been reported. Recently, the value
of C for the diffusion of Ag in Al has been determined from
the temperature dependence of the isotope effect and found to
be C = -(0.069 £0.008) ¢V.® As the values **of D, and @ for
the diffusion of Ag in Al is nearly equal to those of present
work, and the theoretical value of C obtained in the present
work is nearly equal to the above described value, -0.069 eV
may be taken as an approximate value for the diffusion of Mg
in Al. Thus, in order to explain the negative numerically
small value of 4Qe«p obtained in the present work, the follow-
ing approximations for 4H; and 4H, must be realized: (1)
both 4H;and 4H, are small and negative, (2) 4H, ié small
and negative, and 4H, is large and negative, and 4H, is
positive or near-zero. The value of 4F comes to be largef
than 0.14 ¢V in the approximation (3), when -0.078 and -0.069
¢V is substituted into 4@ and C of eqn. (9), respectively.
However, such a large value is incosistent with 4H;"™in Table

IV and 4H®**determind by equilibrium technique. Therefore,

% Do = 0.118 cm? /sec, Q = (27.83 +0.14) kcal/mol
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the approximation (3) may be ruled out. In conclusion, it may -
be more probable that both 4H; and 4H, are small and negative.
In addition, the large value of 4 Hiteobtained by using the
psudopotential method can not be expected from the diffusion

result obtained in the present work.

§ 5. Conclusions

The impurity diffusion coefficients of Mg in Al were deter-
mined by the residual-activity method with radioactive tracer,
®Mg, in the temperature range between 325° and 650 °C. In the
present work, carrier-free *Mg was prepared by using the photo-
nuclear reaction, *8i (y,2p) *Mg.

The dependence of the diffusivities of Mg in Al on tempe-—

rature is given by the following equation:

D= (00623 T 0-012) expf(21.5 + 0.280) keal /mol /R T} e sec.

We evaluated the difference in activation energy (4Q)
between the impurity diffusion of Mg in Al and the self-diffu—
sion of Al by the screening potential of Friedel type and
Le Claire’ theory. The theoretical value of 4Q is in good
agreement with the experimental value. Moreover, it was
deduced that Mg atom-vacancy binding energy in Al was small

(< 0.01 eV) .
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MeV O y—#ro>ififE ) % A8 Nal K it 85 8 L U 400 7 + v WPHA THEL foo HLBE
Mummﬂm%kﬂ(i&%ﬂg@%ﬁ)%mwf@méwwﬁﬂéﬁﬁbtom&%ﬁu
residual activity #: ( Gruzin ik ) THRsE Lice T O BIAMEE 15 5 IR AL, Mg

;BJ:UZH 0),&4) 75>‘5§f%b: %1 ﬁlcﬂ:\‘bf:o

%1% Chemical composition, density and linear absorption coefficient of Al —MgZn,

alloys
MgZn, wt. % at. % Density u
(wt. %) Zn Mg Zn Mg (g/cm®) | (cm™ )
2 1.89 0.23 0.79 0.26 2.73 0.158
4 3.28 0.51 1.38 0.58 2.75 0.160
6 5.21 0.80 2.22 0.92 2.79 0.162
8 6.50 1.20 2.79 1.38 2.81 0.163
10 8.10 1.49 3.50 1.73 2.84 0.164
12 10.2 1.87 4.47 2.20 2.87 0.166
14 11.4 2.06 5.03 2.45 2.90 0.168
16 13.0 2.42 5.79 2.90 2.93 0.169
18 14.7 2.65 6.63 3.21 2.96 0.171
20 16.6 3.08 7.56 373 3.00 0.173

§ 3. EBRERBIUEE

PGB 7O 74 0y FORERO—FIEE 2 BUTRT . CHIZERLIHILDOGRE
500°C T4 BcBEst L 7B DO TH B, CNO DI FROM &0 5 L BAKE TR Lic, €0
EHIC L TROTIE SR OB A 2 Ricai Ui, B3 XIS, Al —MgZn, G&iTE T 5%Mg
O BRI KAV F— B 2 T 0% Zn O B B3 X0 AhTo®Zn®), *Mg" ofiiRe
WL Taid, B3MMS, Al —MgZn, F&ICBT 5 Mg OILBAEHEIE, 10wt ZLITFTE
WAl IKBFA2ZN XD MDA >THENC &‘755'2”)7\’»50 ORI, ®Zn OIBEREIZNT
NOMIEO B ETHHAl hTOSZn DENL Db KELT & LWFBHBERL TS, H
— R, F—MK T T A&, Mg OBFRME Znoeni D0 B L EL NS, C
NoORBE, Al —Zn— Mg O& O R P B 4 T3 5 L THkS 2 RRE N 5o
BT — 2 2R SICKEESHE, HMKOASTOIBED e DIFVEALT F v F—& JURI K

ke Uiz T, SIS E AT IR T,




8 2% Diffusivity of #Mg in Al — MgZn, alloys

MgZn, Temperature| Time D
(wt. %) °C)H ( 10°sec ) (cm? /sec )

2 500 2.617 419 x 1071
530 0.697 7.83 x 10710

560 1.385 9.90 x 107%°

4 500 2.240 479 %1071
530 3.004 9.93 x 10710

560 1.385 1.52 X 107°

8 470 3.221 3.78 x 10710
500 2.245 7.15x 10710

530 1.643 1.51 X 107°

560 0.874 2.15x107°

10 470 1.260 7.70 X 10710
500 1.728 9.28 x 10710

530 -1.643 2.07 x107°

560 0.512 493x107°

12 470 2.336 8.30 x 10710
500 1.728 1.54 x107°

530 0.741 3.93x10°°

560 0.512 7.68 x 107°

14 500 0.964 1.92x107°
16 470 0.460 1.15x10°°
500 0.964 1.92x10°°

620 0.576 | 317x107°

18 480 0.578 3.06x107°
490 0.582 3.34x107°

20 480 0.578 411x10°°
490 0.582 6.83 % 10°°

405
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BRI — BB - SEE B —

§$1. FF &

Bk, MEBEBLUAEICET 3 NI OHCEES KORMPEROREALTXTOHRE
B (n, r)RETAESICHSNS R THEPNT (Ty, © 245 47 © 0067 MeV (100
%)) ARNTIHBEOATEN, LHL, BNi O —OT 4 F—nB 1R DEN 70, Jll
FICFERID D0, FBEEOHZ EHET — 25235 EBRBTHLIC LB LCAMLNT:
Bo LIchs->T, MEBERICH L r —fihB o NI o stk R c £ % A TR EE
Focéid, NIOBGTEELTORERAERT SE, THBEENDHL LEDN S,
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e Al thoo Ni OfigicBLTIE, BIEET Agarwala 5V KX BMENH DA TH S, L
U, WSUE L BRI OFEELT 2o £ — (Q ) BETIRIHIL (Do ) #3 Al
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®Ni (7, 2n)%Ni, ®Ni (7, p)*Co, “Ni (r, P)%®Co, ®Ni (7, p)®Co, ®Ni
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T8t BMESBREANTIAVFEF—BIEETTE -7,

2.2 HMBFEELUBHFX

EALEE AL B (HREE 1 99999 B LI ) & KU Cuks ™ (465 © 090 %LIE) m5, K
WINTIC & - THERO A EER Ui, €0 FHE, Al 8XUCucHlL T, eheh,
B 13mm, &S 13mmz LTEZRIOmMm, &% 3mmTH 2, HABICENEE->TD
RN D EF S A2 D18 T 2o, FHEEMAITIE 570, £ OBEMIZ, E2ehT, Al
600°CT1 AAMEZL TCuiZ0°C T2 BEDEKHETITN -7, ZDOFHRELT, Al OR
FHTENCI3 2 D E 7013 3 DO BN AR Z 2 AR ORE S L CFEH#EZH LD 3 mm
EDCu BEMBZ SN, BROFEEMAMET X ) — B L OBRIECIHFECHEL, ¥
STHELBMEIC L, Al 8LU Cu OERIIERIZ, Theh, BEEHE-TFLT7ra—
VBAK (ZOh, 1: 7)BL0) VB —KBAHE(ZOW, 1:2)THb, '

2.3 “'Ni ORBIREADME
B, NI 21, Bilths L ORILBOR CREREICH BT 584 £ - 788, K
LI oTzo ZDLDBRA » FEERA Lico 5 L7 NI O LSHESE L1, 2 0%E
ML T BLDICLTICRNBRHETA v+ Lic, # v #HIT, EH/K50mlic H;BO; 15
g B XU & V5 T H BEA L7 i % doy up LT L7 ¥Ni Cl, » 6 H, O%
HBI0mg mmlcdDTH b, BHIZBELZ NI NFE Al #TOB3LEbDTHD, B
F6~TV, BAFEIQOLA? 5 ICRERRRTS 5o BILEDLERA BN T
5701, BREMBERIFLTLVI-—AVICRELUERBEZRBELE, £ v 2EICANEE LS

* A E L TNI icEEn5Coo

ok 99.99% AlLIT 10/¥ 2 D FEEBHMEA I EC Lz b D,

#k  Hoboken ( ~uvF— )8, AfHIXRDOBED, Ag: 0.3ppm, Pb : <0.25ppm, As
<2ppm<%Z L TTe : 0.1ppm, fhDRHMIIFIERICTHR B SNITh - 72,
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I A FHEETL, BBHITRET 956 L5 LT

2.4 fLhEgEESE B & CIRERE O AIE

, STNi A5 LR EE G FIc AR, 1070 torr IFOBEZEI Lck, ~V v L8R

10mmHg AN THA L7, Culd 800°C 55 1,066°C £ TOREMME LU Al 3640°C T
st Lz, BRI SAE ARERH T 1°COMERBANTHEB L oo HARREMAEKT
Lo Bh T3, RBEsthic b L — — D —EM R D 5 3R EIC K - TEEHAE
BXUECEHLTO S HEENS 20T, 2544 I mmyElD & 5, KO sectioni-
ng (RILE S FNICEEICHKIET £ ) —#KTOLTOHID &5 HERIC L - Tir-tco —HO
RN DD TR R I HRNC R E L3 2 2 b — 4 % AWV T, sectioning 21T - 7o

BID & - 700 s X (3 B Rm % E BAFE (RSB 5 £0.006 mg) M0 THEORD &ENE
L, SoiRBOBEREI7avyvA 704 —2— (KB x1pm) TERZUEL, TH
5O EEA A TE B L 7o, BRI residual activity 7 ( Gruzin ) % & U serial sec-
tioning HETHRELY . ¥ —BOBREOWERHFHNal (T BRIBHBLT AR L0077

v+ YA WUPHA IT& - TV, Bl A
7213 bulk ko g 4 eesR I ( 1.37TMe V
Dy —#) R, residual (LT DT

[Trradiated natural Ni metal |

- | Dissolve with conc. HCI-HNO,|

IC AL 13TMeV O T AV F— LT 5
R (p ) ofE? i, Al 8LU Cu :
CRLT, Zheth, 01425 XU 0445 | Add 9J/NHC1 4ml |
I Anion exchange

Dowex 1x8, 10mm” x 80mm
§3 EBRBERESLUEE 50 ~ 100 mesh, 9NHCI

#1135 Ni RS EORSR AR L1
Add 9NHCI Add 4NHCl

bOThb, MEMTNI 8LU Co 257

- ) _ (Ni) : (Co)
Mg B fo o DEEESAFE, Ni i 39NHCI T
4
ZLTCo 4N HCl Z#H\ TOREEETH Dry up

o b USRS R A R L T B D5, I8 ) .
%, H2H m%%%ﬂ%j—_ ? # %81 The chemical separation procedure
2 THONI BXTFCoDE— 7 OE ~for *'Ni.



IO, BIF RS BENTE AT &b
be 138, TOHEDONIE0MeV Tl
BEfES % 6 HME L b DTH 5, B
INIB2ROBYOE —7 OBEERES
IRTIEBRXD r — A7 b ik RL%E,

INi BSHEDIC IR T3 & B XU CoBk
U%Co BEDRBABHLNLENT E DD
MB, 138, RPETES NS Ni 28
KT, LEABEOT, HRERK
FERT 57 HICIIRAREFAE T RS T E
CUTHIHEZE & 2HEDH b,
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6
L e o o s o o
Ni
. 9N HCI
X]
Co
4N HCIL
__ 1ok B
3 |
£ B N
5 .
> -
g ——
£ o'k A
e —
< |
= ||
3
3 | -
10°F -
0 6 12 18 2 30 36 42 5

Volume of effluent (ml)

%2 The elution curwe of "Ni and ¥Co+
%Co.

T T T T T T T 7T
0127 Mev
; n 0511
10+ : -
“Ni
3 R . 1.37
g 104— T '1 —
% 0 - | ‘ “Ni
3 ”' \'ﬁss
10} \ —
t.
T T T N N TN T O O
0 500 1000 1500 1700

Channel  Number

883X 71 —ray spectrum of the solution X in Fig 2 (7 —
ray spectrum of *'Ni ).
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3.2 Al TONi OIE

4 T 640°C T 6 IR OHE Besti L 7o
BeD, 1,8X, 702y FTHb, CTT
I, BREO&yIOmHD»S X, (cm) 2T
Bl & -~ toBiaic, 4D o buk FHE S
DBEHRDIMETH %o 1, (TN O
ol ( 357 W ) THIE L7, ILEURE
2 FEE DS K950 um O FPHTRD T, B4
M5, REFL TOL,DABMITET HE
>N, Al OB ST,
”MbmmkﬁﬂmwmbemKMﬁbf
WBTEMDP B, H5KER N X, BifR
MO E LB Ta 7 4 v oy
FERLTNS, RITBILEKKTOZ D
B DMl & D B gese Ui SRR 3 13—
HL, Ni O ERHABRIFTHELE
RELTO S, 6 MEARETRE L
Ni O B B D % Agarwala S0 85 B
Al O A EHEBERE 8K U Al HTO D
BRSREILED IR ORBEREES I
BLTRLTH B, RUIATHES ILic Ni
DOILE IR T Agarwala DX D &9 2 H7
bAE, B 5O RBHRTRIRED
Db L—HF—MEMICEEFTD, REIS
<l, DEABKETSHONE, LIch-
T, BNi O EER ECHERHD, A5
I FEWEEREBZ o lcn L BbN
2, HO6NNS, Al o Ni OILEHRE
I Mn BEUZr J0bAREL, Ky

80000 | : I
Diffusion of " Ni in Al
. S
75000 640 'C, 2.16 X 10 sec |
’5 .
c
5 0000 - \ —
>
SRR
<. 65000 — —
\ . .
60000 — . —
56000 I L
0 50 100 150
Xn (10%em )
w4 I, vs. X plot for the diffusion of

InQul, — g)l(—;) J(Arbitrary Units)

STNi in Al at 640°C. 1, and X, are
the residual activity and penetration
distance, respectively.

[ 4 Diffusion of 57Ni in Al

[N R A R O I O

640 °C

( em?/sec)
1| 864 |685X10° n
2| 216 |598x10° B
N T A N N S N N B
05 10 13
X (10% et )

#£5K Ln(uly, —%—I(";) vs. Xi plot for the

diffusion of °'Ni in Al at 640°C. u
is linear absorption ceefficient.



HOKNEEBGEE D2 EBFE LT 108 600 500 400 (°C)
BCEERL, BERBOEREVZ S,

Al 1 Ni O OF LWV ERE, K
BB #iPA T EME SRR R RE LI BT

T T TTTHT

—
Lt

Ni(Present work)
1079

Tz,

Al(Beyler etal)

Mn (Hood)

D(cm2/sec)
Q
(<]

LI lllllll
-1 llIIIlI

Zr(F
10" uk‘:ta al.) —
- Ni(Agarwala ]
-~ etal) -
ol LN 1|
1.0 11 12 13 14 15 16 17

1000/ T(°K)

%6 Comparison of the diffusivities
of Ni in Al with those of Zr,
Mn and in the same host metal.

3.3 (h*?@”moﬁﬁ

BTNRERIBETCRKO 7 Cu B TOLBEET R 7 4V Fay FTHD, BEXIZI 7
B b — 4 T sectioning £ 17750y, B0 QMRS BERE ORED SROTILBERET v 7 40 o T
0y FTH B, BLB T T E, THRDW B P IENDWS region IAH5DNE. KB
V%Tw RED D 20pm FTORATHEABRHERE L 2o TOX DKL TRDIILKBED
BEB1EIC, TOREKREHEFEINICRE L, LHL, B0 NIIBERBICARE RO E
BTV T DRERERDS, Dy BLUQEEFHET 5E, D, = 1.06cm? /sec BXY
Q= 530kcal /mol KBEMNE SN, LHL, CNEOMERBHEENIZMETREZNOT, D
MEEEORRBLUERBHEERR T TRITOE,
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1
T T T 11| “g°r°r ‘1t "1
woe“o Ay — v B Diffusion of ~ Ni inCu-]
. D=2.87x10"cm®/sec = = A —
3 C .
—~ s : ] S | 1066°C, 708 X 10 sec
,2._. * 1000°C,1.006 x 10 sec. - .
> D=8.84x10"cmYsec ] g .
e ] £ 10° b— ' -
£ < E . 3
r] 950°C,1.927 x 107 sec. -;J N 7
< D=38Ix10tm¥sec_| S [ * -
-~ ) — [ 7
1
=10 .
. 850°C, 3.356 x10°sec. -4 & 3 ?_
D=5.26 x 10""cm®/sec Q — -
>+ - ©? F p=1s9xi’ cmi/sec
- 800, 5.834x10"sec — i *
D=1.81x10"cm?/sec
T — 10 1 | 1 L 1
I I Y O O I 0 10,20 ,30 40 50 60
0 2 4 6 8 10 12 14 16 18 Xn (10 cm' )
X,Z,(10'5Cm2) 88X Log specific activity vs. X2
plot for the diffusion of 5 Ni
dI in Cu at 1066°C. In this case,
FTXR Ln (puly _dX’; ) vs. X plot for the the diffusion specimen was
diffusion of %"Ni in Cu. sectioned on a microtome.
108 IOlOO 9I00 8?0 (°C)
%1% Diffusivity of ¥Ni in Cu - ]
Temperature | Time D . i 7]
(°C) (105 /sec ) | (cm?sec ) 10° = E
1066 0.708 | 2.87x107° - .
1066 0.708 1.89x107° * 2 L .
1000 1.006 | 884x107"° 2
< 10°- —
1000 1.006 | 9.02x107" ETE 3
950 1.927 |381x1071 o F J
900 4.682 1.11x107H1 L .
850 3356 | 5.26x107" o' _
850 3356 |522x107" F 3
800 5.836 1.81x107" C .
* The diffusion specimen was sectioned K | |
on a microtome and the diffusivity 7 8101‘IT(°K)9 10
was determined by using serial 889X Temperature dependence of the

sectioning technique.

diffusivities of 5'Ni in Al.
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§4 # W

®(r» n)¥Ni RUGEMALT, Ni 28842 KAy Lic, C05Ni % i B B8
PL—%—L L THRATEHICE, RENGENCEEH - T, MEHHZBES LT EL
L CTHEHEL BB L8 H 5, NI ZHNT, Al 8BLUCuTNI OIBEBEEENL D
PORETHREL,

CORRETIEDCHID, NiDFEEICOO THUSRERELTFE 5 f:t‘kiiﬁ}f/\/kﬁx‘i.
BEBARICIEH O EE RS B0 AWFRAME LS NI (ERE S L MR LTS I < 1kt
Tho 0B, KPFRDO —BRBREBREL2OWLSICL 726D THY, ARCIEHT 5,

g2 = X #

1) Ken —ichi Hirano, R.P. Agarwala and M. Cohen : Acta Met. 10 ( 1962 ) 857.

2) A. L. Conner, H. F. Atwater and E. H. Plassmann : Phys. Rev. A1 ( 1970 )
539. _

3) M. Beyeler and Y. Adda : J. de Phys. 29 ( 1968 ) 345.

4) G. ‘M. Hood : Phil. Mag. 21 ( 1970 ) 305.

5) A, BN FEE—: eE 23(1973) 17
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V—1 WAS0EERH~ Y L

BEm~s . Zv—F

BOR K -4 B W
- F BEE R
B oA | W 8 % =

o i

dATECI ZHHE 7 + DHEF % T-1co LHEIMEE, BREOHNEZBTTFERDE
B AR RO ZD%OEETIRBHRETH 3,

vV YA LDHEARRI BREM 1 Bh M, MUCIBEBHELED 720 3 B, Eint &
L7,

VUL LAERERR
B %(E&%) £ E ESS i b2 I
es (B B) 16 16 0
es (/hbHE) 7 7 0
es ( Friedrich ) 9 9 0
re (FE H) 6 6 0
rp (E H) 8 8 0
rp  (F H) 3 3 0
7 p ( Thompson ) 9 9 0
rp (5% B) 4 4 0
ra (g #E) 4 4 0
rX (& W) 4 4 0
re (& %) 2 2 0
ION (3 ) 4 4 0
ND 24 24 0
RI 23 21 -2 %
it 123 121 -2
T E=-2 34 44 + 10
£ OB oA B 6 6 0
T o (EE) 20 10 - 10
- v v oE 4 6 +2
&t 64 66 +2
& g 187 187 0

* 551 BRHAZOHEICE DhE
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O fR<F

JBEFICBEE U o BB 0s 4 5 - 7o,

1. 5 A2TH BEICEE) — 7 R4, 2 bicls| s ZBLcET s, a2 1) —RY
FOIMMAB LY, CRREERCKRBNBRBE LI EERTOT, HilERD/ T %
L, afErod 025 nfmc FEmh cEb s A, B3 MEEOALOME— FEMHER
MBIt > Tk, BHEAT B0, MR LERESEETH I LEDELY, L
MR AL UIIC i L, (K4 B8R

2. E—FEMBOBTEC—-LICEBBEMERB2HREL, A2EBlITENENE—
NEBRMA S LTz, WMBIAOKRRIBa N x =220 (THLE) BHOBIEEZT - 7o,

3. BI2MUETTONIKESSH D, T OMEEE LU,

OSRDTFE
L I 5MElx 2K THRRIGHT OKEEL12AIKITH>FETH %,
Mol =R ER Y TP AGILE AR Y T 50 FEi R Y Ik, RSEEROZBREST I,
[ A RIGHT @47 bOLHKR VUL — £ TREBEORED I H 3 ) X = 2 EHRT b,

2 IAAFEFHEEE) OBINIEERELBTTO>TFETDH S,
3 TV VDF—AHEONELETS, | V=T 7 HEERAEE 211 b0 RAABRT
%,

v ¥ ORSFFICH U TEERTT XERITFED KE R o
D) 1A SRERRRES, oy —F 4 V7 RBRETE
2) Proc. of the Meeting on Linear Accelerator in Japan KEK — 75 —2 (1975).
(in Japanese )

3) MEBA b L—F ) v Bd A MERELKNNIES: Tov—F 4 ¥7 RITTE
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V—2 F—20BHEE « JEREBHRI

% B o
NI IESE - ZEFRRAE - (AR ST I
ERAE - B - R ER

1. F—50BEE

AYTA YT S MBEE, & VT4 T - S EEEBOMARINAEEEEE 1, 2RICE
T BELTHED A FERME SO mAcsa s,

O —4500ic>Ti>A ¥ 74 Y 18K/, #7514 1000 Bl (F—22F—v 2 vi4
U) CHGERICES L& Lico WAICBATEICLNTH ¥ 54 YERREDLSS, 4754 »
D AFIT 100 BEOHME S > TOET o CHET — 2 MEHT - 3400 £ D BT LI b &
BONEd, L LAFEO FARKEIIZ STOMEE S sThEdocc bl EAMET — 2 4L
BOBITREA ST TT, HEICONTIR4 AICSETCORBEEEBERELE L0 THEICHE
~NTHEmL T ET,

T =340 50 TR EEE S D1s < —I5/NEREET T, FIARKENSHZEF —2 B D A
BB D 54 BRIC LT 152 R & 35 & 150, AETH 197RERTICH L T 323 B &
MISHEMEISD F U1, BB (BICABNBER) THICKESE L > TR EHAS, H—7
7975~@Eﬁ%®%mwﬁK?§§ToCn@%%%&%@@ﬁm&é%®TE@@ﬁﬂ
HEHOERHA (HEDHBICHREHIEO ) OTHTEFI L,

BIEOA Y54 VT~ 2 EEBOBATH -7, FBF—4 (400 5L E) OF 4 27 L
ARLDVTEAFERET NS R P =V 24 F7ObDAEKRIFTTT, CHCEDERB LD 13
T—2BDEOLDIEDNTHZDF 4 A7 LA BEBICHEZEBNES, (€M)
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1 £ BRSE A v 4 7 — 4 EECEERB N A A EERZ (OKITAC —4500 )
( Hifr - Refd))

AR AL S VR s il VPR PP oy
A A Bt vav |Et B
4 50| 48| 26| 124| 18| 109 7] 11| 269
5 126| 68| 36| 230 1| 133 7 4| 375
6 105 67| 87| 259 1] 124 6 0| 390
7 02| 94| 105| 301 4| 149 5 7| 466
8 31| s2| 14| 97| 25| 219 6 0| 347
9 60| 35| 52| 147 9| 208 8 0| 372
& & | a74| 364| 320 1158| 58| 942| 39| 22| 2219
B ¢ | 79| 61| 53| 193| 10| 157 6 4| 370
% 24| 164| 144| s22| 26| 424 18| 10| —
WEAYE | 77| 70| 50| 199 51 73| 13 1| 289
Bok RSO LA ¥ 5 A ¥ — p LEE: A AN 4% (TOSBAC —3400)
( Bifr - IR D
gl rosum | —maw | & ¥ | & w | A & H
4 93 63 9 0 165
5 126 94 11 3 234
6 123 127 13 8 271
7 129 340 9 0 478
8 151 200 9 3 363
9 289 129 9 1 428
& &t 911 953 60 15 1,939
AP B 152 158 10 3 323
% 47.0 49.1 31 0.8
B4 A 54 127 10 6 197
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2. AEH

PERFERIEE, WEROBELPOCHEL L TELM, SEELOSIEATY VI —7D
—RELT MERGMROSEES —EYTEC LTl 7, ZOROAFEEREE, ME
[EMAFEREACHES EHICBDN, FIFEIOBRBLIMES MY Y27 208ER
FWd B HERICIE - TLE o0, BEICE 5T/ CAMAC @ Manual contoroller i3 —Ji
H¥LED, Module D72 PEFICHEATES LK T3,

‘_—?Eﬁfﬁﬁ,ﬂﬂi ECSHIMAZEHTMERBEHHBMOLBICENEES L EEZ TV B,

@99
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V #®mXV =z b

BCERWP AL R A OBk R & B BB AT S LIS O R MESRICIB I & N7c 3 30 (WEAN494E 1 A~
WHM4A9E12H ) OBEE £ LE L1z,

| EFEYEEP

1. Electroexcitation of the Giant Resonances in 0.
A. Hotta, K. Itoh and T. Saito : Phys. Rev. Letters 33 ( 1974 ) 790.

2. Elastic Electron Scattering from the M7 Magnetization Density of °'V.
I. C. Nascimento, J. R. Moreira, J. Goldemberg, S. Fukuda, T. Terasawa, T
Saito, K. Hosoyama and Y. Torizuka : Phys. Letters 53B ( 1974 ) 168.

3. 997y Photoproton Spectra and the Core — Excitation Model.
H. J. Askin, K. J. F. Allen, M. N. Thompson, K. Shoda, M. Sugawara, H.
Miyase and B. N. Sung : Nucl. Phys. A220( 1974 ) 241.

4. Photoprotons from ?"Al.
H. Tsubota, N. Kawamura, S. Oikawa and K. Shoda : ]. Phys. Soc. Japan 37
(1974 ) 17.

5. Isobaric Analogue Resonances in (€, €p ) on ®Zr, ®Y and ®Sr.

K. Shoda, M. Sugawara, T. Saito and H. Miyase : Nucl. Phys. A221( 1974 ) 125.

I 4t IRERrg

1. Neutron Paramagnetic Scattering with a Pulsed Neutron Source of an Electron
Linac.
N. Watanabe, Y. Ishikawa and K. Tsuzuki : Nucl. Instr. 120 ( 1974 ) 293.

2. Neutron Diffraction and Paramagnetic Scattering from a High Pressure Phase of
MnGe O, (Ilmenite ).
K. Tsuzuki, Y. Ishikawa, N. Watanabe and S. Akimoto : J. Phys. Soc. Japan 37
(1974) 1242.

3. Epithermal Neutron Diffraction from a Gadolinium Alloy (GD, 4 Y, , ).

Y. Ishikawa, N. Watanabe, K. Tajima and H. Sekine : Phys. Letters 48 A (1974)
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195.

Neutron Diffraction from Nematic Liquid Crystal.
N. Niimura : Phys. Letters 48A ( 1974 ) 375.

The Liquid Structure of Bromine.

N. Niimura : Phys. Letters 48A ( 1974 ) 337.

e LEERPY

Chemical Effects of Nuclear Decay.

T. Shiokawa, K. Yoshihara, M. Yagi and T. Omori : J. At. Energy Soc. Japan
16 ( 1974 ) 507.

Thermal Annealing Behavior of Recoil ¥Co Formed by the Decay of *'Ni —
Labeled Tris ( ethylenediamine ) nickel ( I ) Complexes.

S. C. Wu, T. Omori and T. Shiokawa : Sci. Rept. Tohoku Univ. Ser. I, LVII
(1974 ) 5.

3. The Yield Distribution of Radioactive Nuclides Produced by Photospallation
Reactions in 33Cs and '®¥La with 250 MeV Bremsstrahlung.

T Kato and H. T. Tsai : J. Inorg. Nucl. Chem. 36 ( 1974 ) L

Multielement Photon Activation Analysis of Rock Materials with 30 MeV
Bremsstrahlung.

N. Sato, T. Kato and N. Suzuki : Radiochem . Acta 21( 1974 ) 63.
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