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1, INTRODUCTION

" Heavy ion elastic scattering data at energles gbove 100 MeV
have, generally, been subject to question with respect to the relst

1-3

ive

' contribution of inelastic events leading to the lovest excited states

bibf the target nucleus, Bxcept fof instences. where light nuclel or

'szog weée the taréets, such inelaﬁﬁic;events could not be resolved
from ﬁhe‘elastic evénts‘with‘thé exéefimental techniéues employed.g

4 Aﬁalyses éf thése elastic scattering data have provided excelleant

A théoretical fits and, thus,flead to quite precise determinations of

nuclear absorption radil and gﬁrf&ce thgdkmésses;f3bzor the equiv-

alent optical potential parametersélf;. Hence, the question of the

precision of the data becomes imporiant, In pgeneral, we have been

able to separate, in gulse-heighﬁ mpect&&;_thﬁse.inelastic events
aésoci&ted Qithrstates of 1 MeV or 'more ;xcitﬁﬁipn by using a
standard elestic peak shape deter&imed étbthevsméllest‘écattering
engles, _Inelastic evenis leading tm.lﬁwer 1ying étaﬁés couid not
be separated in thie mannexr. Ve Aﬁva, @héreféfe; in andthervexper-

iment determined the combined yleld for'ineléatic scattering of .
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166 MeV 016 lons to the lowest states of Talgl at several'(C,M;)-

scatteriﬂg angles between 16 and 43 de@rées.'

-Iiz addition to measurin; the previously wnrésolved inelestic
conuributlon %0 our 016 + Ta elastic-data,-g second obgectlve was to
compare this determination with that caluulatud from Couloab

- excitation theory: 55 at scattermng au@3em.where'the theory may be

applicable; that ig, at fox ward aacles correspondinb to (classical)
| 'tréjectories of the 016 ions that do not pass through the nuuleus,
even though the incident ion energj ia wull above the Coulomb
."barrler. Since the inelastic scattering ezye*lnent reported here
is considerably more difficult that thqt for elastic gcantering,
we consider this second object;vc o be the more dapoitant since
vlt ¢nvcsti~ate¢ the possibility of ec parating the major iqelastic~
contribumion to the Cl&aﬁlc data bv way ox & nuraight forvard H

calculatlon.

| 2. EXPQRJI“WWwEquuxﬂOD o

In oxder to distinguish bebweuu inulambic and elast;c events,
colncidlences betwcen the scattered ions mnd fhe de~exci atlon T rays
from the lovest excited states vere uae&: A 1-1/2 inch dimmetor by
-y anh NeI(T1) crystal was placed ulﬂh 1ts axis normal to the
scatterinﬁ *lane end as close as pcssiblu to bhe target as shown in
Fl&.:l This position of the cry“?al maxﬁniacd uhe coinc;dance count -
‘ing raﬁe and minimized the error _utrOumbed by a pousible non«isotropic
T ray anﬁular d*stributlon functiqu. Thm v ray background was reduced
by providing a very well coll¢mated b@ﬁm from thc h avy don llnear_

"accelerator (Hilec) which passed clemnly thrwumh the target chamber,
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strihirg only the thin tar et | The csamb“r with 1tg purticle and ¥ ray
detectors was then completely enclooed W1Lh lead uhieldlng The Dback-
cround was then negllglble cemparea %o bhg T ray yield frcm he target
itself, | B |
. The 1cvel scheme of Talal (Fig. 3)'6J? ghdws Lhabva large

fracticn of the inela tly events cmrrﬂspanuiug to exciﬁutlon of the
ground SUMme roﬁational band auccmnanies the l36—kev transition from
,vt“c first excibed to the ground sﬁaﬁe. Laulcmb excitation of the
.highér sﬁatés at 482 and 615-keV may be assumed to be muah weaker
ithan tPan to the ground state rotgtlonal band since their observed
1;feﬁimea are lona comnared to those of the lo»ﬁ“ states, Therefore,
it is a bood apyroximauion to agﬁume that the yield of 4. l36—kev
tranéiﬁion measures The wajor co**“Abution of Coulomb cxciuation to
- the 1nelagtic sc “ﬁcring. Since the *utur_al vonvcrs:um cocﬁwiciént
of this transition isa = 1.7, the chserved 136-keV yleld should bé
mult iulied By a.factor of 2.7 to obtain ths total yield..lFor This
énergy the photo peak efficiency is qﬂiﬁ@ hi@h (~00%).

The 1 ray detection efficivncy as a ?unctlon of enﬂrgy is
shown in “1@; 3. Ihe chamber wa_l was made only thicﬁ enouoh o
ellm;ﬁatc the y~ray bagkground without tuo strong an cbsorpuion of
the 136 kerY rays. The absorwtion effect cbmvenséteé'someﬁhat the
steep energj dcpendence of the NaI inuxingir efficienvy so that the
overall effic;ency is peaked in the energy rerion of intcreut for
thls EYPGrimgnt _ |

A block diagram of the electronics used is shown in Fig. 4,
The reaolvmng time of the fast coinbldcnce was oet ZOnu., deter-
‘mined essentlally by the rise time of Lhe Y ray pulsea (~ 10 ns) and

the fine structure of the Hilac beam (at 70 Mc/sec, a pulse cvery
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14 sy . Three energy spectra were recorded s;mulaaneouo~y° (1) the

energy speCurum of the acactered iongg (a) thab ox the ¢nelast;ually

o

s;attered ionu ;n c01n01aence wi th T ayu ranbing from approx;mauely

bo to lSO-koV, and (3) the gpectruu of ¥ rays in coincidence with

'scattered 1on3 co:ruSpond;ng %o th@ wl&sﬁic" p@mk. A spectrum of
4hese v ray is shown in Plau ;."mta shama d&d not depend sensitively

xon the scatterin& angle.' The nrcmtnanu peah was lntnrprcted o be

tnat of thevl3o~ﬁev T rays 31nce 1% was Pyncctcd uh&t the e citauion
of the‘lowc 5% rotatlanal atate wouia y:ud0m¢naye, at least at forward
anules. _ig. 6 shous spcctra of the scattured icus ta“en at eL = 20

in comncédence with Y rays selecued (b) or nob uelcctcd (c¢) in their-

pulae helght _The upper anéd lower » levels of the wulse height selection

are indi d in Tig, 5. The winGov accepbed newrly ol of the 136-keV

Y rays, a consi&erablc fraction of the 156-keV, and smali fractions of
_ possiblé higher energy gammas, It is seen tast the inelastic particles

‘detected in coin cidence are well »ozuentracea under the elastic peek, -

The peek widihs are approxwimately the same as for the "elastic” neak
(Fig. 6{(a)); however, closer_examinaﬁion reveals that the low cooriy .8
sides of the peaks seem to fall slightly slower than the high cnergy

sides and the peak axes are shifted ullbntlj ( a féw hundred keV ) to

-

a lower encrry. - The pumber the 1ne1aabic events without the v ray

pulse heiric selection (Fig. 6c) is wums stout tylce that with it

(ﬁig. Eb). 7 These observations do not seem to contradict the expect-
ation that the intenaity of the l30~?@ de-cxcitation transition
provides e neasure of the inelaSuz ccat*c*ing to levels lower than

1 MeV,
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3. EESUEJ“ AND DIuCUSaIQJu

)

Rgsultg of the measurements &b varlous aagles ave shomn in

reak

Tabie I N‘ ia the numbar of ov“n 8 in the elaatic peuh and N(P ek

T)
is ﬁge correspondinu rumber of ine?ﬂ~t¢c cvcnﬁa in c01nyid01c@ with

the selected ?-vays | ASﬁum4ng that th@ inelaaﬁic scattering is‘répré;
’ sented by the inbengzty of thc 1J6«kov dn«czciﬁatibn'transition‘ahd
"that this v@ray kn"ular distribvtiaﬂ i iaaurogic, the ratio

N )Peai//ﬁpa“k is related %o the raclo, f of tha L&elastic to

(r
elastic scat ering recorﬂed in tne ”ciaabiﬂ" peak as foliowa.

peak '” .v 2)7
: fﬁéﬁ%ﬁ"f‘ =t'%; o £/(c + }) )
T 2

eres)ie the detector oOlld angle: of *the Kal exgstal (/fbm = 0.22 & 0.04),
S nis thevv rey counbing effic;ency (3°a Pig., 3), and @ is the conversion -
‘céefficient ¢ othe relevent V.orEYS (w = 1,7).

vFo:g:la (1) is cox rect cnly Lh&n all the inelastic events

odcurriﬁg in thé mﬁin peak corr@spond o excit&tion'of the 136-keV
staﬁe.‘ However, thé 136-keV y-rvay inteﬁﬁity RE noﬁ_sﬁron@ly dependent
on the rela:ivé.pbpulation df the rotationcl levels, -If the T~ray
pulee height séiector.gccepted a considerau;a fraction of the 160 ~ieV
T-rays,.then formuia'(l) wbuld give too iga e value of f. o, it

IT% of the inclagtic events uorrpupon&'ﬁu the3first excited spate exd
the rest to the s¢cond,'as in the caﬁm of the B2 Cowlomb cze;tuulon;
the value of £ obtained is too high by about 105, If the first and
secrnd excited states have a ccmpar&hlﬁ population, as may be the

se in _nelastic nuclear scattering, the value of £ is about 24%

too high,
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‘Values of £ ave .liéted in ﬁ.olc 1 end nlot ted In I’ig Tas a
¢ funcxt-iozi o2 scétterihé angle". The m.we expresses the sume of E2 Coulomb
| citation probubil:.xics for the first and aoconcl rotatioml ezelted strtes
-obtainod i’ro... a semiclassical “Lhocx:cz ical \,a.’l.cu.‘Le:t,iczn5 (Valucs O.L the
pa.ramc;ters:in our case: 'y = 28.6, = 0.0l‘ ~ 0.03). Tuwo points at forvard
angles are very close o tho %hg:oi:etiual curve, confirming the correctness
of our asou “Mp‘a:i.ona. A‘t higher angles fb‘bcéomé a little lecs than the
Coulcmb cvc.!:i:ation nrobﬁba.l*'cj. Dwiiz'bi_on fyvom tha cwrvé étar‘c.s at an

_angle-*o:? abou*@; ] = 25 den“eeo uileh correspo onds to an angle Just

Colis
vefore the ::i::al rise in the tU.z“V‘G oJ. O‘/C‘ e angle.
In sux"*mry, ve ‘tave found w.rt Cod.oz:w ex citu'tn.on of tmfc..,olvcd low

1ying ctetes contributed as much as 5-8% o our ‘Telastic“ aifferentinl
‘ . o ' n.'/rrl"s.mwl"-‘-" - o )
crocs sectlons for 166-MeV 07 oa Ta in the angular reglon before the
sha*n drcp“below_ the Rutherford *V‘aZLLL.u° Llzo, et backwuc:d angles whére
the 03:: mc cress section :E‘alls vell belc'.' the Rutherford value, the in-
elagtic cont r“oau;on wasg 8 IL..f'“c as 2873._ ’Ems s precise anciyses of
"heavy ion elastic scai:terizzc data can be mﬁninv"ul only when 1l data have
been corzected for uch Lela"‘-ic co.zwlbu’c:.cn.,. It anpears that the cal-

culated Coulomb exc..’ca ion corrcc«,ion can be u.,cd over the range of angles

‘yheve the thecry is appl:«.cabla.
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‘ TPre.sent addre'ss' Ds.partment cf Phjs cn;, Kyushu University, Fukuom, Japan.
1. J. Alster and H. E..Conzett, Proceedings of the Second Conference on
" Reactions between Complex Nuclei (John Wiley end Sons, Inec., New York,
L 1960):; g . Alster, Thesls, ﬁcﬁbm%ﬁo (1951) , unpublish@d.'
2. H. L. Rcynol&s, E. Goldoerg, and D. B, Kerlee, Phys. Rev. 119, 2009
a i (19.;0) ) Phys, Rev. 127, 122&'- (1902) and references con'ﬁained therein.
34 A. telntyfe, S. D. Baker, and K. H. Wang , Phys. Rev. 125, 58h (1962).
h,*v ‘I.': H. Auerbach and C. B. Porter, Paper A 3, this conference.
| 5. K Alder, A. Bohr, ‘L Huus, B. Mottelson, arc. A. Winter, Rev. Mod. ,Phys. '
28, 432 (1956) | | |
6. - Fz.gure 2 shovs cnly 'Lhe loser ue'st—nbers of the grovnt _:Y“ te rotational |
| k band and. the 1&82-1;@)? and €1l5-he¥ 1evels. Other low 1ying states are
not Coulomo excited. See, for emmp.,e » qucleaé Da‘ca. Loects (i\?a’cional_
: Acadeny of Sc:.c ceo, Natiomal i:wséarch Council, Washinston, DJ.C.);
' B. Elbek, G. Igc, F. S._Stephﬁzns, Jr., and R. M. Diamond, :i":'oceeclings:_of
- , tﬁe Second Conference on Réac?:icms between Compled Nuelei (ol Wiley and
v Sons, Inc., New York, 3.900), p., 107; end A. H. Muir, Jre, aul & Boehm, .
Phys. Rev. 122, 1564 (1961)
7; In order to in erprete the d:i.i":i‘erem.e of" the coincidence rates with and withoud
the < zray pulse hei‘,hi: salec.tion, one must ’cake into accourt the fact
that the internal. convejrsion ccef‘ficien‘t is small for t_he lowest energy
¥ rays so that the difference iz enhanced. On the other hand the -y ray
det_éction ei’ficiency éecreases gradually with increase in energy, regulting
in the .reverée effect for the hi@hez'.@nergy Y rays. it is also poscinie
that a considerable number of imla.atic mren‘ts that were in coineldenco Ltk

‘t_he high energy .y rays may accoppany 'y rays of the lowest energy.
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Figure 3.

‘Level scheme of Ta
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FIGURE CAPTIONS -

Exﬁéfimental ‘apparatus.

lBl

.'--y ray coa.ntlng effm.ency‘ of the Nal detector as a ﬁmction of

" the 'y ‘xay energy. l g is the v.:.ntrinsic ‘efficiency of the

NaI erystal, exp(~ 7%} is the attenuation factor due to the

' absorp"tion by the chamber vall, and thus 'qé éxp(~7X.) is an

C overall effieiency. A polnt on the curve of exp(-1X ) is

Figure &4,

Figure 35.

Figure 6.
Figure 7.

: ar o
v dete_mined emer:{mentally using a co”® 4 ray source.

Bioek--diagram of the electronics.

A spectrum of < rays in coinciderce wit: the "elastically”

' scattered 0°° ions at o, = éoo

15 .

Spectra of O° fong re ccorded at @, = 20°.

L

The ra‘tié , £, of the iln@l-?,gti.._ ily o elastic scatteri s recorded
in the "elastic” peak, as a function of scattering angliz.
’ Vertical barsv on tiiepoimﬁs EXDTess the uncertainty in £ due to

"that oi’ ‘i:he l\aI detector solid smg;le. Horizontal Lars express the

angular ranrve covered by ‘Lhe, silicon detector aperture.

P
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Table 1. FResulis of the measurements. The Mrst and second colunms give the
‘mean scattering angle of the silfcon deteetor in the lsboratory and center-of-
nass systems, regpectively (the window of the detector subtended % dcgees at

the target). The third colunm gives the slow output pulse count i of the
gilicon detector; uhich is nearly egual to the clastic penk area, as shon in
Pig. 6a. The fowrth is the inelastic peatitering counts occurring in the elostic
~ peak in colncidence with the selected -y ray pulses . Tae Tifth is the correc-
pending accidental colncidence count determined from the ihC«ev)eﬂdﬁHb reasure-
nents. The ce;vcnuh is the Tractica of inelast 1callj sca z;bered otb.10ns occuwrring
in the elastic peak, c‘.lculaced by formula (1).

R Opan ec.m. . Rpeak X‘I{'}’)pﬁa Iqaccpeah CE(y )Peuh accpe?k T

: o - o o =

15‘» 6.5 267 x 103 201 - M5 . 032 x 107 0.78 x 107

20 21.7 . 558 x 100 ™S, - 128 L1z 07 .72 x 1072

'f fi;l3Q'x‘105 '.1830 'j 65k o 1.05 x 10“5_'; 2.60 x 1072

f-es _27;2,y- 5k ox 103 125 &3 1.9 %107 b6 x 107

50 3.6 97 $107 500 100 5.0 % 107 74 % 1078

- 83 = 160 . 335 55 5.5 %1072 8.6 x 1077

| 512100 1095 0 1 3252107 8.0 x107°

U35 37.9 0 £0.1x 100 W8 .. 12 6.8 =Y 156 x107°

b0 ke Bz 00 T3 e 1.0 mint 28,0 x 107
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ‘

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant.to his employment or contract

‘with the Commission, or his employment with such contractor.
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