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D~..STIC SCAT'IERING OF .1..00 ...'f/feV 0 IONS BY Ta 

t 
A. Isoya 1 H.E. Con~~ett, E;, Hadj:lmichae1, and E. Shield 

La~v.rence Radiation Laboratory 
University of California 

. '-' Berkeley, Ca.lifor-aia 

1~ INTRODUCTION. 

1-? 
Heavy ion elastic scattel"ing data at energies above 100 MeV J 

have1 generally, been subJect to queotio:o. uith res:vect to the relative 

contribut;ioll of inelastic events leo.<littg to tl1e lmrest excited states 

of the target nucleus. Except for j.nst.auccs 1:here lia;l.lt nuclei or 
208 . . 

Pb vrere the targets, such inelastic events could not be resolved 

.Analyses of these elastic scatter:lnc; data have provided excellent 

theoretical f'i ts and, thus 1 lead to qw.te pl"Ccise determinations of' 

nuclear absorption radii a.nd ~-urface th~r.!l':nesses1-3 1 or the equiv-

4· alent optical potential parameters ·. · . Ja:e:r..ce, the question of tlle . . 
precision o:r the data becomes :tmrJO:rt.snt. In general, 'tve have been 

' ' 

able to separate 1 in pulse-height. ap~~ct.rJ:;~, those inelastic ev-ents 

associated vTith· states of' 1 MeV or·Jnorc:; ~:!'xcitation by using a 

standard elastic peak shape dctel"minc:d at, the cmallest scattering 

angles. Inelastic events leading ·to lo11rer lyi.."lg states could not 

iment determined the combin~d yield f'ol" inelagtic scaJ~tering of 

.-........ .. 
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166 MeV 0 ions to the lo""Vrest states of Ta at several · ( C .M.) 

scattering angles between 16 and 43 degt~4:les • 
.. ~ .. 

. In addi t1on to measuring the pre·~1ously unresolved inelastic 

16 .. 
contribution to our 0 + Ta elastic· data.., a second objective was to 

com1)8.re this determination. ldth t.ha.t ca.l•:;'l.:tlated f"rom Coulomb . 

'5 .,_ 
exci ts.tion theory · ·· at scattering angl.er;; \vhel~e the theory may be 

applicable; that is, at forward angles corx~sponding to (classical) 

trajectories of the o16 
ions that do not pass through ~~e nucle~, 

even though tbe incident ion energy is v~~ll above the Coulomb 

· barrier. Since the inelastic scattering expe:L~:tment reported here 

is considerably more difficult that th~t for elastic scatterlllg, 

we consider this second objective to be: ·i~he more il::!:pOl''C.J.nt since 

it investigates ~e possibility of c~pc"ll."ating the tlajor inelastic 

contribution to the elast.ic data b:r "'ray o:f' a straight fOl'"'lnu~a 

calculation. 

In order to distinguish bet'llreeu inela1~tic and elastic events, 

coincidences bet-ween the scattered ions ~d the de-excitation y -::ays 

from the lO'tiest excited· states lrere u.sed. A 1-1/2 inch diametc:· by 

1/4 inch N'c.I(Tl) crystal -vras placed \<lith. its a.x:ts normal to 
~· 

..... 
LJ.'lC 

scaJ"te;r:ino; )lane and as close as ponsible to, the target, .as sho'lvn in 

Fig. 1. This position of' the cryr.;i~a.l m;a::x:iruized the coincidence count

ing rate and minimized the. error int.rocb.t~ed 'by a. possible non .. isotl4 op1c 

r ra.y angular distribution · functioll~ TOO r .. ra.y background was reduced 
... ·· .···· 

by providirlS a very well collimate<1 11eem f'rO'::n .the heavy ion linear 

· accelerator (Hile.c) which passed , cleanly thrc1ugh the target cb.ar!lber, 

_-,.::: 
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strilcing onJ.y the thin target.· The~ chaillbcr with its particle an.d r ray 

detectors • 't'ms then completely enclC!aed ·.uith l~ad shielding. The ba.ck

grou.'ld wa.s ·then negligible compared. to the · r ray yield fro.ril the target 

itself. 

1e l l 181 ( '!::' ) E ·. , ··, T'ue ve sc 1eme of Ta ... :l.g. ::; · sho1•TS that c. lr'lrge 

fraction of the inelastic events CCIX'l"esponc1irlg to excitation of the 

gz-ound state rotational l:>and accompanies the 136-keV transition from 

the first excited to the gt."6und state. Coulomb excitation of' the 

. higher states e.t 482 and 615-keV nmy be tlssumed to be much weaker 

than those to the ground state rota.tional band since their observed 

lifetimes are long compared to tllo~;e: of ~che lmi~l~ sto..t-':.!s. T'uerefore 1 

it is a good ·a.ppl"oximo.tion to o.s::ru:.;1e that the yield of t.:.~.:: 136-keV 

transition measures the :::ajo;.• contl•i'bution of' Coulomb e;-;citc:·don to 

- the inelastic scatt.c:dni3. SL"1cc tlle i.n.t~r:3.al conversion coc::'.:ident 

.of this transition is a: = 1. 7, the obser\rr.::d 136-lreV yield sho·ill.d be 

multiplied by .::1 factor of 2. 7 to obta:L.'1. ·tb::; total yield. For ·ci:.:2.s 

energy the :photo peak eff'ici<:mcy i:3 CJ.U.t'c=e high (..,go'%). 

The r ray detection ef:f'icit:mcy a.s a function of enerey is 

shmm · in l~ig. 3. The .chamber vrall. was made only thick enough to 

eliminate the x-ray bacl',.grounc1 vlithou.t t::~o strong an absorption of 

the 136 k.eV r rays. 'E"le a.b.sorr>tion effect c!en:rpensated some-v1hat the 

steep enerrsJ dependence of the N:ll intrinsic efficiency so that t...~e 

overall. efficiency is peaked. ·in th<:: energy region of interest for 

this -experiment. 

A block diagram of the electronics used is shorln in Fis. 4. 

The resolving time of the fast coincidence was set to 20ns., deter

mined essentially by the rise time of' the r ray pulses ("' 10 ns) and 

the fine structure of :the Hilac beam (at 70 Mcjoec, a. pulse c·Jcry 
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14 .-ns'). Three energy spectra. were ·:~.·eco:;.~aed s1ra:ulss:neously: (1) the · 

energy s;pectrum of the sca/ctered ions p ( 2) til!:~:i.; of the :tnelastically 

scattered ions in coincidence Hith "(' rays ranging from approximately 

8o to 18o-lteV; end (3) the spectrum\ oi" r rays :tn coincidence vlith 

scattered ions col'respondilig, to tl~~~ "~la::rtici' peal~.. A spectrum of 

these r rays : is shotm :tn Fi'g. 5 ~ ' ~Cts sht::tpe .did noJ~ der:>end ser.si ti vely 

. on the scattering angle. The rn:~om:llien·t :peak was :tnterpre·ted to be · 

that of the 136-keV r rays ·since it: was i~xpected that the trn:citation 

of the loirest rotati011al state v1puld predominate 1 at least at forward 

0 
G.ngles.; Fig. 6 shows·. Sl:>ectra of the scattered. ions taken at e1 = 20:. 

in coincidence: vli th r. rays selected (b) or not selected (c) in their · 

pulse heights... The "Upper 6.1"10. lm~:-- l.e'irels of the ~mlse height selection 

are indicated in Fig. 5. :OLe 'i'linci<:n• accc::ptci uc::u·ly c:.l::. of the 136-keV 

r rays, a considerable n·uc"'c'iou of the· 166-keV, a."ld swo.ll frac"C;ions of 

possible highel~ enerGY g8."Ulllas. It is aeen ·::.::at the inelastic ?articles 

· detected in coinddcnce are vrell .;oncentrated U.Ylcler the elc.s·cic peal-:.. 

The peal-: vlidths are approximately the same as for the "elastic r: ~~e::Jr. 

sides and t:':le peal'- axes are shifted slightl~, ( a ~w hundred l~ev ) to· 

a lo"(ter eY'..c:.~::,y. ·The n\.ml.ber JGhe inelaz·~ic eircntd vrithout the y :ray 

pulse heiCl'.; selection (Fig. 6c) irJ v.i..:l.J" tl';.~~t tLice that with it 

(Fig. 6b). 7 Thcne observe;ci6ns do nc;t s;aerl to c~radict the e;:pect-

ation that the intensity of the 136-:t:eV de-e;.:citation transition 

provides a measure of the inelastic: sce.t·tering to· levels lovrer than 

1 NeV,. 
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3. RESULW PJ:.rD DIBCUSSIOl:!S 

Results of ~~e measurements at various ~~es al~e 8UoWd in 

· Peak · ' · · · · pealt 
Table I. w~. is, the nwber of events in the elastic peak and .N(r) 

is the COITCf3J?Ond.L~ 'number Of ':tneJ.ast:lc events in coincidence vlit..l-1 

·the selected y-:i:ays •. Assuming that t4~'il: ,ine]4r:rt1c scatte:d.11g is repre

sented by the m·tensity of ~he l36 ... },~<:;v ~(J!·~xc:ttation tro.ns:l.tion and 
. . 

· tl~at this r··ray enguler distribu~tion ::tr~ isotro1:>1c.~~·. the ratio 

N( ):peruyl~1X::a.~ is l.,elated. to the . r•at:io f oi" .the incla.stic to r . . .t ' . 

e:tastic scatte1 .. ing recorded in the rielm.::rcic 11 peal:>. as follows:· 

N(y)peak 

Npeak. 
T1 f/(a + 1) 

(l) 

i·rhere n is the detc::c:tcr solid angle. of :the l~ai c:..~:'s·cal (n/47T = 0.22. ± o.b4), 

T1 is the r rey ccuntinG efficiency 3) 11 and a is the: conversion 

coefficient c ·~· ·t:1e relevant Y. ray c. ( ~ = l. 7) • 

state • Hmrev-er ~ the 136-keV r-l·ay inten::;i ty if.:; not stl·ongly dependent 

on the :t•clo:tive population of the rote;ti(;)ncl levels. If the y-ray . . . 

pulse height selector accepted a c<.1r..cia.e:~~a:)ic fraction of' the 166-l~ev 

"(-l'c.ys 1 then formula (l) 't-lOuld give tOC·' l:lie;l". B. v-alue of f. ~C.:..., ... / if' 

Tf)~ of' the inelastic events con~espond. tt:> the first excited state c:::.-:1 

·clle rest to the second, as in the case~ o:r t.hc 1~2 Coulo:nb excitation, 

the value of f obtained is too high by auot1t 10%. :if' .the first and 

sec0nd e~:cited s'tatee have a comparahl.e :J?Opulation, as may be the 

case in inelastic nuclear sca.~Gtering, th~ valu.c of' f ia about 24fo 

too high. 
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Vnlc..~s of f ar~ listed in ~ble i w'"ld J?lotted in Fie. 7 as a 

i'unction ot scatteriD.g enGl.~~ Tllc Ci.u""re e:~~pJ.~e::::ses the sum.e of E2 Coulomb 

e~:.cit.ation prob~bil:!.ties for tho fi.rGt nnd occo:nd rotational czcitcd s:trtes 

. obtained. from a se~classical .thcm"~ri:iical calculc.tion5 . (Values of the 
. . . 

parometers . in our case: 11 .::: 28.6; ~ "" 0. 01 - 0. 03) • TilO points at. :f'O:i.""V7ard . 

angles are very close ·i;o tho th~lor·ct:i.t-:al·cu..lvv-c, conf1:rrn.ing the correctness 

CJf our. as.sumptions. At lrl.c;her. angles f becomes a little less than the 

· . Coulcr.ub excitation probability. Dcvii.rticn fl•cri tho cw:vc start a at an 

. angle 'o:f abou~ e . c: 25 UCg:i.'CCS llh:Lch COl"l"OS[JOrld.s to c.n angle just. c.m. . . -. 

before the fiool rise· in ·too <.urvc· :or.· aloe vs ongle .. 

·In sl.l.TI"..:l.:l!"J., 'W~ mve i"ou11.cl toot Cc;llorfu cJ:citntion of um"esolved lou 

ly:I.J:1e ctc..tcs colitributcd as r:;u.cll c:; 5-8~; to om" '~e.lt!otic 11 dif:f'erentiol 

cross sccti~ns fo~ 166-~·::0V o16 o:o. Tn101 
in the e..nc,~r :r:cc;ion befo:rc the 

elaotic contribution -was i:!S J..:::.rcc az 23%. 'rl1us 1 precioe anc:~.y::;cs of' 

been cor:..;octed for ::;uch inelastic contributions • It oppco.ro th:=d~ the cal

culated Coulomb excii3tion correctio~ can be used vver the ranse of ansles 

· v7hel"e the theory is applicable. 
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· Figure 1. Experimental apparatus. 
·.· . . 181 

Figure 2. Lev~l scheme of Ta Q 

FiBUl"'e 3. · -y ~y counting efficiency of the l~ai detector as a function o.Z 

th~ . -y . ray 'energy. . 11o is .. che intrinsic efficiency of the 

Nai ~J:'1Jatal,. exp( .. 'TX) i~ the attenuation factor due to the 

absorption by the charabel~ wall, and thus 'llo ~xp( ·-rX ) is an 

. overall efficiency. A point on ;;che curve of e>..'l>( -"TX ) is 
C:L:' 

determined experimentally using a Co::>o -y ray source. 

Figure 4. Block ·diagram of the electronics. 

Figure 5. A spectrum of -y rays i..'1 coir.o.c:ldence wit~·: -the nelastically'1 

s~attered ?l6 ions at e1 = ~0° • 

Figure 6. Spectra o-z o16 ions recorded at eL· c:. 20°. 

Figure 7. The ratic) f.', of the irie.l.e::-M ... .n11y to elastic scatteri: . ..:;; recorded 

in the "elastic" peck, as a fu•-:ction.of scattering ang.l·~. 

Vertical bars on the points eJQrcss the uncertainty in f due to 

that of the Nai detector solid angle~. Horizontal burs express the 

ar..gular range covered by the · silicon detector ape:t-t·c!.l~c" 
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«fuble 1. Results of the taeasureraetlts. The f.:!.rst and second columns give the 
mean scattering. angle of' t.."1e silicon. ckrtcctoJ:" in t.'l-le laboratocy and center-of
mass systems, respectively ('t1l'C ~d.nc.ov1 o:? the detector subtend.ed 5 a.ef(ees at 
the tsrget). The ·t._'l·liro colunrn g~.ves the slot~ output pulse count Npca of tho 
silicon detector, v1l'lich is nearly CLlUEil to the clastic peak ar·ea, as sl'latn in 
Fig. 6a. The i'oUJ."th is the inc;;l;z:atic scatte1•ing counts occtll"'.rine in the eJ.o.stic 
peak i11 coincidence with the · sel~:ct~:;;d 'Y ray pulse • 'I'11e :i."if"th :l.s the corrco
pending accidental co:tnc.iclence cou.n·t dcterrJ.ined from the 1ndepemleu"G measure·· 
ments. T'lle Geventh is the i'ract:f.ou of inelastically scottered o1i5-1ous occw~ring 
in the elastic peak,. calculated by for.mula (1). 

ewb e . 
c.m. 

Npeak I4 ( "')pc~k N ,pealt 
ace 

y . "iT ( )peak. r peal'-
· ".!.'. Y -~ace · f 

'oeuR 
N~ .. 

15 J.6.:; .· 267 xlo3 201 .115. 0.)2 X 10~3 0.78 X 10-2 

20 21.7 .558 x xo'· 745. J28 1.11 X 10~3 ·2.72 }= 10-2 

. ·1~130· x·1r? . 1.84.0 654· 
.. 

1.05. X 10-3 2.60 X 10-2 

25 .27.2 ·54 X 103 125 23 1.9 X 10-3 1-t.6 X 10-2 

:;o 32.6 . 97 X 103 392 100 ).0 X 10-3 7.4 X 
10-2 . 

-;;: 
10-3 8.6 10"'"2 p_p 

•··.~ lO..., 355 55 ., ~ 

::-:: X ~v -~ ;;.:; 

231 ~· 103 1095 174 - f")·- ,. i ~-3 8.0 X 10-2 
A :;.c;;.-;) .. -··J 

20.1.x 1o' 148 6.8 ·~-. 16.6 10-2 
35 37·9 J2 .. -~ •'\ --' X J._ -~ 

40 42.9. :;.r;. lo3 .·. 37 2 ll.O ,. 
•'- J/.: -· 28.0 X 10-2 

--- -

_,.· 
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