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Absolute differential cross sections for the production of neutrons e

with energxes greater than 5 MeV by the 31 5« MeV proton bombardment of-lr ;. :

14

- 'Be9,- N.' ,- and A].Z7 were measured at 53, 90 and 127 deg (lab)

4. inch' hquxd hydrogen bubble chamber was utlhzed as a neutron spec-
| trometer, Analysis of the neutrOn energy spectra mdu:a.tes possxble ne\r o
o llevels in the residual nucle). 89 and O . All the angular d1stribut10ns -

were strongly peaked forward, suggestmg a. direct mteractxon mechamamf':' R

no

for neutron production at these energxes. -
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1. INTRODUCTION
The study of nuclear energy levels é,nd of reaction ine'chanisms by'
measurement of neutron energy spectra and angular distributions has. |
been hampered By the conflicting experimental requi_reme.nts' for good :
deteétion efficiency and for high ;-gsolution; Howeve'é_r, the absence of
electric charge, which makes detection of the neutron difficult, sim-
plifies the analysis of thé resulting da‘ta.. In this paper are deséribed the

results of an experiment in which the hydrogen bubble chamber was first

used as a neutron spectrometer.”’

Absolute differential cross sections for the production of neutrons

of energy greater than 5 MeV from the bombardment of thin targets of

9 yi4

Be’, N° 7, and A127 with 31.5-MeV protons are presented. These yields |

were measured at three angles (53, 90, and 127 deg) to permit a com-
| 3

parison to the predictions of the compound-nucleus continuum. theory

4,56

and of direct interaction theories. The-peutron yield was str'ongly o

 peaked forward for each of the targets studied. Considera_bie struéture_ -

is apparent in the observed spectra, i and the specfra for the two light '

targets indicate the ?ossible existence of new levels in the residual

14. as well as previously observed levels. The .ex-'

-citation energies presented here differ from _‘th'ose given in reference 2

because of a calculational error in that work.

The use of the liquid hydrogen bubble chamber as a fast-neutron - ,

spectrometer has been described in detail in reference 2.
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I. EXPERIMENTAL DETAILS

. A. - Bubble Chambex

The 4-in. -diameter liquid hydrogén bubble chamber used in th‘i;s >

work has been described previously. 2,1

The ''sensitive" liquid hyd:ﬁogéh '
occupied a‘di‘sk-shaped volume 4 in. in diameter and 2 in. thick. The
cylindrical wall of the ché.mbef contained a 7/ 8;-‘in.‘-diar'neter entranc_e'
window made of 0.0Q7-in. Mylar. The recoil-profton t:abké were bhoto,{ '
‘graphed by a 35-mm stereo camera located at 90 deg from the inéorhing |
neutron direction, with dark-field photogfaphy. -

In order for the neutron-detection device to be effective. it is

necessary to distinguish the recoil protons’ from the background electrons

arising from the conversion of y rays produced in the target. The use of

a magnetic field to make this geparaﬁion was deemed undesirable because
the heating for the magnet coiis greatly iné?éaséd- the cycling_ time of the
bubble ch;amber.- a.na because the magnet also introduced a lafge neutron-
scattering mass ne.;.r.the chamber. 'Byvbp.é_vrating the bubble ché.mbezf ata
iower temperatﬁre than normal, it was possible to bias ou_t.the mipimﬁm— "_. _
ionizing ezlectrohs.7 The tole;‘abl}e temperature variation 'abo.ut the

selected operating point of 26°K was #0.05° K.

B. - Expe'rimental Arrangément

The arrangement of the experimental equipment is shown in Fxg. . 1 o

' The 31.5-MeV protons frOm the LRL linear acc:e].era.tco:t'sf9

were deﬂected .
10 deg by the steering magnet and then focused on the thin targets with a-
strong-focusing qua.drupole triplet. A carbon collimator defmed a 1/2~1n. - i

diameter beam spot on the target. The beam was stopped in a carbon

Faraday cup. Carbon baffles or collimatoxsb were used to prevent the =
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proton beam from strkag the brass walls of the evacuated beam p1pe.
Provision was made for the dxspersmn of the beam after it ha.d pa.ssed
through the target by mcreasmg the diameter of the beam pipe to 8 in,
and lining the pipe with polyethylene (CHz).‘ Carbon was chqsen for vthe |
collimat&rs and for the Faraday cué because it has a high neutron- b
productlon threshold (about 20 MeV) and'é léw neutron;producfion

11

The bubble chamber was shielded from the y-ray and neutron .

 background produced in the Faraday cup and the collimators with a 4-in.

layer of lead bricks and a 16-in. layer of borated paraffin. This ar-
rangement reduced the target-oizt background to less than 1% of targef:-_in
yield,

C. Neutron Collimation

In the first experimental runs, no neutron collimation was used.
An analysis of the angular distribution of the recoil protons indicated a

flux of neutrons incident upon the sensitive volume from directions other

.than that of the target. Subsequent measurements indicated that the xm.ajor_'_t -

portion of this effect was due to neutrons scattered from the thick glass
and steel walls of the chamber 1tse1f |
To remove thze background the cha.mber was shxelded by a; col-
hma,tor. as shown in Fig. 1. Several colhmator shapes were tested 2
an iron block 25-in. ‘long with a 5/8~in. -d1amet_ervaxia1 hole was used in *

obtaining the data presented here.
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- D. Data Analysis‘

A fast giafa-reduction system (fully descriced m refex;ence 2) -
was develoi:ecl for the analyses of the reccil-preton _tfacks. A .summary
of the method of data 'reductivon is given here. '

The two-dimensional coordinates of botn endv points of a ‘tra‘c‘k‘ in |
each stereo view were read with a commercial electrenic coordinate-
measuring device,iz and were punched on'a data card. Since it wae not
possible for the readers to determine whether a recoil-proton track Wae
acceptable, all tracks in the central portion bof the chamber were measur_ed,'
Acceptable tracks began within a cylinda'ical sensitive volume;v"ende_d before
a plane at the back of the chamber, and had a polar angl.e 8 < 3é deg; : An

| IBM 650 digital computer was \‘J.sed'tc identify acceptable tracks and to
compute the corresponding nentron ener,giee., Approximatei)}‘ one out cf .
every five tracks orig;mally meaaured was accepted.

In calculating the efﬁcxency of the spectrometer it is necessary |

_to take into account the vananon of the n-p cross section with energy.
the decrease in neutron flux in passage thrqugh the hydrogen, the angular
distribution of recoil protons, 'i:be angular acceétance limivts; of 0 deg.tc
30 deg, and the rejection of recoils that start in the sensitive Qolume but ’
end beyend its limits. . A _det_ailed descriptien of the 'calculatien of the

efficiency of hydrogen bubble chambers as “neutron spectrometers is given

"in reference 2. The absolute efficiency of the 4- 1n. hydrogen bubble chamber -

as it was used in tms experrment is gshown in Flg. 2,

. It was 1mportant to determine the energy at whxch tracks became -

too short for the readers to find them with 100% effxcxency Thxs 1ower-‘. .

'_energy cutoff wasvdetermmed in two ways.. The first was to have the |

i

Fred
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re‘aders unknoWingly measure the same data and tkien to compare the
number of tracks observed by each reader in drfferent energy regzons.

The second check was to plot the center of-—mass angular dxstnbutmn of

- the observed recoil protons for different energy_‘ regions. Since the c. m.

distribution is known to be flat, a decrease in read'er efficiency would
have been shown by a falling off of the distribu‘tion as tlae c. m. aagle
increased and the proton tracks became correspond'ingly shorter. ' Both
checks indicated a decrease'ixr_ reader .effici.enc'y for neutrons of. energy
less than about 7 MeV (lab). . Since the decrease in reader ef'ﬁcien'cy is

gradual, the energy spectra were calculated down to 5 MeV in order to

.look for possible structure in the spectra. The detection efficiency for

‘the 5- to 7-MeV region was estimated to be about 90%.

E. d-T Spectrum and S'pectrometer Resolution

Since this was the first time a liquid hydrogen bubble chamber had .
been used as a neutron spectrometer and because we wished to test the
effect of various neutron collimators on the.obaerved spectra, the

T(d,n)}1e4 reaction was _used to generate an almost monoenergetic neutron

‘ beam. A tritium—titanium target assembly Was placed in the target chamber,".

and bombarded with deuterons acrelerated to 4 MeV by the Van de Graaff

linac 1n3ector,8 and reduced in energy to 2 MeV by a gold foil 80 that the

deuterons would stop w1th1n the tntmm-trtanmm target

The neutron energy spectrum observed at 90 deg with a 7/8 -in. -

diameter colhmator is shown in Fig. 3. Th1s spectrum was obtained from o
. the acceptance of recoils at. angles not greater than 30 deg ‘The full '_w_idth o

at half maximum was about twice as large for acceptance of angles ixp to

45 deg.z For the 5/8-in. -diameter collimator the full width at half

maximum was 1.5 MeV. Multiple scattering of the deuterons in the targe‘t
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assembiv produces an onﬁrgy spread of the neutrena of abaut

0.6 ﬁega"l} If one assumes that th&é source spect“um (0.6 MoV

full widgt h), the meauurgé apoctrum (abcut 1.5 wev fu11 Width),
‘and the ﬁns@rumencal resolution functlon of the comp ete ajatcm
'.(inciudimw the reau;ng sgauem) all have Gaussian shapes, ;h en
the full width at half maximum of the instrumental reaoluLiﬁn

\ funcﬁian 15 vcn bv

' , . .1/2
Rl/é - ((1.5)2 - (0.6)%] " = 1.37 MeV.:
" Thus, the inatrumental resolution of the complete sgstem was

about 105 atb l% eV neutron energy.

111, RESULTS
A. Nitrogen

‘The cra@s s@ctiona foy the production of. neutrona from
the bombarﬁwent of Nl& with 31.5 MeV protons were mcasureé av
laboratory-system angles of 53, 90, and 127 dag. An evapo-
rated; self-s upperting target of melamine (G N, Hﬁ) of arcal
aensiﬁj 39.; mg/bm was used. The proton energy lmsa with tn@
target a@ 30 deg with respect to the beam line waa 0@8 MeV, A
4polystvrene {CH) targe& uas bombarded to obtatn %he carbon |
spectrum for the necassaxy aubtraction. .

The Nl%(p,n) reaction nas aQ value of ~5.931 dev.lo
Thia reaet4on was firet invest;gated with 17.3~Mev protons anﬁ
nuclear emuls ions by Ajaennerg and Franzen at 30, 60, 90, and
150 deg (lan). “In that work they detected_nemtron groups

14

. corresponﬁing to broad nuclear levels of 07 at excitation

 energles of o2, TeH, and 9.3 MeV as well as & weakly produced -

iground state.

P
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- TnWle‘ané M&cefield atudied the CIZ(H@E,nEO“ reactiom,
vsz.g the mlow/faut tscn@%que to measure threshold encrgies

15

for neu»ran ﬁroducaion. Statea of . (}l'ii were identif&&d at

)0995 3 ($19 0129 6139 'i" 00@)@ m’ld 6¢§36 "!" anla MeVa. Gale §:§_ @_zu.o :

5 d
al 103 ange?vad the pr@undwstate neutrons from the cla(ﬁe) n)al*

2 ang %imeeofuflight technlques.lé,

reachaan, using ).?~Mev Lie
The pxoton enmﬁéy of 315 leV and the neutron ﬁeﬁccnion |
Lhre@hald of 5 Mgv allowed investigation of Qla up o an
&xcit&tinn‘energy of 18 eV, Inm order to facilitate the
exémination.ef thewneutr@nvapeetra for possidble level informa-
tion; the $9eatra‘were~tr&naformeﬁ into ﬁhe c;m, systemn,
These data ave shown in Flg. %o The solid vertical Lines
indicate the expeatad p@ﬁiﬁ§OﬂS of 5éutran groups from the
ground uﬁabe and the prcviou»l” identifled states of Ol& 1o |
Al&e indica&eé are the m«mimum Cele chergies of neutvona from
'tng {p,on) and (p,an) reac iena'thaﬁ lead to three-body fihal
stéte' | The nevtron. a?@e%ra from these r@actloﬁa waulﬁ ke
e&pected to rise smoathty with decreaﬁing neutron ennrgy _
| The Maximum Coi. neutran energies re&ultmng from the f
(p,n) reacticn are ahomm in Figa be Eccause the neutron
. yisld fram carbon is 1ow,. ’17 the amount of carbon wubtrac-.
tion data obfained was small.. Therefore the carbon @pectra
- were gmoat%eﬁ befara subtxaction, and it is poasihla &0? some
 : unabscrveé st ructure fram thm L (p,n) reaction ﬁ@ aspear in f;'
the éaha, ?hc average 1an eross sections for the praﬁaction :
of neutrons with energy greater then 5 HeV. from earbon are |
100 ub/sr-ileV ab 53 deg (1ab), 64 uh/br»he? ab 90 dcg, and
" ;.;.b/wuﬁeav at 327 de@.
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&5 can be seen from the neutron spectra ano%n in
Fig. &, tha praduction of aeutrens fram ﬁl 15 atrangly |
pea?ed feﬂva&ﬁ for the n“utyanoenergy rcg;cn stud;e&. The
la{p,n}u 14 ground-state group is. round %o be weakly proéuced ;
| at all angles of aaservat;nn (approximately 50 gb/ér)n '
‘gtrong neu&ran}graup Qaeﬁuapgear in the energy regnon corre~
sponding to the excitation af'the'ldwer'exéiﬁéd states of 0 F.
chéraaﬁeristié'aﬁ'all three angles of observation 15 the
xncrcaslnﬁ yield of neutron ns with decreasing enereye
_In the nruvio&s ian&$l¢&LiOH of the N é(un}gla
reacﬁien W&Ln l?apnﬁuv pProLons, Lne_grounduatate neutron group.‘
waévélearly GESQrvea althcugh absolute cross sections and
aﬁgular digtyributions wér@ nat'ébtaineﬁglg‘ To attempt ta,:J
- unéeratan@ th@ low yield of the 5round~staue group p mducca
by )1,5¢wev protons, He By examlne the predictiana e& the
AusLexn»Butlc§~ﬁchanus di“eetwlnteraction theory for tha (p,n)}'

reactigne#' Uaing & raﬁias of 1 i Al/3 F'an& the 1@&@&& &llawea ~_'

£ value {3 = Q) for the “ransiﬁien ffom the ﬁ14(1 ) &rauud state . .

to the OF (0 } ground @tute, Qne finaa that the- first minimum
in tﬁe'angular diatr;batian 15 predicted to ocour at approxi-
matély’tﬁe most‘fdrward angle of 6bservaﬁicﬁ (5S'dég¢un.)"
The physical arr&ngement af the bubble chamber di1d not permit

‘Uz o measure the neutron yield at smaller angles, at which

. this tneory would predict the largest (p,n) cross ﬁﬁ&biOﬂu to
.,rggcugw, G .. . L . L . v o ) L

Lwcaase of the laem of znformation concern¢ng the'

existence ef excited sta&ea of 01& with excitatxon energies
greataﬁ than Ded HeV, t&@a@ Bpectra were @xaminwd Lor @vlaence
‘of possible unre@oxtee exelted Stﬁt@%.' The searcn for such

| 'states was severely limited by ‘the reaolution of the bubble
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chambex, the,statistical aecuracy of'the data, and b? the faet

dhat the neutrons from the ép,pn) and (p,an) reacuions ean
1&

'appear'ax en@rgiea carreap&nqlng to oxcited States of 0

'Although the neutron spectya from these three-body final-state

reactions are expected to rvise smoothly, the'prQSGnaazof these

neutrops can mesk the structure resulting from the (p,n)

reactlion because of statistical flucﬁuatiens.

The four neutron graapa labeled A through D in Fig. &
1%
' A

neutron group wes considered to signify a pom"ibla 1@Vel ir

i¢ appeaxed at at least two angles with the same c.m¢ epergya
| 14 i, 2

| Tﬁe known energy levels of the mirror_nuclei ¢*" and 0 re

shown in Figs 5, 10 ith the possible energy levels A through

D added.  An uncertaincy of + 0.8 %e? i assigned ta he enorgy
of each of these possible levcla hecause of mesolutiﬁn and
range energy mncert&intl@a. _ D ‘

Poszible level A (EQB MeV excitatlon) appcars at 90

and 127 deg, and is conmzutenc wi&h the shan@ of the forwagdm.

angle spectruﬂ, (It i&, af course, possible that thla level

corrasgonas to the 9.}*Wev level reported by ﬁchnbera and .

Franaen. )' Possible leuel D {16.7 MeV excitation) appears  ”

str@ngiy at the forward amgle, but the energy spectrﬁm at 127 |

deg ends before thi« leVQl becausa of the C.Me transformation.f

}Jp P’erzlium

ﬂhe cwoﬁﬁ secciana for the produatian of nemtﬁons from -
the bombarum@nt of Beg with 31.5 MeV protens were m aﬁured at -

lab angles of 5%, 90, and 1?7 dege The target was 23%.8 mg/bma
thick and the pyroton energy loss with the targeb as ;0 aeg .
wish respect to the beam line was 0,4 Mev
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Thﬂ dcg(pgn)ﬁ raactlon {Q = ¢1.354 k@V) haa hoen
-invectigated at 6059 HeV by Ajzenberg and Buechner, gaing
nucleayr emulslenm,l “That eygariment indicated an @Aﬁited
state at 237 MeV in addltion to the ground-ataxe neutron
‘-greupe Using the "counter-ratic" ”ecnnxque far pra ton energies :
from 2 to 5.8 Me¥, Marion, ‘Bonner, and Cook™? observed neutron
thresholds. cgrrespan&lnw %o the ground state and the 2. 3-Mev
\,level of B, For protons from & to 14 MeV, and us ing & fast

ﬁeutron spactromeﬁar .S aji bserved three possible exclted

,statea at. 3,07, 4.1k, mﬂﬁ 309) MeV xeitation energj.aa.

- The canueruef»ma&a reutron energy ‘Bpectra ayapﬁhqwa ip 
-Rigo 69’iiﬂﬁ spectra indicate considerable structuregland_ﬁhe;
'*'neatrcm yield is Btrongly eﬁh&nced at the forward aégle. ~?hé N
53-dcg neutr@n p@Curum aoea not exnibit the usual 1nvrgase _'
.ln nemtron yield as she aeutran erergy decreasea»~inatead, iti
ahowﬂ an epmanceﬁ yielo far the higher neut"on enefﬁieu,-

”he quid verwieal lines in Fig. 6 1ndl¢a©e the
_ax§ccted p@h%t;on of ahe wwll-eatabliﬁheﬂ ehclted atates of
| 9 10 AluO indicated aﬁc the maxlmum c.mg neucron cnergiea
of ﬂeuuxana from the (p,pn)g (p,an), and (p,aan) reaccionn‘1

that lead to multibody £inal atates. Production of the grounﬁ~A

' state neutren graap is’ clcarly seen at all three angles of

obaervatiene " The larg@ yield of high-cnergy neutrun& observed
a2t the forward angle may be due to unresolved neutron graups:
corresponding to the 2,;¢~ and 2, 82~Mev levels of *9

E@c&&&a of the 1@9? of 1nfarmation concerning tne
existewca of excit&d staﬁe@ af 59 with excit&t¢on encrgies
“grea&@r then 7 eV, thesc spectra were examined for evidence
of possible unreported levels. The dashed vertical lines
_labeled & Chrough B eqrraapsué:to'neutron'groups'appearing at
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ét least two angles of observation, and therefore may signify
possible levels of BY. We note that the neutrons from a1l
states of B9 {inciuding the ground state) are superimposed.on
~the neutron upeétra from muiti-body‘final state reactions.
However, the 1ndioated possible ievels are most clearly '
resolved in the forward-angle: spectrum where the direct«
1nteractionitheory would predict the largest (p,n) crass
" sections to occcur, and where the yleld ls greatest and the
statistical errors smallest. Level A (4.7 MeV) is very
strongly produced at 53 deg end may sorrespond to the previ-
ously reported %.l- and &.9~Mevllevéla;ag' The known energy
_levels of B” and of the mirror nucleus Be® are shown in Fig. 7
where the possidle levels A through F have been added. The
error assigned to the enérgy of each possidle level bdecause of

resolution and range energy uncertainties 1s + 0.8 MeV.

| €. Alumtnum

_ fThe neutron spectra from 31.5-HeV proton bombardment
ot M%7 are shown in Fig. 8. Indicated in Fig. 8 ave the
éxpecfed positions for neutrons produced in tha“A127(p,§)Si27
ground-state reaction (4 = —5‘610 Mev) and for the most
energetic neutrons produaed in the AlaT(p,pn)Alzs reaction
(§ = -13. 05 MeV). It is quite apparant that the ground-state
neutron group was produced at all three angles, and that the
production was quite strong at the forward angle. o

Because the separation of levels in a nucleus as heavy
as 51°7 15 smaller than the resolution of the spectrometern

system, no attempt was made tc'interpret the observed apectra
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in terms of excitation of speclfic excited atates of 5127,

However, aluminuﬁ containe enoﬁgh nucleons ¢o allow & com-
pariscn to the predictions pf the compound-nucleus continuum -
theory, since the average excitation energy of each nucleon
(about 1 MeV) is much less that the separation energy of a

. nucleon from the compound nucleus (about 8 leV). Accordingly,
-one could expect the energy spectrum of neutrons emitted from
the {p,n) reaction to be cbtained from the reciprocity
theorem,B

':M(z)am = congt E 0,(E}e(Q}dE, - - {1)

where IN(E) 18 the probaoility of emitting a neutron of

energy between £ and E + d&; o (E) is the capture crossg section'
of a nucleus at excitation energy Q = E  « E for a neutron of
:-enargy E; and m(Q) 18 the energy zevel oensity in the residual
nucleus. By making a zayler expansxon of the 1ogarithm of the
level denslity around the maximum excitation energy of the

residual nucleus (Q Blatt and‘Weisskopr-dbtain

Qpax = max)’
the Maxuellian formula for the neutron syectrum,

IN(E}dD = gonst Eg (E) exp(~E/T)dE, S ~f.:(2)

where T, the “Nucleap temperature." 18 derined by the
relationship ) EE o A e |
Fgmele
,,Thus,_themeasurement.oflthe_gpectra from (p,n) reac-
tions should yield 1n:ormatigﬁ regarding the”cngrgy:leve;.
densities in excited muclel. It should be emphasized, however,
that the (p,h),reéction.is,not the only possible-~nor ihe most
1ikely~-neutron-producing reaction for 31-MeV protons. Table
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I lists the aev&ral possible reaations that mnay contribute to

the observed ﬁpactrag togethey w&th their @ v&lueﬁ and the

maximun iab neutron energy aﬁ tha Poruard angle of obmervation
(53 deg lab;¢ The Q va&aea were th&in&ﬁ £rom Endt and
BraamSEl or wcrc calcula sed by using data Lrom Wapstra.gg-

- Thus, over most ofitha neutyon energy range studied in

:thia'experimant, multiple particle emiasion is posslivle, and

the expressions given in Egs. (1) and (2) ave not Girectly
appilcable, However, 1t has been customary to £it emlssion

spectra to Bqe {2}, extracting expevimental values of "T" in

‘order to facllitatd the ¢omparison of specira obtained under

- differing experimental eonditlons,

_ The “nuclear temperature" T can be determined from an
emission spectrum by plotiing the quantity Xﬁ(E}/Eoéiﬁi Versus

E on senmilog papers If the spectrum has a ?Maxweliian“ fcrm, .

_the data will ile on a stralght line whose negative slope 18 To

. Semilog plotas of this welation for the cam.;spéctra_efialuminum |

for the three angles of observatlon are shoun in Figs, §g‘1a,

~and 11. The values of ,(E) were cbtained from PBlatt and

welsskopf,” ond the enerzy width of the data points was doubled

%o 0.8 HMeV to remove some of the structure ia.thelsﬁaaﬁW' - The -
. straight linps were £itted to the nata for neutron un@rgica
' between 5 and 12 Mev (cam@). The @mpirical “tempera&urea" 7

. determined for. the angles were 3.3,M@V at 53 d@g,‘and Dol Mev .

at both 90 and 127 deg..,, o
The wpectral shap@ﬂ ave fairly well repruaﬂnte& by the

,strai@nt line; the major geparture occuxs far the higncst

neutron an@r@ies.at the xaxwaxd angle. 0nly th@ (p,n) rea@t&on o
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- contributes to this reglon, and only the lower-lying atéteazaf,
31%7 are tnvolved.?> Bloch,?" Rosenaweig,®® Critchriela and
Gleska,eé and Beard abd;ﬁcClelIanet‘have'emphasiaed-thef1evel
density dependence on-nualeon.shell'configurationjat exclita~
tions of only“a-few'ﬁeV; and therefore one would anticipate a
dégarture from a8 straight llne for the highest-energy neutrons.
Also, the direct~intéraction mechanism for . the:(p;n) reacticn.
preferentially produces ﬁhe lower excited states of the residual
nucle 18 Bince the core. ox the nucleus is undisturbed.g :

While the . "temperatures“ ebtained at g0 and 127 aeg .
were the game, the proauct;cn of neutrons was not; the Q0~deg
yield was. mueh' larger than the 127-deg yieldc ¥he integrated
differential eross seetions far the production of neutr@na with
energy greater-than 5 eV (1ab)~are»liated.in.Table'II for the
three ¢béervation angies; the'ratia,-frqm:forwar&.to 5ack&ar¢
angles, is appreximately 5:3:1. This strbng forward aSymmetrﬁ‘
1s .in direct contradiction to the predictions ef the compeund--
-nucleus cenﬁ;nuum theory. 'ﬁoifenstein ‘has shown: that the
‘ angulaw distributiems predicted by the statistlical model. will :
be aymmetria abeut 90 deg for high excitations af the compound
nucleus into ‘@ reglon of many overlapping levels.”® fThe 30-tev
“proton bombarﬁment of AlaT would produce the compound nucleus
51°8
eriterion should‘ba‘well'aatisfied.-“Furthermor@, Hauser and

Feshbach have peinted out thaﬁ the angular distributiena should

~with an‘exeitation:of-abou%;%O'Mev;)henceuthe continuun:

’be isotropic far high exci&atians of the resi dual nucleua.29A7

This should then be ﬁhe case for the 5~ to 10~Mev neutrons in .
this experiment, since the yesidual nucleus--for the (p,n)
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reaction--is left with 15 to 20 MeV excitation. The spectra
in Fig., 8 inﬁicaté,~however, that the neutron production 1s
- gtrongly pcaked forwérd even at the lowebt emission energieé
studied, whore the reactions inveolving three-body final otates
are important, Heﬁce, 1% would appear that both types of
reactions--~two- and three-body-~proceed przmarily through a
direct-interaction mechanism. | | |
It is of interest to compare the empilrical "temperatures"
T obtained from this experiment with those foom previous experl-~
ments on aluminum. - A compilation given by Gugelot has been
uaed,30 t0 which have been added the results from a 23~Meﬁ {p,n)
experiment by COhen,31 and the results of this experiment. In
_mable TT the following quantities are listed: the type of reac-
tion studied; B .. the maximum energy of an emitted nucleon;
AE, the energy interval of the emitted nucleon over which T
-was computed; and AQ, the corresponding excitatlion energy
interval of the residual nucleus for the two-body reaction.
| Ccmparisan of the three (p,n) experiments shows an
4ncrease in T with increase in bombarding energy. In Cohen's
expefiment;Bl as in this one, it was found that higher tempera=
tures were 6btained-ror the highestwehergy'neutrohs and for
the forward angles of observation. The engular distributions
obtained by Cohen were peaked forward for neutron energles
greater than 9.5 MeV; the ratlo of the neutron intensities at
53, 90, and 127 deg were approximately 6:3:2‘7 This 18 quite
similar to our results at a higher bembarding energy. .
The forward preduction of the emitted neutrcns and the
energy spectra indlecate that the direct-interaction mechanism
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i important for: the neutron energy region studied {300y
.->'5 MeV iab). - In Table 1I are liatedsthe‘estimateﬁ tctal
eross seeticns for nautrans -with energy: greater~than 5 MeV -

(39 mb) and the measurea tutal cross: section for the praduction

of- neutrans from thin targeﬁs {273 mb) 7. @hus, cnly ‘about 1/?
of'the-ﬁetal‘neutran-preducticn waa akudieﬁiin this exp@riment,,

and there Lﬁ no axp&rimenoal informatien regarding the apectrum'

and angular distributian af %he more abundant 1cwer~energy

neutmns .
f-r¥;- ﬂzscﬁGSIoaf”'

| ”he faxwara peal ﬁ& of tl@ neutron y;@lﬁ ﬁag alzucne | :
"‘ﬁa#ge is gumﬁ%ad in&$cate hat tn@ ﬁir&ot~1nterac imn,mecnanism
is ;mpartamu for aemtrsnwmvagwcing reacti@n sat chis pﬁatonw‘
energys. It h&w been founid that the gramnd-at&te neuuron group
18 very weaﬁly_prqddged‘&ﬁ_tg@ et (p,n)a ‘roaction, whereas
it_is $tw@ng$y'pr@éuced in the B@g(pgn) and A127(p,n)512? e

reactions. . it has ‘been wmggest@a that the reason Loy ﬁhlw low

yielﬁ {fox NE ) cou&d be that. th@ Ausﬁernuﬁhﬁlarmmcmanua Lheory |

of airect inueracnianﬁ preaicts the, largest neutron vieiéa to

ocecur ab angles smaller than Lua most. ‘forward angles of absor».

]

va%i@nag H@%ever,.thiStaﬁr@ng-farwaré peaking sh@alé«occurf

for all three reactions, and, in faet, the- forward pnak shamla :

»be sharpest for the A127(p,n)ﬁx“7 reacuion. _;.-

5 have ﬁhawn thaa the

3loom, Glendenn&m&; and WOﬁfrowﬁki
(9,?) react¢an cmnaectin& around ata%ea of mirror nuﬁiei singles
 ouc the i@ato@ic bpin ex#&aﬂge part cf the effective meutran«z

‘ pruboﬂ inte:actiqm in the ngc;eua, The "direct" parz of the |

e
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: natrla elemﬂnt, uhicn refers to bne chargeuexchangn process

in which the charge on Lhe incident protan is trunsfvrred to
& bound noutron, is éomznant Loy mirroy nuclei becsuse of -

the good ovmriap of the nava functians fo“ the ini 131 and

"final bound cwatm&g' AnCersoa ang callabarauovu 56,37 have

found mqt ‘the j.sowpic ap.m @xchamgc, part. cf ‘uhe ef "’acwm

| nep 1nte acticn is a&&@ 1mpartant for bnc (p,n; r»aCuian CoONe

necting non-mivroey medium-~welght nuclei sinee the masiuual

. nuclel ave greferenti&ily ieft in an exeited‘statezwhich is the

iagbaric;anﬁlag of the ground state of the bombarded mielaus.

In & roiat&d apcr, Lane has mma%né

tnat it is pasﬁibia to
deseribes the (pgn} reastﬁon with the optlaal madel if the
isotoplic ﬁyiﬂ dep@naancu Qf the potential 13 taken &nta accounz.-'
Th@ }(p,mﬁB ana the AIET(p,n)oL 27 raac%iams eanncct
mirror ﬁhClbia The N (p,n)o “eaetian, however, daaa no%m- |

lk is f@ybidaan'

the ianbarze analag of twa Nl @zound aﬁatﬁ in O
by the Paulli pminciyte. Therefore, the 1sot@plc qgia exchange
parﬁ of th@ intexaatianv@haulﬁ not ‘be ex&»cted o &mmﬁnacﬂ the

(p,n)c awaunématatu venetion. The low yield of the ground-
state group 15 .thus in agreenent with the prediati&ns of the

abave~mentmareé ﬁhﬁ@?ﬁ?ﬁuéAT
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_Table 1. Neutron-producing reactions for the proton bombardment
: 27 : ~ ’
of ALl™",
Products of .A127 +p Qo Highest lab.
- {MeV) neutron energy (53 deg)
{MeV)
5i*7 + n 5,610 25.6
Al%® 4 p4n . -13.049 18.0
Mg23 +a+n «14,93 '16.1
si%% 4 2n -16.27 14.7
Mg?> + 2p + n ~19.59 11.2




. Table IIVI_."‘. ‘Cross sections for the production of neutrons-.by the 31.5-MeV p'rotor.i b.omba.rdmentfv '
' of N14;.._Be9, and.A127. ' ‘ ’

Integrated . = ' Estimated Thick-target . ~ Thin-target
differential . - . - total . = total - - total
. Cross sectignsa__ _ 7 ' : cCross sectiona . cross sectionb C1ross aecti_o_nc.

CTarget . mbfem - qmm . (mb)  {mb)

53deg . 90deg 127 deg

Beg_' :
27

a7 2.9 o . 26 18 339 o330

2 For ﬁeutrdxié" with lab e.nez‘fg'y‘gre'atie.i‘ than 5 MeV.r".i SR
Tib Reference 11 F;ér'EP.= 18 -t_°_'73V2_ MeV;' L

€ Reférencé '_17; ' For Ep = .31‘.5, MeV. : S

esgiteTMON o
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‘Table III. Empirical "temperatures' deteimined :

from aluminum bombardments.

E

- “max AE - AQ T | |
‘Reaction (MeV) = (MeV) (MeV) {MeV) 'Reference
Al{n;h):. 13 1.2 129 - ‘A 1.0 , 32 -
CAlfmm) 44 4-4 0 13-00 44 33
- Alp, p") 17 ' 5'—7 12-10 1.3 : 30
. g-12 9-5 2.7 |
Al(p,p") ) 28 10-25 . . 18-3 3-6.5 - . 34
Al{p,n) 11 2.5 9-6 . 1.3(0deg) 35
| 1,34 (0 deg)
%3 m14 1.1 (90 deg)
| | 405 (150 deg)
Al('p,nl)‘ N L 36
| | 2.6 (0deg)
®10 m7T ‘_‘z.z.(éo deg)
o . 1.9 (150 deg)
- .  4.3(53 deg) _‘
Al(p, n) 25 5-12  20-13  3.3(90 deg) - This work

3.3.(127 deg)
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?zaﬁﬁﬁ'cgﬁmzoms

Figs Lo ﬁiégfaonﬂ-expmrimen*al arrahgement showing the

| location of magneta, collimators, Shlcldih&, and the

7 bein, hyarogen bubble chamber.

Fige 2. Abwolute effic;ency for the detection of n@utrans -

by the #«in. bubble caambcr as ib was used in this

expmr&m&nto .
Wig. e Heasured spactrum of neutrons from the E(égm)heu

reactian observed at 90 deg with 7/6~;n. nﬂubran col- o

} limator. |
Fige %o Center-of-mass neutron energy spéétra fram the
'bombarémenﬁ of N14 315V protons Tne a@liﬁ vertical

'linea inuicabe the expected pe icions or ncatrun graups
;~frem previously ideacificd excited states of Olu. Also
. .mh0Wﬂ are the maxinum Colta energies of neutrans from the
"(p,pn) and. (p,an) reactiona. The dasneﬁ versical linea

,inaicate the positions of posaible new energy 1evels of
¢ P

15 14

Fige S Encrgy—level ﬁiagram of the m&rror nuclei €7 -0 ¢

14

The paaaibla new energy lavela of 0% are 1abelad 8,1,C, L

-and D tﬂ corresponﬁ to the poaitions 1nd1cated An Fig. 4..
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Fige Go Centermof-mass ‘neutron energy spectrd f*om the bome
bardment of Beg by J1e5-MeV protons. The solid vertical
‘linea iﬂdicate tne expecued posltions of neutron groups
from prevxoualy idenuif¢c& excited states of LQ Also
&homn are the maximum c.m° eneygies of neu&rana from thc

A~N(@ppn), (p,an), and {p,a2n) reactions. The da&hed vertical
11nas An&icaue the pasit&ons of poesible new energy'levels
of Bg | | , | I :

_Eig. ?.. Energ&«level @1a¢ram of the mirrar nuctei Leg 59, '
¢a§'pmau¢ble new energy levels of 39 are labeled A?
| tnrough P %o gorfeapond to th@vppsitioha indicated in
F;go 6; | | | o .  .

Fige 3. Eifferen34al Lross &eaticns for the praauction of -

| neutro&a at 53, 903 anﬁ 127 deg (l&b) by the BIeS—MeV
| preten bambarament of Al 7 the maximum 1sgb aeutran

| energxcs of neutrana frem the {(p,pn). reactxon are iaai~
cated ay‘the vertical solid lnes.
Fig. 9. Plot of XM(L)/E a () versus Cella neutron energy for,_
"Ala? ag 53 deg (lab). ”he maximum Colg neutron energy
’ifrom aha {p,pn) rcacuion 13 indicated by the vertical
line ”he slape of the straight lina was detarmlned from .
‘the dota between 5 and 12 HeV. o o

Fige 10. Plot of KM(E)/E GO(E)-atrgb,aeg (1ab). The slope

~of the straight line was deternined from the data between

. 5 and 12 MeV. o | R '

Fige 11, Ploa of IN(L)/L 9, (8) a6 127 deg (lab).: The slope
of the straighd l&nm wae det@rmined rrom bne Q&&a between
5 and 12 HeV. o -



‘\\\\\\\\

.

BUBBLE CHAMBER

IRON
COLLIMATOR

CARBON
FARADAY CUP

TARGET

i 2 i T 777777777778

A

STRONG-FOCUSING MAGNET

\

STEERING MAGNET

5 A2EY S THiBS >

7 7 7 7 7 7 7 7 [ 7 [ 77 L L7

777777777777 T 7777777

R NN N

CONCRETE

w000

PARAFFIN + BORIC ACID

LEAD

Fig. 1 !

e m e - i

ﬂ

LINEAR
~ ACCELERATOR .

-3 FEET
MU-14903

}i

1958 13-T90n



!

'UCRL-11856

L |

o
M

E, ( Mev)

@ ©
Aousioly)e

< QN
jusaoied

MU-14944



*
-y,

-29-; | UCRL-11856
! IR ! 1 1 I f ! 1 1 | T 1| { | !
350 |- .
-\
b
300 L _
250 - -
= 4
Z 200 -
O
& |
el .,
Zls ' 1.3 Mev—
150 |- ' -
.
=
oo} o -
50 \ | i
s

MU= a4



mb/sr MeV -

-30- | ‘UCRL-11856
0.72
0.64 1 | HLS) 3 (6.50)
0.56.- | 2(6.30)
0.48 -
040 1 1(5.91)
0.32- R (p,n) P
0.24 - ’\
0.16 - \/
0.08 - | |
ol | 'I_-T’ f - s3°10p
Nb e 0081 /4\//& ' o
HE A Mol . 3 [T 90°lab
0.084" N v
™\ A i |
o ~ % T 127° lab
- : + 4 + : 4 : -
4 6| 2 |14 | e 1’ 20 22 24 26
f—t— B ' . t— "f + E,{(c;r'n.) — { |
8 16 .14. 12 10 8 6 4 2 0

Excitation of 0" (MeV)

MUB=-2770

\!_O

"
3



©
fam Y

~34.

UCRL-11856

s — — — —

 MUB-4513



~32-

}
f

UCRL-11856 .

(17.6)
—

o .
P -] £ L
o . By o &
m °
i o ~
o o
N
< . . :
a,
w - . .
—_ T
o™ LTIM .W
a =
[+8] H ~— .!\ o
ol E L ! v R LY
~ )
N
,A'l'l.'l

1,00

M 1s/qu

Excitation of B® (MeV)

J————
N

MUB~2771

Fig. 6



v
N

[ .33.

fs e e e

T

brrrs e — o ononned

e — — — —

NES

| 2.43 65/27)
| .75 1/2%

J=3/2

| UCRL-11856 -

| 186 |
17.63
——"7.18—
168 T, ¢
| 147 g
12.8
_____ —D
1.3
Hos ~ ¢
_J N ] — B
| -0
| 4.7_4.9 | |
= — A
2.82 |
2. 34>)/2"
J>1/27
BQ

MUB-4514



i [—v' T, _
i UCRL-11856

+LLLL1+ i
28 29

64 - |
48 fHJ(J[ J( % ?,?Ricxs, | o
oo =
S %JfHﬁ#H]L ISEE #
;‘: J 6 + ++H++ﬁ+++l+ll‘+
= T |
Looo AH?H+% m
g 4 J{‘H
—~8 5}t o0t
Je AT e
WS e |
00 i ﬂ Ahid;j+ ifn
|4t o
16T Hﬂﬂ +Jf+ or
00 o +*++i1;§d“ghﬁj%' -
9 7 2l 25

) |
v -

, Fig. 8

(MeV) (lab)

1
.
§
i

) !

- 29



k3
e

:.; -35f.

UCRL -1 1856

En

i Fig. 9 ’
L

12 ) 16

—

(Mev) '(c.m.)

N
1

T

1
H .

MUB-4516



T ~ UCRL-11856 ;

1574 . . - e — .
84 ' 27
- | Al -90°
6 ' ' -
J | o
1 »4#3.30 MEV ]
21 N

SN N S

o

.13 5 - I7 19 21 23 25

[&]
~
(]

ENMEV)(CENTER- OF-MASS)

et e

Fig, 10 | MU-16515



|UCRL-11856

1 .t

T

' ¥

5 7 9 13. 5 17 19 2l. 23 25

EN(MEV) (CENTER-OF-MASS)

, { "“""‘"“T"’"'“"”.“_i |
g iMU-16516 |
Fig, 11 >
-

: i o i
. ' . t ;



,‘.4

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. C '

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.








