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8 IN THE

PROTON CAPTURE GAMMA RAYS .FROM Si2
REGION OF THE PHOTONUCLEAR GIANT REISONA?NCE
|  Calvin C. Gardner | |
Lawrence’ Radiatién Laboratory
UniVe;sity .of California
Livermore, Caiifornia

May 6, 1961

"ABSTRACT
The Livermore 90-inch variable-energy cyclotron was used to

2 7,(p,1\()Si28 reactioh.

measure the 90° excitation function for the Al
Proton energies between 5 and 13 Mev were used which gave excitation
energies in Si ,8 corresponding to the - region of the photonuclear giant

resonance. Two aga'mma. rays were ‘observed: Yo the ground-state .

‘gamma ray and \2 resulting from deexcitation ,through the first excited

state of Si2 8

at 1. 78 Mev. bThey were detected by a 5-in.-diam by 6-in~-
long NaI(T1l) crystal. A Pb collimator v‘vas.u.sed to improve the reso-
lution of the -detector. The results indicate that both Yo and Y, digplé.y
the -giant resonance behavior; the Yo curve reaches a peak value of ~ 8 
p,barns/sr at EP = 8. 7:5 Mev, .While the \2\ peak is ~ 14 p.vbarns/sr at

E_ = 10 Mev. Both curves display.the fine structure.previously re-

ported by Gove et al. ! A -detailed balavncé ~ca,1¢u1ati_or1 was made, using

.the Yo data. A.comparison with the measurements of Johans sonz ‘on

the total yield of protons frem the SJ'.Zs(y,;p)Alz'7 reaction indicates that
about 1/3 of the total photoproton production in Si28 results in maximum

energy, or ground-state pretons. It is concluded that this large :pro-

‘portion strongly suggests a direct interactien reaction mechanism.



I. INTRODUCTION -

A. The Nuclear Photdeffect and the Giant Resonance

The many studies made in recent years of the interaction of pho-
tons with nuclei, have proven to be quite fruitful. 3 Investigations of '
' radig.tive 'tranlsi»tieris. in ~the-1ightef nuclei, for example, have demon-

strated the governing action of the,isptqpié spin sélectign rules, and
thus the ‘applicability of the ‘principle of the-charge.independence of
nucléaf force-s.l4 Other studies, concerned with the;phetqdisintegration
of the deuteron, havé.led to'information about the ~nuc1eon-nucleon-,po-
tential. >

A major part of the -work in this field, ho;av‘ever, has centered
“about tﬁe--ph&tonuc‘ileé.r giént féSona.nce. ’ This phenomenon appears as
‘a fe-s'éhanf i)éék in the photon a;Bsorpf:ion érbss. section .at‘gam'ma ener -
' gies between' 14 and 24 Mev, the peak position A(‘Em‘_) changing with A

' ;«aiaout' as ISOA-‘O' 27..

De:plartur.e‘s from thls éfnobt}; 'variafidri are ob-
served for the :lig‘ht'"riuclei::.' Thé reéohla;hces‘-a'x"ei.foun.d to have a width
of from 3 to 7 Mev, with peak cross sections of the order of 100 milli-
" parns. 6,7, 8 ' |
‘ Due to the lack of a {rari'a.ble':erierg_y'sqﬁ,rce; of moﬂoenergetic
" ‘photons, ihpsit- of ‘the expce"r'irriéntal work in the ~gi’a§ribfes6nahce ‘region
'h'a.é"u‘s;:e:d as a ;oufc'e of :ga.m~ma ra'.'y'\s the brems st:fdﬁiﬁhg:-s.j‘)'ec::trum

“from an 'e‘le"ctro.n .a;‘c'céleréfw.téf.‘ Because of tltlle:'conti;ﬁﬁ'ci)us nature of this
”:’s'pec;t.rum, : qﬁaht'ii:é.ti\;é r’esﬁltg é:a;ntjd;xly be obtaiﬁéd'.b}'r:'é i;é.thér éla.boxja.te
tinfoidiﬂg ;'J'ro'ciédu're9 wh1ch ie‘ayés details of thé‘- resonance behavior
somewhat uncertain. In spite of this difficulty; : however,: much infor-

‘mation of a general character has been obtained.



The: predommantly electric d1pole ‘nature of the-giant resonance,

for' instance, has been esta.bhshedlo by compar1sons of the gamma

)

~with the~electric di'pole sum‘rule. -1 This mode'l'-"-.ind‘ep'endent relation,

absorptlon cross. sectmn, 1ntegrated over the resonance -curve (¢. int”

derngd by Bethe and Levinger from the similar Reiche-Kuhn atomic
sum rule, predicts that o = 0. OiSA Mev-b'a.xi-nsf Although the -effects
of higher multipole transitions have been _'Aobse'r“v:e'd, it has been. found
that for most elements ‘the .experimentally dét_ermirieéi"&“int gffgctivély B

exhausts this'sum,.'g" 10 .

B. Theory
1,' Collective Model‘

The collective model of Goldhaber and Teller was an early theo-
retical attempt to explain the.:mechanism of the giant tesonance.
This model pictures the nucleus as composed of nevutron‘ and 4p.r0ton '
fluids, ;nd theresonance' as Aa bulk os.c.illation of these £luids ;Jvit.hin the .
nuclear velume.. ’i‘he result is a linea; nscillation ot the center of
charge nbnnt the cenler of mas s'? - which conforms with the established
El nature .of fh& resoné.nce». If thé envelope nf the nunleus is assumed
to remain fixed and the-fluids_ to oscillate»in‘ such a fashion that their
combmed density at every p01nt remains constant then th1s model
predicts that E c;c AT 1/3, which is in fa‘ir agreement with experimental
results. More quantitative p‘redictions. are difficult to obtain from this
model, however, since it applies inyvte:the 'absorption mechanism and
says nothing of the decoupling of the oscillatien leaciing to decay of the

13
system.



2. Shell Medel
A more recent theoretical approach te this subject has been in

14,15 Through the

' terms of the.independent particle, or shell, modfél.
‘work of Wiikinson and others, 16 a simple model has been developed
‘which .has been able.te explain the<genera1'featur'ﬁé's of the.resqnance
?-aﬁd‘i‘s in most cases in égré-éfnef;t with available expefimental res'ults‘,13
In contrast to the collective model, it 'ma.kes'defienite predictions about
decé,y 'me:chaniém«s, _and is thus more useful for comparison with ex-

-pgriment. |

The tendency of El transitiens to c.lusfer in such a fashion as to
form the ‘giant Ijes:on.a.nceucan be-undérs-toéd in .te’rmS of the -inciependen-t -

-particle ‘rp;)del by~c»o-nsi'clerin'g'first the sim_ple;tshell model, the iso-
tropic harmonic oscillator.: Th_ei-.‘clustering‘ .t‘heAn:follow_s from theﬁ-‘equal
spav.t:ir;g;of levels in the oscillater potentiél and the seiection rule -for
El transitions allowing enly transitions betlween adjacent levels. In thé

‘moreé realistié;finite équare-wél} potentié.l, this equal spacing-is appar:~-. .
ently ~lost;j However, levels of a given sequence, | su‘ch’as ls, 1p,. 1d,

. or Zs,.' 2p, 24, ..., a;ré still almost' equally _spa.c.ed, at le.a.vst_nealh'
the:Fe-rmi' surface. 15 ,Furthefm-ore, fhe -tra_néitions betWeaen such
‘levels of a.given sequence, which;w'ez"e-the allowed transitiens in the
‘harmonic oscillgter potentiél, are now fa;forgd transitioens. This is
seen.in Tabie I which gives the square of the radial overlap.integfals
for various trahsitioﬁs. _‘AS_ince-'th.e'Pa,uli‘ p.rinciAphlef.est'ricts the absorp-
“'tion to those nucleonswx1th1none ‘oscillator spacing of the Fermi surface,
if ié apparent that photé'ns with energy nearly' eqﬁél to this escillator

spacing -can be absorbed in a resonant fashion, raising a nucleon near

the. Fermi éurface to an unfilled srin:g-le particle level, prefera'bly of the



Table I. Radial overlap integrals for an infinite - square well.-

. (D+is the ,squa‘r‘el.of the .r_é.dia,l ov‘e'r’lap integral

v

‘measured in units of the nuclear radius.)’

1e) o 1es1) |2 O ] 2 3 EN 6
[ D {o.28 [ 0.38] 0.44 [ 0.49-[ 0.53 [ 0.56 | 0.58

2(2) to 2(g+1) L2 | O ! 2 3
' D [0.23 [ 0.28 | 0.33 | 0.37
3(2) to 3(2+1) - 0_ !

- D |o0.22 [ 0.25

' 1 3 z 5
1(z) to 2(2-1) |2 2 3 4 ,

D |0.09 [ 0.07 | 0.05 [ 0.04 | 0.04
1(g) to 2(e41) |2 | O |1 c 3
' D |o0.001] 0.002| 0.002 0.003
2(2) to 3(g-1) | £ 1 2
"D [0.12 | 0.09

* '
D. H. Wilkinson, Physica 22, 1039 (1956).

next higher g value. The width of the ‘giant resonance thus appears as

~a measure of the clustering of the allowed dipolé transitions, which do

not all occur at precisely the same energy.

The single particle transition strengths given above must be

modified further by the.factors of Table II, listed for the various .. -
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and alse by Rand!

Table II. Strength of tra'n‘sitiéns from closed shells in ‘terms

of the -tran_sifién strgng-th for a singie-particle.

Transition s S

(2+1) (g +2)

1+1/2A_,_:£+1+1/2, %3

el
.121_+.3) (20+1) -

P+1/2%5 0+ 112

e | 2{g+1)
1_-1/2_..1+1-v1/2 TR

~

*D. H. Wilkinson, Physica 22, 1039 (1956).

transitions allowed in jj coupling. These must be applied to transitions

from a closed shell, which may be several times stronger than a single

-particle transition, due-to correlations between the equivalent. particles

of the closed shell. 13 These strengths S are .given in terms of the in-

-dividual transition strengths and '-.dep‘e-nd only upon ¢. They account for

the ability of the independentfpafrticle transitions t{:) effectively exhaust

the dipole sum rule. 13

~The remainihg-importa‘nt consideration in the independent particle

" .model des'cription of the gian.t'resonanée -is the absolute energy at which -

‘the -'tra.nsitions take place.- This calculation has been done-b_y Wilkinson

6

and is s:"umma.riz.ed.'iri a review article By WilkinsAon.13
"I‘h.e.c‘alcﬁla..tion.fs draw upon results of re'_cent'.optic'ai model studies for '
13 A1/3

determination of the radius of thé sﬁuaré“we-ll,'r. = 1.2% 10" cm,

~and in.the use of a Avel.oc‘it'y-depeﬁdent real potential. . For nucleons near

the Fermi surance‘, this véiééity deperfdén‘ceof the .well depth can be
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interpreted as an effective mass m¥ f m, whichis chosen to be

m¥* = m/2 as is suggested by the Brueckner treatment of nuélear mat-
ter. ‘With -'thése -considerations, the-calculated ,va.lues of Em are.in
fair a.éreéme-nt with .experi_men"té.l resulté. : Wilkil;son has -sA_'how'n- that
a more ~r§alistic<pc;tentia1;,‘: with a rounaed.edge, would tend_"' to str.efngth—
.en the-a’.greement':'; it is emphasized tbat the -ability of -the.indeperident
part:;icle n;odel to.explain.the -‘photonuclle'ax-' giant re‘sonam‘:e -leans ~heavil-y~
uponl the-conc‘e"p't of an effective mass.

An alternative explanation that has recently been sugge_s’ced]"7
relies upon the.céllective-nature-of the closed shells which coentribute
.the bulk of the.dipole strength. This aiaproach takes into account the
-part’icle-holé -intelriac.tion involved in the Asingle- ~parti-c1e.-t-iransition from
a closed shell. It is found that due to the T .= 1 nature pf the interme-
diate siA:atev (reqﬁired .by the isotopic spin selection rule for El transitions)AA
this pa‘rticle-hole;interaction.'is strongly repulsive, which tends to in-
. .qreaée the:-'energ-y of the .intermediate state. This improvement s}_xouid

’

allow a more -quantitative.comparisen between theory and experiment.

C. Photonuclear Reactions

'In addition to -offering an explanation of the total absorption of .
gamma radiation, the.independent partiéle modél suggests a simple
'picture‘o.f the photoproduction reactien mechanism in the»“gia.nf: reso-
‘mance. region. The model pictlire;s a épecific absorption transition as
- raising a nucleon to a single-particle state,. from;.which.it may decay
directly (width I'), or through the 5ction of the'-imaginary‘, potential be

amalgamated into a compound nucleus which decays by some -statistical
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mode.. If the width for the-latter~possibilify is d'e-.sign'at'ed as 2W (W is
the -depth of the ~i'ma’ginary potential) and if the-cross ée’ction_for ‘the

specific absorption transition is ¢ ', ‘then the direct reaction cross

section is gi;/en.by o =0 (f‘/ZW'). This resonance direct emission is
_sin'iilar to the -early direét enr'iissAiOn of'Cou‘rantlS"whicyh, however, gave
cross sections which were too low due to the Anegl.ec't of 'reséna;ice ef-
fects. ¢' can easily be -found;. using Tables I é.ndu II, by comparing the
transition strength of the initial transition bi&kgd out: by A‘th'e‘ reaction
v\lavi'th the total ab'so'rption tranéition strength-fouhd by -wéighting and
summing all possibie transitions for the nucleus in'question. This
f;action of the total absorption cross section.then equals ¢'. This

-picture-is, of course, only a first-order model.

" "'D. Ground-State Reactions

Those:photonuclear reactions which leave the final nucleus in its
ground s_tafte aré especially interesting for two reasons. (1) Ground-
stat.e-dec':'a.'ys by a statis;tical mede »é;re-.ir'nprobable. Thus if an appre-
_ciable -number of ground-state: photoneutl;ons or -photoprotons are ob-

' served.théy can 'alrﬁost certainly be interpreted as the .products of
some‘»forni of direct; interaction. ' (2) The ground-state reaction can
be“re“ac'hAed by fne-ans of the Zinv'ér'seArea‘,ction, in which a nucleon is
captured .and a ~ground-state-gamfna ray results. The principle of

detailed balance relates the capture and photoproduction cross sections.

E. Purpose of this Investigation

This.paper.presents the results of a study of the A-127(p, y):SiZS

reaction in the region of the:photonuclear giant resonance. In order
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to 'fa;cil‘i‘t%tg;c?o'mparispn with theoretic_:él reaction. mechanisms, care
was tayken te obtain absplutegi"osAs séc_tior}s“. - The 90° :e?c_.c;,_ietvaf_t_ign.function
_ was measured over the eﬁti're .resopa.nc'ev.,region,_,. In addition,;an angulaf
distribution was obtained. at E-P'? 8.7 Mev. Aluminum was chosen as
' the -b‘om‘r:)a-_rde;i' e;le-ment becafusve -of the-availability, ease of foil prep-
- (a_rr.atiyc_')né- and isotopic. purity of this ve'lér'r;e;nt, ‘and the general success .
' of shell model calculations in this region .of_,.the periodic table.. In ad-
‘ dition, tf;é ~',clc_)_sin'g‘ .'Qf. theds/2 subshell at Si.zg.sqggé_sts that;‘.resonance
di;_ggt emission of groﬁnd-gtate nucleons sheuld be especially strong

-for this nucleus.
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II. METHOD

A. General Description

The experiment was done at Livermore, using the 90-inch var-
iable-energy cyclotron as a source of protons. Figure 1 is a photo-
graph and Fig. 2 a schematic diagram of the experimental arrange-
ment. The beam from the cyclotron was focused through a collimator
onto the foil and then collected in a long Faraday cup. The detector
was mounted on an angle changer, with the crystal face 16 in. from
the foil center. It is shown positioned at 90° to the beam line.

The foils were mounted on a foil rack and changer mechanism,
and were selected aﬁd positioned from the control room. The rack
included a blank which was used for background measurements, and a
plastic foil which, when inserted into the beam, served as a source of
4.43-Mev gamma rays. These originate from inelastic scattering of
the incident particles off carbon nuclei within the plastic, and were
used, in conjunction with a tail pulser, to calibrate the energy of the
y spectrum. Aluminum foils of about 20 mg/cm2 were used, which
give an energy width of about 1/2 to 1 Mev, for the range of incident
particle energies used in the experiment. The exact foil thicknessesare

given in Table III.

B. Faraday Cup

The current-collecting cup was designed with the following con-
siderations in mind.

(1) Because of Coulomb scattering from nuclei within the foil,
the beam of incident charged particles is essentially defocused at that

point. In order tq obtain an accurate current reading, the cup, as seen
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‘.from the foil, must subtend as lirge-a'solid angle as possible. With
én entrance aperture«of 5 in.. placed 20 in. from thé.foil, the.fraction
of incident particles scattered into angles large -enough to miSs the -cup
.was calculated to be-less than 1. 5%. Sincef-large:r errors arve aésigned
to the data for other reasons, no correctieﬁ_has beer} -‘i'na_de_-;f\()r this
effect.

(2) The.cup, ar:ti.ngﬁ's a heam stopper, was a source of back-
ground. With the d'esign é.é shown in,AFig.‘.Z', most of t-hé-beam is col-
lected at the .reér of the.cup and is shielded from the detector by a lbng

" path of lead. Ca'rboh:Was chesen é.s thleiéup.mater'i‘al because of the
-high (~ 18 Mev) Clz(p,n)le,threshold. .The-backgrouhd radiatien reach-
-ing the‘ detector from this source was ,measured for various inc:ideﬁt,
particle-energies and found to besuffiqie‘nfly low, with the design as
shown. It consisted alrﬂost entirely of thé 4.43-Mev ‘ipelastic y ray
-froem ;;Clz.'. The'-aeffec't of neutrons cr§atcd in the4Cl3(p,n)Nl3 reaction
was not néticgable. The: c~hargﬂe.‘c011<‘e.cted in the -c}up was measured by

a current integrator, and recorded for each run. .~

'C. . Gamma Detectors
.\\ - -

Two detectors were -u;se:c_l iﬁ th:e .,c'éursevof the -experiment. Ti’xe
first, diagrammed in'Fig.. : '3,, 'éo'nsllistedf of a 4'-in. -diam by 4-iri..-10ng
;.N;I(Tl)‘c-ry§tal, viewed by a Dumont 6‘3'63 iphotélrnultiplier. A light--
fefle'cting diskbf Teflon was élva.cegi;again_st the~crystai face, around
~the.photocathode:of the-.photomultiplié-r. tub-'e.. ’i‘he'unit was plac-edAir.1 a
light- tighf cylinder, whi’cﬂ also served to -hold the photomultiplier in
position aﬂd was wrapped with a magnetic shiqi'ding material. The

dete‘c':to,r was placed in a lead shield, 2 .in. thick around the.crystal,
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and formed into a coilimator in front of the crystal, as shown. The
shield reduced background and by colhmatmg the.y rays aleng the
-axis of the. crystal reduced edge- effects and bremsstrahlung losses.
improving ‘the resolution .of the detector. (See2F1g.. 6.)

The_ second Adete‘ctor wé.’s obtained from Harshaw Co.. in time for
the final cilata-taking‘rﬁ'_n.ﬁ It consisted of a 5-in.-diam by 6+in. -long
NaI(Tl) crystal .and lju:mont"63 63. photomhltiplier in a 'matched-window!"

19

assémbly’ Th1s des1gn g1ves better resolution for large crystals.

It was also used in a. s1m11ar Pb- sh1e1d

D.- Electronics

A -block diagram of the detector eleotrohios is given in Fig. 4.

: After-initial.‘amplificatioh by i‘the‘preampvli‘ﬁers pulses from the :detector
were shortened to 0. 5 p.sec by a chppmg line, which was placed in the
control room for coenvenience. The pulse he1ght spectrum was then
‘passed through a disCriminator, amphfled, , and ‘displayed on an Argonne
‘type ‘pulse-height analyzer.

It was fouind necessary ‘to use: threetpreamplifiers in order to
obtain pulse helghts suff1c1ent for. operatlon of the biasing diode, or
discriminator. Care was taken to. operate the preamp11f1ers below
satqrat’i'on. The-adjustable dlscr1m1natorzwas osed to keep pulses be-
.low ‘the region of interest from reaching <the"pu1'se-heigh_t analyzer.

A major problem in the experiment was the :.elimina.tioh of "'pile-
up'' pulses from the.‘spectrum,. _'Ifh_ese are caused by the coinoident
arrival at the. crystall-of several lov'v'-:tener‘gy photons -o_r neutrons, which
can add together, to.g-'ive-an apparent high- energy polse. The‘dete.'ct:or

was exposed to a relatively intense flux of low-energy photons and
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neutrens which origiﬁated in the beam stoppér, .t‘he.collimatogl and the
-foil itself. By removing the-foil, it was determined that the greater
part of this backgrour;a was due-to the .inter.actionvof their;éidlent par-
ticiés with mnuciei within the foil. These interactions can ta_Lke ‘the-form
of inelastic colli'sions with the subseé\ient' emissien of a deexcitation
gamma ray, or, at the -higher energies u.seé‘-in this e:lcperime-nt, of
neutron.production. In €ither case, photons or .i;eutrqns are-produced
which, when captured in-.the~crystal, produce.a low-énergy pulse. The
-piling up - of these small pulses can be minimized by r‘educing th'é pulse
-length by 'means of the cli'pping line,.and by decreasing the current.of
incident particles, i.e.,. spreé.ding out the~pulseé over a longer ~ti‘me
interval. It was found that with a pulse -length of 0.5 psec, a proten

.current of 0.05 to 0.1 pa. produced no:pile-up counts in the.spectrum.-

E. .Background

Abo{re~EY = 15 Mev, the only background was found to be due -to
cosniic radiation.. Measurements with the foil out showed that it was
independent of the beam and of'EY.. It was equal to 1. 68 counts/min- .

Mev-for the -first detector, and 2.31 counts/rlnin-Me-v-for‘ the larger

detector.

F. Observed“Spectra '

' A-t;jrpical.pulse;-height spectrum is 'reproduced 'illqui"g. 5, and
 shows two. gamma rays: the -ground-stafe :g‘am.rr.la ray vp and .the~gam'ma
.ra:y yil resulting from. <:i.ee'xcitation through the first e_xc_itéd state of .

A Si28 at 1. 78 Mev.

The -detector electronics was found te be.linear, by a measure-

ment of pulser voltage vs channel number. Thus a comparison of
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pulser voltages for the 4 43-Mev carbon y ray and elther Yg. O Y,
determlned an energy -scale. | EY a.nd,EY are-known from the. reactlon
10 1

kinematics (i.e., E. = 2L E + 11.6 Mev and E, = E_ - 1.78 Mev).

o ' : Yo 28 p Y Yo - :
Since the gamma peak position cannot be determined exactly, an error
_exists. in the energy ealibratifon. This uncertainty-is taken into account
in the data reduction procedure.

The statistics nn mast rins were a,hqnt as shawn in Fig. 5. Us.u-

ally ~ 100 counts/channel were obtained over. the Yo peak in .ebout 30

minutes running time,

G. Line .Shape

In order to intezl'pxl'et‘ p'roperly'the«ob}'ser'ved spectra, a mee.sure-'
ment was,made' of the line she.pe, 1e ) the~pulse-heignt spectrum of
the dete’cter for a monoenergetic y ray of the appropriate energy. .Av
convenient; source of 19. 8-Mev phofe‘ns was a;vailable' from the H3 (p,y)He4
‘reaction, ilsing the Livermore Co,ckcroft—Walton a.ccelerato‘r asa source‘.
of protons' A tritium-loaded titanium: f.argét was us.ed The proton
energy was 350 kev which is well below the threshold for all competmg :
reactlons;»s thus:the source.is reasonably clean, and.appreprlate:for a-
line-shape rneasurement. ‘The-geometry and eleetrenics were identi-.
cal to thoge used in theexperim-ent.

The{resuits of the line-shape measurement are shown in{_F“ig‘. 6.
The general features are interpreted as follows. (1) The main peak
is composged of two‘-unreeolved.:peaks. The shoulder on the upper
' ener:gy} ',si‘(gie'-i'epresen:t‘s ‘the ‘full ene_i'gy peak and the peak displaced
down .b}‘r 1/2 Mev is dne-to the esca.p.e:‘of one annihillefion quantum. (2)

The asymmetry on the low-energy side of the.main;,peak_ is due to.the
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escape of low-energy bremsstrahlung quantaﬁ.l,‘ (3) The long {flat tail
is due to Corﬁpfon scattering and edge effects.
- The tail was foun-d to remain.flat down to EY =5 Mev-for'fhe
‘f‘irst detector and 8 Mév for the second detector. Below this. energy
a rise w-a.s observed, which was found to be -due to a neutron background,
. partially ‘beam dependent. The'~proximity of the cyclotron explains the |
general hackground, while the beam-dependent neutrons céuld'be-};rO-
auced by the ~d(>d,n)He-3 reaction resuklt_ingffrom deuteron confa,fninatio_n
of tvhe.-pro_tonbeam,.A For purposes of édlcﬁlatin’g .absolﬁte.c;f'é’s's’ gec- -
tions, the assumption v;/as rﬁade»fha;t the tail remains flat,‘doiyn'-‘tb zelro
energy. The-ratid of counfs_ under the e'xtrapolation' to total c.ourlxts was
found to be.0. 16 for the first detector and 0.24 for the second.
Figure 6 shows the-better resolution obtained.by the larger crys-
tal in a m;tched-window as_serhbly. It "should be nofed, however, that
' diffefent phototﬁbes were us‘ec'lﬂ.‘i.n- each detector aﬁdl a siightly lo.nlg'er ‘
pulse length was used with the second rde_t'éctor.- Thus the better reso-
lution maf be due partly to the associated electronics. |
- It is also clear from Fig. 6 that the Pb collimator provides a )
‘considerable irhprovémentvin resolution. By confining fhe»incoming
~ -photons to the axis of the crystal, edge effects at thé sides of".the-crys-'
tal a.re‘grc;eatly reduced.. Bremsstrahlung losses are reduceci for the
: samé-reas:on; Energy losses can still occur at the back face of the

.crystal,. however, Which.acc_ounts' in;part_fqr the:low energy tail.
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H.  Detector Efficiency

The detector efficiencies are calculated for E’Y = 19.8 Mev to be
eq = 0.81 for the first detector aﬁd ep = 0.91 for the second, where.
er = np.of y's detected /no. of y's incident. The relation ep ~ 1 - e-“’g

was used, where £ is the 'crystal tHickness in g/cm2 and y is the mass
absorption coefficient. The solid angle Q(det) subtended by the detector
waé assumed to be Q) F where QO = (l'/Z)Z'rr/(lé)'2 and F is a.factor
which corrects for imperfect collimati'on.' Since the complete line shape
is used in the data-reduction procedure~, it is not necessé.ry to compute
a péak efficiency (i.e., the proba'bility that an incident y gives a count
in the peak of the line shape).

The collimation éorrection factor F was computed from the for-

-mula

- » 0
F = H%TI 5 Lger'T gq,
0 90

where ' is the linear absorption coefficient (in. -1) in Pb, 8y = 1/32,

. _ 16 1 . . .
6, = 1/22 and r = —— 7" Zeing This relation was derived from

the figure below and represents an increase in the effective solid angle

due to photons transmitted fhrough the Pb. The integral was evaluated

—y 5: -~
L ] - 172"
' “‘—" 16" —

numerically for various values of ' corresponding to the y energies
detected. F(Ey) is plotted in Fig. 7. No correction was made for

inscattering or other secondary effects.
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I. Data Reduction

The problem .of reducing the measured raw. spectra. to.cross sec-
tigné with errors, was programmed for the IBM 650 corﬁputer at
Livermore. The:procedure :in&o‘lv'e‘d Atbhe- following steps:

(1) An energy séale ‘was put on the spectrum, é,s préviously.de-
scribed. The flat background due te cosmic fays was then subtracted
a:nd the .resultant spe'ctrumj :printéd out and pletted (see:Fig. 9);

.(2) Using-the line sha,éé measured at 19.8 Mev,: a neW‘line‘ shape
Avwa-s the‘r; -generated for EY@ | For this purpose ..the ?.ssumption was n’ia..de
that the s‘hape of the.curve does not chahge-wither;e_rgy.i The procedure ,
Alis illuét’rated in Fig;i. 8.

(3) A square resolution function with width equal to the -energy -
thickness of the -foil Qas then folded into the line shape.' This modi_fied
the -curve séme-wha.t, as shown in Fig.. 8. o |

.(4) This:final line shape was then compared with ~.the'<measﬁred
spectrum by summing the.counts in the leading edge of both:the -:rﬁea‘s- |
uredq{0 and Athe-.line shape. The ratio of these spectrum counts to.line
shape-'cogﬁts is then a :mg;sﬁ?e of the relative cross section: Ty (rel), )
_for.production of th.e-grounci state y ray. |
(5) o (rel) was used to normalize the line shape, which \_x'/a.‘s' fhen
‘ subtracted from the spec'trum, leaving a résidué.l spectrum-c-ompqsed
of t:h,e~first excited state Y ray. |

(6) Us-ing,EY1 = EYO - 1.78 Mev, the»a».b_oAvé:procedu}.re wa.s then.
repeated for Y) .(i.,e. ,.a.new line shape was gener_afed,fer EY.I"" folded.
by the-foil width, compared with the residual spect1ium yielding Ty

normalized by ¢, and subtracted from the spectrum.)
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The result is a final subtraction spectrum and the cross sections
.ojo (rel) and 7 (rel). ,Since the:largest uncertainty in the -ab'ove-pz_'oc»e-_
dure was the location of the YO peak (1 e, the absolute energ.sr dete.”r—
mination), the process was repeated for channel shifts of -3, -2, -1,
+1, +2, and +3. Each of these yields a subtraetion spectrum 'With cross
sections; A s-pectrumand _the.corr'esi)oneing family of .s:'ubtrac't'ions
are- plotted in Fig. 9. The best subtraction -curve, then, determines
%9 and o-l I‘hecress sec.ti'ons corresponding ‘to-the .first curve to
.either side -of this 'best' subtraction which ie non-zero outside sta-
tistics. are a measure Aof the relative error in %9 and oy

For the data of Fig. 9, values of T F 0.27 £ .0.03 and o= 0.44
+ 0. 04 were chosen . For most of the data, a one-channel shift was
sufficient to produce -an unreasonable ‘subtraction; on seme of the data,
however, a shift of up to 3 channels wasAnec'e‘s‘sary, w‘hi'ch is re'flecated
in larger relative errors on these points. " The -e’rlrore determine‘-d in
this fashien were larger, in general than the stat1st1cs on the sum of
~counts over the leading edge of the measured Yy ray.

Good subtractlons were obta1ned over the ‘entire - energy. range of
the gammas (v 15 to 24 Mev), which 1mp11es that the line shape did not

change hotlceabl-y from the -pn_e -measuredat.EY = 19 8 Mev

Cross sections were finally computed from the -.formula

do " T K -9 ng o{rel) -
ac (0 =[N ] q Q(det) « p(E. T

0Ffa
where
A = atomic number of foil material
NO = Avagadro's number

= thickness of foil in g/cmz.
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q = number of particles incident (proportienal te charge col-

lecteci' in.cup)

Q(dét) = solid angle subtended by the.detector at the:foil
¢ T’(Ey') - o= totéi_ efficiency of detector
A, = -courité in line shape used in computing o(rel).
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III. RE:,SUP'_i_".S&:

The results are vtabulate'dg in Ta.-bl,é’;IIi» a.'n‘d"';t‘he; éxcitati'o,n .‘fu'nc_tions
presen’ted1graphically'~-in‘_Fig.',;.10'. : ;I‘h'e'xg-arﬁnf-xa'-f‘a?vra.ng-ula:fr‘d»iétr.;b'utions,
measured at a proton -ehgr.gy of 8.7 Mev, ‘are shown'ir F1g 11 The
angular.accuracy on zthese’-'u'xea.S-ﬁreﬁaient‘s-.fwa’s} 5%, - The energy ‘thi:_ck-
ness of the foil is g:;LvenA for each measurement in Table III and shown
as horizontal flags in Fig:., 10.l The verfical flags repfesent the> rela-
‘tive errors determined by the subtractiori,proc;edure’.,

In addition to the «rélative eerrs, an uﬁéert—ainty exiets in'the
absolufe value of the cross sections, arising primarily from the line-
shape -extrapolation to zerernergyo ' The ais'sumption th.a.t the tail ré-
mains flat down te zero energy is justified, in part, by calcula.tionszo
of the line shape expected for high-energy gammas in large crystals.
They show the -tail remaining flat, or decreasing slightly, with decreas-
ing energy. The neglect of secondary effects, such as Compton scat-
tering of incoming photons by the Pb collimatozr, also,inLruduugs am -
error. If the ratio of 1/2 the area under the-ext,ra,pblﬁation-to:the<total
area .of the~1i{1e shape is u'se.d as a measure of the extrapolation error,

a value of + 16% -can be assigned to this uncertainty. In view of this and |
.the other assumptions made in computing the cross sections, ‘an ,over-;

-all absolute error-of + 15% would appear to be realistic.
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Table III. Measured 90° 'érgss sections (p-barns/sr).

Run 1: 4>< 4 c'rystal
23.05 mg/cm? foil

E

(Mfix) | g—g vq) %’g_(*l)"

7.7+ 0.5 6.3+ 0.8 6.6+ 0.8

8.4+ 0.45 7.0% 1.2 11.2# 1.4

8.7+ 0.45 7.3+ 1.7 11.2% 1

9.6% 0.4 6.1%0.7 13.5% 1.5

11.0+ 0.35 - 2.9+ 0.6 10.2+ 1.1

11.7+ 0.35 2.0+ 0.4 :8.6% 1

12.7% 0.35 2.0 0.3 6.5% 1.8

Run:2: 4 X 4" crysta.'l,.“ , Ruh_:3: 5X6'" crystal
21.97 m'g/‘c-fm;z .:foil | - 22.17 m»g/c:m2 foil
by gt ) ade BN oy
6.3 % 9.55 6.3 1.0 5.I+1.0  52% 0.65 1.05%0.3 . 3.1%0.2
8.6+ 0.4. 8.0%£0.9 14.6% 1.5 6,0+0.55 4.15:0.4 5.1%0.5
8.9%0.4° 7.7+ 1.4 17.8% 1.8  6.6% 0.55 8.3 £0.8 7.7# 1.7
9.2£0.4 6.2% 0,7 143+ 1.4 6.8+0.5 5.0 £0.6 - 6.8% 0.4
10.4% 0.35 5.5+ 0,7 13.7+1.4 7.2£0.5 .59 £0.6 7.6 0.8
11.14 0.35 3.2 0.5 12.3% 1.2  7.6% 0.45 5.4 £0.5 8.0+0.8
11.5% 0.35 2.2 0.4 10.8+ 1.1 8.2 0.45 7.2 £0.7 .8.3% 0.8 -
i2.240.3 2.020.4 .7.021.1 8.7+£0.45 8.5.£0.9 12.0£1.2
12.740.3. 1.7#0.5 55207 9.0£0.4 6.8 £0.7 13.1% 1.3
3 1.840.3 54%£0.9  9.740.4. 7.6 £ 0.9 '

12.8% 0. 13.5+ 1.5
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IV. DISCUSSION

A. Resonance Behavior

It is clear from Fig. 10 that the 90° excitation functrons for both
Yo ‘and Yl display: the glant resonance behav1or The.y0 curve appears
to peak at'a proton energy of about 9 Mev (EYéz 20 Mev) and .has a full
width at half maximum ot ab’out'”5 Mev. The yi resonance, however,
occurs at a h1gher proton energy From F1g 10, E (yl) ~.10 Mev
and T (yl) 4. 5.'M_ev Th1s upward shift.in the: peak pos:.tlon of - Yl
also evident from the measurements of Gove'l'on the B (p,y)C‘-"lZ
reaction. |

It should be'-pointed out that the Wilkinson model predicts the
.obse‘rved’giant re.sonance behavior of Yl and can explain in a qualitative

sensethe energy shift noted above. The 1nverse of the A127(p yl)Si‘28

.‘ ~react10n would be the (exper1mentally unreahzable) 812'8* (y,=p0)AiZ-7

| reactmn I the first. ex01ted state. conflguratlon of 5128 1nvolyes the

' 'rcarran"gemen'r. of only‘ a few valerce nucleons then the bulk of the
.51ngle partlcle tran31t1ons respons1ble for the d1pole absorptlon would
be relatively unaffected, and the absorpt1on behavior would be similar
to that of '8128 in its ground conflguratlon Inorder to decay to the
.ground state of Al however the proton exc1ted from thc core must
.absorb the excitation energy (1. 78 Mev in the.case of Slzg_), thus shift-
ing - the resonance up in energy by thls amount The d1ffcrent potential
generated by the excited state. conflguranon may, on. the other hand
change the-position of the single-particle levels responsible for the

_absorption .- Thus the upward shift of Q(excitation) should be only ap-

-proximately correct.
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The: fine structure -exhibited by both curves was also observed by
' Gove. It has been noted by Wilkinsen that this behavior -is.te beexpected .
from the -viewpo.int of the .independent particle model. 13“ 'Ih,:co:nt'rast,v

‘the -earlier collective:model would:predict a smooth resenance curve.

B. Angular Distributions

'I“heyo a.ngu'.l.ar distribultion (see.Fig. 11) is isotropic, within
s'tatistics,‘ whilqthaf. for yi appears to be asymmetric, falling off at
the back angles. -,These~me-§.sure%me~nts we‘-lr'e taken at.:Ep = 8. "/‘Mev
-w‘hich corre“spo;nds to the main Apeak‘ of‘thé Yo resonan‘c‘e".'u The spread
in~pro£on erierg;)r,» due to the.foil thicknesg, was 0.9 Mev.

The form of the énéular distributions expected fror'n direct cap-
ture processes was . first worked out by C'Joura.nt18 and canAbe d‘erive'd
.easily fr'om anéula;r.&:orrelation theory. Pure f-wave absorption-takes
th.e~onrm:l + singe while:p-wave rabéorption is given by 'l + (l/.6) sinze.
The latter possibility is favered (at EP =9 Mev) by about a factor of 3
v_‘,fro_‘;'n ba.rr.Ai.er p’éhetration.considelia‘t'i'ons.. However, it has been pointed
out by ‘Ei_chlerZI lth‘at interf_eré’nce "e‘ff'ec‘t_s cah rhodify .the form of the
:angular di‘stx;ibut‘ions‘_,‘ which may account for the apparent isotropy of
._theyo_ ang}llar distribution_. A detailed treatment sh,éuld also consider”

' thé:-a.vera.ging eff'éc‘t'.lo‘f the-finite source (foil) thickpesAs';.‘Al?’

' C. The.Photoeffect in Si%S

A -detailed balance.calculation was carried out on the Yo data.
. For this purpese the smooth curve Acllra.v'vn;throug'hvthe.\(.0 peints in
Fig. 10 was used .and the :assumption was made that &(p,-yo) = 4w g—g—z

(90°). In view of the-angular distributions measured in this experiment -
g : per
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and those previously meazsured at lower enerAgies by Gowve, 1 this as-
sﬁmpﬁon is ﬁot too unreasonable, The Si28 (y;po)AIZTexcita,t,ijon func-
tion re_sult_ing from .this calculation is prlesented,,in"_Fi’g., 12. .-

For the 8128 nucleus, the d1pole sum .rule: glves s (absorptlon)
=-0.42 Mev-Tbarn-for a lower limit. Measurements by.Johans song-on
the .,integre.l y’ield of.?hofdéfétd:ﬁ-s gave o-.. (y.,p) = 0.27 Mev-barn, while :

(v,n) has ‘been found to be.0. 07 Mev-barn. 6',For comparisen, an
28

1nt

integration c'>ver the Si ,P )A-l ' resonan’ce of Fig. 12 yields
g Y:Pg y

1m(\(,pn = 0.10 Mev-barn. ‘Thu_s it appears-that ~ 1/4 of the total
absorption and fully 1/3 of the photoproton production in Si'?'8 proceeds
via the ~(y,‘p6)‘ mechanism;.\ |

This rather large proportion of maximum energy protons seems
incompatible with a purely sta'tistical decay mede. Neutron evaporation
" takes the form n(E) o« EeTE/T where T rep.res'en'ts'the;nucleaf tem-
| .pereture. : Alfhoﬁgh a _p’»roton‘ decay spectrum cwloﬁld‘have a diffe~rent o
shap_e, due ‘to Goulomb -eff'e‘Cts'whic}.x tend te shift the jpeak of the evap-
’oratlon spectrum to hlgher energies, maximum energy decays would
st111 be extremely improbable. It does Anont appear possible to.under-
stand the -observed results w1th-this_m-_echanism,'

On tile o'the_r hand, the‘re‘sOnanqe;diréct'reaction m,ech,_a..ni'sm
4 Aof.fe,rs a ‘lucidA_explanatibn of’ the-expe'rir.ﬁental results. By the-use of
Tables .I and,II,-a list-of possible absorption transitions was compiled, .
. with the <.perc~eﬂtage -c~ontributi_en_of ‘ea‘eﬂ transition te the total ab,sofp*;

tion cross section given.in.parentheses..
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40

Transition T
1dg ), ->A14f5/2 (3.6)
ld, /, = 16, ) (72.3)
1c15/‘2 > 2D, /, (8.0)

' 1p’1/2 -><1d3/2, (8.1)
lpy /5 =20 /5 (1.0)
lp3/2 - 1d3/2. ' '(3.2)
1py/, .zsl/‘z e

Noting that only the first three transitions (those from the -u.pperrﬁo_st

or d sﬁbshell) result in the concentration of the entire ~~ex¢itation

5/2

ehergy in a single nucleon, it is clear that the 1d

/2

should contribute-the bulk of the-ground-state'reaction.’ Si28, : hov?.ever,

ag ._lf7/2 trans_l'FlQn

is a’ self-cfoﬁjug'ate nucleus (N = Z),A w'hich implies equal e._ffec_tiy_e
charges for ‘béth neutrons and protons. Thus 1/2 of thetéble-valué»or»
‘about 36%Iof the absorptions. result id -.a -.pi‘otoh being raiséf,dAfrom the
dg/, to the .,f'7/z subshell. |

Using the expression v = d-”'(l"/ZW), imp‘li'edby-thé. -simple .-form
| of th-e4Willl<ins_on model, an egtimateoca;n now be made of o-int(Y’»pO)"
From the above considerations‘, _c'r"=_A0."3 6djint(a;5._sc'_>rption)"=’ 0.15 Mev-
‘bai.rn. I can be'.determinedA,fr:om;:the~f0',rnu:.\1‘al.'5 r = (Zk;Fx;/MR)T, wheAr‘e;

T represents.the barrier penetration -probability for f-wave ‘protons,

k is the wave number of the emitted proton, M is the proton mass, and '
27 |

R is the effective radiuszz-of Al By means of the formulation of

Weis skopf23 and the exact Coulomb wave functions tabulated by Bloch,24
T was calculated for 9-Mev protons, {(corresponding to the peak of the

Yo resonance) to be 0.2. With an assumed real well depth of 30 Mev,.
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it is found that T~ 2W ~ 3 Mev. 15 Thus it is clear that I‘/ZW_ ~ 1 and

qint(y,po')' ~ 0.15 Mev-barn, essentially-in agreement With the'results

: of‘thi»s. e;gperirﬁe-nt. ‘

.::It's'h.ould ’.be;emph'a:si'zeé‘tﬁa:t thi's'” ﬁrédicfioﬁ 1s an e;:tifhé'fe!'<oﬁly ‘
and cannot b:eAtak‘e,ﬁ,t‘oo"se-riéﬁsjly}-‘.' A-td'e"tailed.the-oretical_anﬁl&éisr}‘1as ‘
' been made :olefér 01'6_ a.na"Gé.‘m, and .\iﬁfortunately‘ does not éppear

possible:for other nuclei at present: &2 6 Even with the rather crude
‘assumptions of the- simple théor y':h-:)we‘ve‘r, the .agreement must be

.considered .as strong evidence.for the resenance-direct mechanism,
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