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Absolute differential erose sections for the production of neutrons . 
v 

with energies greater than 5 MeV by the 31..5-MeV proton bo_mbardment of 
9 14 Z7 . · · • .·.· 

Be , N · , and Al were measured at 53, 90, and 1Z7 deg (lab). A· 

4-inch liquid hyd~rogen bubble chamber was utilized as a neutron spec­

trometer. Analysis of the neutron energy spectra indicates possible new . 

Jlevels in the residual nuclei B 9 and 0 14• All the angular distributions 

were strongly peaked forward, suggesting a direct-interaction mechanism_· · 

for neutron production at these energies. 
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I. INTRODUCTION 

The study of nuclear energy levels and, of reaction mechanisms by 

measurement of neutron energy spectr~ and angular distributions has. 

been hampered by the conflicting experimental requirements for good 

detection efficiency and for high resolution. However, the absence of 

electric charge, which makes detection of the neutron difficult, sim-

plifies the analysis of the resulting data. In this paper are described the 

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

1 2 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 

Be 9, N14, and Al27 with 31 .• 5-MeV protons are presented. These yields 

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

parison to the predictions of the compound-nucleus continuum, theory3 

and of direct interaction theories. 4•5•6 The.J:leutron yield was strongly 

peaked forward for each of the targets studied. Considerable structure 

is apparent in the observed spectra.,· and the spectra for the two light 

targets .indicate the possible existence of new levels in the residual 
9 14 . 

·nuclei, B and 0 , as _well as previously observed levels. The ex-

. citation energies presented here differ from those 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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n. EXPERIMENTAL PETAILS 

A. Bubble Chamber 

The 4-in. -diameter liquid hydrogen bubble chamber used in this 

work has been described previously. 2• 
7 

The "sensitive" liquid hydrogen " 

occupied a disk-shaped volume 4 in. in diameter and 2 in. thick. The 

cylindrical wall of the chamber contained a 7 /8~in. -diameter entrance 

window made of 0.007 -in. Mylar. The recoil-proton tracks were photo-

graphed by a 35-mrn stereo camera. located at 90 deg from the incoming 

neutron direction, with dark-field photography. 

Ih 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 separation was deemed undesirable because 

the heating for the magnet coils greatly increased the· cyciing time of the 

bubble chamber, and because the magnet also introduced a large neutron-

scattering mass near the chamber. By operating the bubble chamber at a 

lower temperature than normal, it was possible to bias out the minimum-
. . 

ionizing electrons. 7 The tolerable temperature variation about the 

selected operating point of 26° K was :!: 0.05° K. 
' ~·· 

B. ·Experimental Arrangement 

The arrangement of the experimental equipment is shown in Fig. 1. · 
. ' 8 9 . 

The 31. 5-MeV protons from the LRL linear accelerator ' were deflected 

10 deg by the steering magnet and then focused on the thin targets with a 

strong-focusing quadrupole triplet. A carbon collimator defined a 1/2-in.- . 

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

Faraday cup. Carbon baffles or collimators were used to prevent the 

.. 
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proton beam from striking the brass walls of the evacuated beam pip.e . 

Provision was made for the dispersion of the beam after it had passed 

through the target by increasing the diameter of the beam pipe to 8 in. 

and lining the pipe with polyethylene (CH2). Carbon was chosen for the 

collimators and for the Faraday cup because it has a high neutron-
10 . . 

production threshold (about 20 MeV) . and a low neutron-production 

. 11. cross sectlon. 

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

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

layer of lead bricks and a 16-in. layer o£ borated paraffin. This a.r-

rangernent reduced the target-out background to less than 1o/o of targ.et-in 

yield. 

~ 

C. Neutrc:>n 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 major . 

portion of this effect was due to neutrons scattered from the thick glass 

and steel walls ·of the chamber itself. 

To remove this background the chamber was shielded by a col-. .• 

limator, as shown in Fig. 1. 
. . . 2 

Several collimator shapes were tested, 

an iron block 25-in. long ~ith a 5/8-in. -diameter axial hole was used in 

obtaining the data presented here . 

\::-\. 
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D. Data Analysis 

A fast data-reduction system (fully described in reference 2) 

.was developed for the analyses of the recoil-proton tracks. A summary 

of the method of data reduction is given here. 

The two-dimensional coordinates of both end points of a .track in 

each stereo view were read with a commercial electronic coordinate­

measuring device, 12 and were punched on a data card. Since it was not 

possible for the readers to determine whether a recoil-proton track was 

acceptable, all tracks in the central portion of the chamber were measured!· 

Acceptable tracks began within a cylindrical sensitive volume~ ended before 

a plane at the back of the chamber, and had a polar angle 8 ~ 30 deg. An 

IBM 650 digital computer was used to identify acceptable tracks artd to 

compute the corresponding neutron energies. Approximately one out of 

every five tracks originally measured was accepted. 
I 

In calculating the efficie.ncy of the spectrometer it is necessary 

. to take into account the variation of the n-p cross section with energy~ 

the decrease in neutron flux in passage through the hydrogen, the angular 

distribution of rec()il protons, the angular a;cceptance limits of 0 deg to 

30 <:leg, and the rejection of recoils ~hat start in the sensitive volume but 

end beyond its limits .. A detailed description of the calculation of the 

efficiency of hydrogen· bubble chambers as neutron spectrometers is given 

·in reference Z. .The a.psolute efficiency of the 4-in. hydrogen bubble .chamber 
' . . . . . 

as it was used in t}lis experiment is shown in Figl 2. 

It was important to determine the energy at which tracks bec_ame 
'. . 

too short for the readers to find them with 100% efficiency. This lower-

energy cutoff was determined in two ways .. The first was to have the 

• 
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readers unknowingly measure the same data and tb.ento compare the 

number of tracks observed by' each reader in different energy regions. 

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

the observed recoil protons for different energy. regions. Since the c. m. 

distribution is known to be flat, a decrease in reader efficiency would 

have been shown by a falling off of the distribution as the c. m. angle 

increased and .the proton tracks became correspondingly shorter. ' Both 

checks indicated a decrease in reader efficiency for neutrons of energy 

less than about 7 MeV (lab}. · Since the decrease in reader efficiency 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 Spectrometer Resoh,1.tion 

Since this was the first time a liquid hydrogen bubble chamber h~d 

been used as a neutron spectrometer and because we wished to test the 

effect of various neutron collimators on the observed spectra, the· 
4 . . . . . . 

T(d,n)He reaction was used to gen·erate an almost monoenergetic neutron 

beam. A tritium-titanium target assembly was placed in the target chamber. 

and bombarded with deuterons ac~eleratedto 4 MeV by the Van de Graaff 

linac inject~r, 8 and reduced ip. ep:ergy to Z. MeV by a· gold foil so that the 

deuterons would stop within the tritium-titanium target • 

The neutron. energy spect~u~ observed at 90 deg with a 7/8-in.-

diameter collimator is shown in Fig. 3. This spectrum was obtained from 

the acceptance of recoils at angles not greater .than. 30 de g. The full width 

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

45 deg. 2 For the 5/8-in. -diameter collimator the full width at half 

maximum was 1. 5 MeV. Multiple sc~ttering of the deuterons in the target 
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assembly prooucea_an energy spread of the neutrons of: about 

o.6 MeVo 2,l} .·If one aasut..1ea tha.t this source &pectrum (0.6 r4eV 

full t.'l1dth) q .·the measured: 'spectrum (about 1.5 X<leV full Width); 
·. ' . 

and the instrumental reaolut1on function of the complete syatem 

· . (including t..~e reading system) all have Gaussian shapes., then 

the full ·t-Jicltb .at half rnaximt.ni'l of the instrumental resolution 

function is ~ven by 

Rv2 = [ (1.5)2 - (o.6)2l 12 ~ 1.'}7 MeV.· 
. ' 

Thus~ the inotrumental resolution of the complete sy~tem was 

about lO;j at l4 ZlleV neutr-on energy. 

III. HE.SULTS 

The cross sections for tha·production ot.neutrons from 
14 _the bombardment or N with 31.5 MeV protons wore measured at 

laborato.cy-aystem angles ot 53, 90., and 127 deg. An c~vapo­

rated., self-supporting target of melamine (c,Ndi6 ) .of areal 
. . 2 

density 39·3 mg/cro was t.lsed. '!.'he proton energy lona ~lith tno 

target at :;a deg ~lith respect ·to the ___ beam l:tne ttla.s o~a MeV. A 

polystyrene (CH) target t':as bombarded to obtain the carbon 
"""' -~ 

spectrum for.the necessary subtraction. 

The Ifl4(p,n) ~eaction has a Q value of -5.9;1 Xtlev.10 

This reaction was first intreetigated with 17.:;-r-IeV protons ru1d 

nuclear emulsions by AJzenberg and Franzen at :;o, 6o, 90~ and 

150 des (lab). 14 In that \ltork they detected neutron groups 

corresponding to broad nuclear levels of o14 -at exc:ltati~n 
eneraiea of 6.2. 1.5, and 9·' ~eV as well as a weru(~ produced 

ground stateo 

• 

•• ~ 

- •,; 
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Towl~ and Macefield studied the c12(He3,n)o14 reaction; 

using the slow/f'&'1t teclmique to measure threshold ener.giea 

tor. ne~tron production.lS State$ of Ol!J; w~re identified at 

5.905 :!:. Oe0129 6.;o ±. OeO;J~ w.1d .. 6.586 ±. 0.012 MeV • Gale ~_t !.!.«t · 
. . . . .·. . ' .. . . . 12 '7. l]f. 
also observed the ground ... atate neutro,ns from the C (He;~ ,n)O . . ' .. . . . ·. . . 6 
reaction, using 5. 7-NeV He} B..\1d time-of-flight techn:.'!.ques •

1 
. 

T·be px•oton energ.v of ,1.5 f!leV and the neutro11 detection 
14 

threshold of 5 t~1eV' alloWJd. investigation of 0 up to an 

ex.ci tation· energy of' 18 ~:leV. In order to' £ac1lita.te the 

examination of the neutron spectra for pOSSible leV0l informa­

:t1on, the spectra wore-tran:Jf"ormed into the c.m. system. 

These data su;e shotm in Fig. '+·. 'l'll1.e solid vert2.cal linea 

indicate the expected pol.li t:!.one of neutron groupa f:r'om ~,.e 

. . . . 14 10 
g:t~ound state and the pl"eviouuly identified atatea of 0 " 

Also indicated are the toMrimum o.m. energieS of neutrons from 
. . ' . 

the (p~·pn) and (p,an) reactions that lead to three-body r:tnal 

state$. The .neutron spectra from these react1on3 would be 

expected to r1.ae .smoothly ~11th deereas1ng neutron energy. 

The m;ud.mum e.m. neutron energie.s· resulting trom the 
12 . ' . . . . 

c (p,n) reaction are sno11tn in Fig. 4. Dacause the neutron 

y,t~ld trom cal"bon is lot·:, ll,.l7 the am~unt of carbon subtrac-
. . . . 

t1on data obtained waa ari.\all. · T'aereroro the carbon apeetra. 

were smootb?.;ld before subtraation, and it 1a possible .for some 
.· . 12' . . . ·.··:_. 

unqbse:rved Gt~ucturs from th~ c (p,n)- reaction· to· appear in 

the. aa~a. •.. The average. lab .cross. sections tor tne· production· 

or neutrons. with energy .greater tllan 5 f•IeV. from carbon. are · 

lOO.~f.b/ar-I•leV .at 53.deg (lab)» 64 JJ.b/sr-r.~ev'at 90 dog,· and 
•, I, I 
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As can be seen f'rom t..'le neutron spectra shown in 

Fig. lJ., the pxooducticm of neutrons .from' l't-4 is atrongly, · 

peaked fo:t'VI&.r<l for. the, ·neutron-energy region StUdiea. 'l'he 

N1'1 (p:-n)o14 e::.round-13tatc ga."oup is .·round to be weakly· produced 

at all angJ.ea or observation (approJdrnately 50 iLb/sx•) ~ · :i '· 
. strong neu t2;'011 . group does .appeal~ in . the energy region. borre:.O 

. . . . . . . . . . ·.. . . 14 
sponoing to the excj~tation o£ the lott~et" excited states ot: 0 • 

Charactarist1o at all three angles· oi .. observation .:ts tl1e 

:.tncreas:trig; yield of neutrons t\li th decreasing energv •. 
' . In the prey1ous investigation ot the Nl4· (pp)Oi4 ' 

reaction \d.trll7 o}-r1leV protons) the gJ.~otmd-state rteutr.on group 

'Vla~. ¢~early observed although absolute cross deetions 'and 

angular di$tributions l!sere not obtained.14 1ro attempt to 

understand the loi.~ yield .of the· grouna.:.state group pl'o<luced 

b;r ;11.5~HeV protonsj we mey ~:x.amine the predictions o.f tha 

.•. 

Austern-J3utler-f•1ei~'s.anus direot ... intcraotion theoey for the (p;n) .· 

ree.ctione 4 · Using a radius or 1·.4 Al/3 F and the lot;,tef~t allO'Ifled 

.t value (.e: =· o)'tor the transition trom the lr4(l."') grou11d state 
' .. 14 ..... ' . . . . . . .. ·.· . .· ' 

to the 0 (0 ) ground state, one finds that the £1r$t minimum 

in the angular distribution is pre<Uc~ed to occur .at appro}&i­

mately the moat fOZ'l~ard angle of ObServation (55 dag c.m.) .. · 

. The .ph~isicaJ. arrangement of the bubble chamber did not penni t 

us· to meaaure the neutron yield at smaller_ angles; at which 

this theory \"iOUld 'predict the largest (p,n)' OX'OSS Se<;tions to 
.·occurfll 

. . . ·.Because . ot . the . lack ot information. concernin$ the . . . ·.. . . 1- . . . : ·. . 
exiatenceot: excited stat~~aof 0 with excitation enargles. 

sreate~ than ~ 8;; z,!f~V, these epGotra were exawiincd £or cvidenoo 
-

of possibl.e unreport<;!d exc:J.ted Btate$. · The search tor such 

· . · r.1 tates tu~a sever~ly l.1m1 tecr by the resolution of' the bubble 

., ... 
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chamber, the ata.tistica.l aecuraoy ot the data,. and by the tact 

that the neutl'."ons .from the (p,pn) and (p,an) reaction& can 

appear at energies correop:ond:l.ng to excited states.of o14
s 

.Althoush the .neutron spect;i>a· from these three-body f'inal-atata 

reactions are eJr:pected to. rise amoothl;r 1;- the presencG o£ these 

neutrons can mask the structure t~esult1ng from the (p.,n) 

reacti·on because of statistical fluctuations. 

~1e four neutron groups labeled A throu&1 D in Fig. 4 

may :r-epresent tranai tions to unreported. levels of o11~. A 

neutron group was eonsidel. .. ed to signify a pozsi ble level if' 
. -

1 t appeal.~ed at at least tt·;o angle a With the sanle c .ro~ energy. 
. . . . . . . 14 . . 14 

r.the knotm enei'S'J level~ ot the mirror nuclei c . and 0 · are 

shoWn in .Fig. 58
10 with the pouaible onergy·levela A through 

D ad.dedo. An uncertainty of:!:. o.s MeV is amaigned to the energy. 

or each of these poss1.ble levels because of' reaolutiOl.'l and 

rane;e enel"~&.Y uncertainties• 

Pooaible level A (a~:; MeV· excitation) appear~ at 90 

&'1d 127· deg, and is consi~tent with the shape or the. fo:rwa~a- . 

angle spectrum. (It is, of course, possible that this level 

corresponds to the g.;s-MeV level reported. oy Ajzenberg and . 
14) . ( . . . ·. )' Frt4'1Zen.. · Possible level D . 16o7 flieV excitation appeara 

s'crongl.y at the fQt"'IIJ~d angle, but the ener&7' spectrum at 127 

deg encla before this level bccauae or the o.m. transrorillation • 

~he crosa sections tor the produot1on·of neutrons from 

th.e bombardlneA'lit of Be9 With -'1•5 1\'!eV proton~ were mea~ured at 

lab angles of· 53» 90, &"1d 127 dege T'ae target was· 2;1.8 mg/cm2 

thick a.~d the proton energy loss td. th the tarGet at ,0 deg 
. . . 

'IIlith respect to ~the beant li!1e \':as o.!~ l-,leVo 



The Be9 {Ps~):s9 ~eaotion · (Q = ·-1•854: MeV} baa been 

,irivestiga.ted ·at 6~59 f.'leV by· Ajz~nbeXog a.nd BUeehnerp usin3 · 
. . 18 
nuclear emulsions. · · That. experiment indicated an excited 

state at 2o37 !<reV i'n addition to the ground-state neutron .: 

groupe .using the 10counter-rat1o" ·technique ror proton energies .. 
19 . . . 

from 2 to 5.8 .r.1eV, Marion; Bonne~, and Cook ·observe<;~ .. neutron 

thresholds corresponding to the gl"'und sta.ta and tho 2.;-MeV .. _;, 

level of. iJ ~ For protons fl"'m 8 to 14 MeV, and u~ing a f'~st 
neut:t~on ·SE>ectrometer; Saj:t observed three poesible excited 

stat~s .at .. }a07, 4.14u a.'ld 4o93 HeV excitation energy.~ 
. . . , .. , .The e~nter-ot.,.raar:Hl neutron energy spectra are .. shot1n i!l 

-F~g. 6, , T11e spectra indicate oona1derable structure. and the 
. . ' . . . . . ' . . . . ' . . 

'ne~tron ;yield l$ Bt:rong:ty enhanceCl. at the f'o~1ard angle. The 
. ' . ' .• ~> . • ' • . . . 

53-deg neutron ~peotrurn doe.s not exhibit theuaual increase 
' . ..· ,.· . 

shot~s an enhanced yield for: the higher neutron energies,. 

The solid yertical lines in Fig.,. 6 indicate the 

expected position ot the tr~ell-eatablished e~r.cited states of 
''9 10 ' 
B • Also indicated tu"e the maximum c.m. neutron energies · 

or ne~trona· .from the. (p',pn)#. (p~a.n)., and (p,a2n) reactions 

that lead to multibody final atates. Production or the ground-. 

Stat~ neutron ia,~up is ·Clearly se'en at all three' aJ1SlCSS of 

observatione ; 1l'he larg~ yield ot higi'l-enertJY neutrone observed 

at the torward angle may be due to unresolved neutron gx•oupB 

corresponding to the 2~;;4- .and 2.82-~!eV levels of r/J. 
Becaufja of the lack of 1nforrnation · eonem?n1n~ the 

eJtistenc(!) ~r ~xcitad. st~tes of' B9 \!11th excitation .;nergies 

greater than 1 ~leV P . thes~ f,)plilctra were exainin~d tor; OVidence 

of po$a,.ble unreported levelao., The dashed vertical lines 

labeled A tlU'~OUgh F CO~!'~Oi>G~oi6 to neUt)."On groups. appearing at 

• 
' 
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at least tl'so angles of obaervat1on 1 and thel."*c.fore mny signify 

possible levels ot rP.. tie note that the neut:rona from nll 

states of B9 (including the g~und state) are sup~rimpoaed .on 

the neutron spectra from multi-body· final state reactions. 
. . 

However, the indicated possible· levels are most clearly 

r~so.l ved in the ;t•ontard .... angle ~ apeotrum where the direct­

interaction thao~ would predict the largest (p,n) cross 

· sectiona to occur, and whera the yield is greatest and the 

statistical errors smalle~t. Le,:el A (4.7 MeV) is very 

strongly produced at 53 des ~nd may correspond to tho previ· 

Qusly reported 4.1- and 1+.9-ltleV lev~ls.; 20 · The knol'm energy 

... levels of ;;9 and or the mirror nucleus :ae9 are shown in ~g. 1 
where the possible levels A through F have been added. The 

error assigned to the energy or each possible level because of 

resolution and range energy unoerta1nties·1s z o.a MeV. 

· C. Aluminum · 

.. The neutron spectra from ,1.5-MeV proton bombardment 

of Al27 are shown. 1n Fig. 8.' Indicated in l"1g. 8 are the 

expected positions tor neutrons produced. in the Al27(p,n)s127 
. . 

ground-state reaction (Q • .5.610 MeV) and tor the most · 

energ~t1c neutrons produced 1~ th$ Al27(p1pn)A126 reaction 

(Q • -1,.05 l~eV). It 1a qu1t.e apparent ~hat the ground·state 

neutron group was produced at all three angles, and that the 

production was quite strang at the forward angle. 

Because the aeparat1on of levels in a nucleus as heavy 

as s127 1s smaller than the resolution ot the spectrometer 

system, no att~~pt was made to 1nte~ret the observed spectra 



-12- UCP..L-11856 

in·ter.ms of excitation of specific excited states of si27. 

Hm.:ever, aluminum contains enough nucleons to allow a com­

parison to the predictions of the compound-nucleus continuum . 

theorj, since the average excitation energy of each nucleon 

(about l P.IeV). ia ·much leas that the sepal'"ation energy of a 

nucleon from ~1e compound nucleue (about 8 MeV). Accordinsly, 

one could expect the cnerg~ spectrum of neutrons emitted from 

the (p#n) reaction to be obtained from the reciprocity 

theorem,:; 

where IN(E) 1s the probability of emitting a neutron of 

(1) 

energy between E and E + dE; a
0

(E) is the capture croea section· 

ot a nucleus at excitation energy Q ~ Ema~ - ·E tor a neutron or 

energy E; and oo(Q) 1G the energy level density in the residual 
- . 

nucleus.· ·By making a Taylor expansion ot the logarithm ot the 

level density around the maximum exoitat1on energy of the 

residual nucleus ( Qmax = Emax) ~ Blatt and lve1s$kopf:7 obtain 

the l:r~axwellian" £ormula for the neutron $peotrum, 

.rN(E}dE = const Ea0 (E) exp{-E/T)dE, (2) 

where '1', the "Nuclear temperature, n 1s .. detined by the 

rela t1orlsh1p 
. ' 
~ 

·:''I 

(3) 
'· .: ' 

Thus 7 the meaBurement ot the spectra ~rom (p,n) reac-

t1ons should yield information regarding the energy level . 
. . . ' . .. ' . " 

densities 1n exoited nuol.e1. It should be. em~hasized, however, 

that the (p,n) reaction is.not the only possible--nor the most 

11kely--ne~.~tron-produo1ng reaction for '1-l\teV protons. Table 

. 
·• 

. 
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I list~ tho Sf;l:Veral possible reactions that may, cont4?ibute tQ 

the. ·ao.aervod spectra, tog~ther with their Q. values and the· 

mar~um lab·neutron energy at the forWard angle ot obGervation 

{53 deg lab} • ':rhe Q. value a. l'i!ere obtai.ned from. Endt and 

Braams21 o;r: 't'Jere c~lculate(l by using data from Wapstra~ 22 · 

Thus~ over maet of tho neutron energy-.range studied in 

·this· exper;t.mmrt, mul·tiple particle emission ia pos.sible.:, ·and 

the e~pre6!1)ions given in Eqs. (1) and (2} are 'not directly 

appJ.icable •. Howeve:l:'.o it has been customary to t"it emission 

spectra .to /i,q,.. {2), Cl;tt.ra.atina; ¢.Xper1menta.l. valu~s. of nT~ in 

· order to facilitate the ccmpar1aon or spectra obtained under 

d1f!'e:t""lng experimental eondi tiona. · 

The t•nuclear temp~:rature tt T can be determined. .from an 

emission $pectrum by plotting the quantity IN(E)/Eoe(E) versus 

E on Bcmilog paparo If the spectrum haa ·a Hfik!Xt-:-ellitm 11 form, 

the data will lie on a etraight line whose negative slope .15 Te 

S~milog pJ.otra of thia r-elation for the o em•:· spectra or alum1oum 

for . the :· thrm.~ angles· ot obs~rvation al"e ~ho\~tn in Fig~. 9., lO ~ 

and 11. The values ot. o-0 (E) \~ere obtained tram. Ble.tt and 
~ . . 

Weissl1:op.f1 ;:~ and .the. enera;r w1f1th of tne data ;points *l~as doubled 
,. 

to Oo8 .I-teV to remove some. of the. structure in .the apeet;:."a •. '.rhe 

stra1€'.ht lines werE"J fitted .t9 the data for n~utron energies 

between 5 and 12 l1eV. (o.~4). The empirical ''tempe:t"aturez'' T 

(ietenrd.ned for the anglea t1ere 4 .. , ~leV at. 5' (3eg,. and '~' MeV · 

at both go an€1 127 . de g. : ':, ,.;'' 

. The $pectral Shett).e$ axta fairly ·Well; rep~~Sented. by. the 

stra1snt line; -.the major <leparture occ";rs tor t:~e hifSl"leat. 

neutron ~ner-a;;tes. at tho .forward angle. · Onli,V' the (pjn) reaot:l.on .·· 
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. contributes to this· region# and only 'the lower-lying states of. 

Si27.·are involved. 2': Bl.och, 24 Rosenzwe1g:. 25· C.ritohfield and· 

Oleska, 26 and Beard and McClellan27 have emphasized ·thEr level 

density dependence on nucleon ahell configUration· at excita­

tions ot only· a few MeV# and therefore one would anticipate a 

departure .from a straight line·ror the hl.ghest-energyneutrona. 

Also; the direot ... interaction .mechanisni for the (p,n) reaction 
/ 

preterentiallyproduees the·lower excited f3tates ot the residual 

nucleus; since. the ooreoi the nucleus is und1sturbed.4 

· , · · · . While the · 11 temperaturean obtained at so and 127 deg · · · 

ttere the same., the prod.'.lction of .neutrons waG not; the 90·cleg 

yield Will$. much .lalt'~er than. the · l21~deg yield~· ~r:he integrated 
. . 

differential cross sections· forthe·production-ot neutrons with 

energy greater than 5 r~eV (lab)· are listed in. Tabl$ II for the 

three Qbse.rvation angles; the ratio, trom tort-mrd to back'~tll~d­

angles. is appro·:Umately 5:3:1 .• · This st.-ong. fon~ard ·asy.mmetcy· · 

1s.1n direct oontradiction to the predict-ions of the·compound.-· 

nucleus continuum theoey •. · Wol.f'enstein ·has ·shown that the 

angular.d1str1butions·predict~d·b1_the.statist1cal.model·will 

be Symlnetric ·about·. 90 deg for high excitations ot the compound 

nueletis ·into ·a region of- many :overlapping levele. 28: The :;o ... rJZeV' 

· proton bombat.dment. of.· Al27 would produce· the compound. nucleus 

s128 111tn an excitation ot- about 40 l~eVJ hence the continuum· 

criterion should :be .well.satisfied •. · f'urthermore 1 Hauser and·.· 

Feshbaoh have pointed out that the angular dist~ibutiona should 

be isotropic 1'or high ~xcitation$' ot .the· residual· nucleus. 29.·· 

Thia. shoul.d tllen be ·the cas~ tor the 5:- to 10-MeV neutrons in 

this exp$r1ment.,.a1nce .. the residual nucleus~-tor·the (p~n)· 

-. 

.. ·-
·' 
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reaction--is left \'lith 15 to 20 t·leV excitation. The spectra 

in Fig. a ind1cate 6 ho\.zevsr, that the neutron production is 

strongly peaked fo~1ard even at the loweut emission energies 

etudied, whore the r~actions 1nvolv1ng.three-body .final states 

are important. Hence, it t'lould nppear that both types of· 

reactions..;-t\il'O- and three-body--proceed primarily through a 

d1reot-1nteraot1on mechan1$m • 

. It is of interest to compare the empirical ·"temperatures" 

T obtained trom this experiment tJ1 th those from previous experi­

ments on aluminum.· A colnpilntion given by (lugelot has been 

uaed,:;o to l'lh1ch have been added the results from a 2}-fcleV (p,n) 

experiment by Cohen.,:;l and the results of this experiment. In 

Table TIIthe following quantitieu are listed: the type of reac­

tion studied; Emax' the maxim\~ energy of an emitted nucleon; 

AE, the energy interval of the emitted nucleon over which ~ 

. was computed; and 6Q, the corresponding excitation· energy 

interval of the recidual nucleus tor the two-body reaction ... · 

Comparison of the three (p,n)·experiments ahow$ an 

·increase in T \~lith increase in bombarding energy. In Cohents 

experiment,'1 nG in this one, it was tound that highe~ tempera• 

turea were obtained to}j the h1ghest-energy·n¢iutrons and tor 

the f'on·nard angles ot observation •. The angular d1str1but1ona 

obtained by Cohen were peaked .fort'lard tor· neutron enerSies 

greater than 9.5 f1eV; the ratio of the .neutron 1ntene1tietl at 

5~, 90, and·l27 deg were approximately 6c,:2. · i'h1s is quite 

similar to our results at a higher bombarding energy.. .. · 

The forward production ot the emitted neutrons and the 

energy opeotra indicate that the 01rect-1nteraot1on mechanism 



1e important for!· the: neutron energy t-egion ·studied (i.e~-~ :. ·· · · 
' 

EN·>· ·5 .fr1eV lab).· • ·In Table II are listed the· estimated total 

eras$ sections · to'r neutrons . with·. energy· greater· ·than· 5 · l·IeV ·· · 

(.;.?9 mb) and ·the measured total. cross · ~ection for the production 

. or: neutrons from thin targets (273 mb).17 · Th~s,· only.about 1/7 

of' the.'total' neutron production l'tae .. studied '·in. this experiment, 

and there · ia no expet>imental ·inrorma tion regarding. the spectrum · 
·' . 

'·.: 

neutrons• · 
'; ! •',:-

,' '•',' 
',1 • . ' . . ' 

. . .' '·. IV o DISCUSSION 
.. ' . > . 

. . 

. 'i· • 

The f'o~Jard pealdng ·of· the ·neutron· yield ·tor- all •. the 

targets otualed 1ndicatea·:t!ult tho direot•inte:;;'actian mech.tmism 

is :tmporta.,·rt for neutron-producins reactions at thif?. proton 
' . . . . ' . . . 

energy$ lt has been .foutid 
' ··, . ! 

that the ground.-etate neutron group 

t
' . . ul4 ( ) 

0
14 . ·. · . .._ . . . , . . 

J.'le ~.·~ p,n . . -react..::t~on~ t>mereas 

the "Be9 (p,n)B9 and J\127 (p;n)Si 2'7 

reactions~ . It ·ha:z been suggested that the· l"eason tol~ th.i$ .low 

y1~1d. (for zt-4) .. could. be .that .. the ,Auatern ... J3Utler-McNanutl theory 

of direct .. interaotione pre dicta the ~ la.rges t neutron yields:. to · 

occu;~.; at angles rs:mallcr than tho most . .foflJal."d anglea of obser-
4 . . . . . 

vat.:lono Ho.~Jev~r 1 , this· strong. forward pea.ld.ng should occur 

tor all thr$e reaet1onsjl ·ana, 1n tact; the· torti1a.rd p<;ak ahotJld 

be Bh&•pest tor the .u21_(t:>;n)Si27 r~action•. 
Bloor~, Glendenning~ ~d. !-'iOSZl·tOtU~ld..!) have ShOt>Jn that . the 

(p/)n),. 'reaction co:rmectin(S €~ound :fltate~ ~t 'm1rro:r nuclei singles 
. . ~ ' 

. out the isQtopic .a pin.· exc:h/8;;oge part ot: the eftect1 ve mmtron- • 

pro·t:on interaction :tn -the nucl<etUl. T'ao "direet'1 pa,:~,'~t ot the 

r"•. 
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matrix elemEmt., t~Zhich refers to the charge-exchange process 

in which the charge on the ineident proton is tranaterred to 

a bound n~utron, is dominant Co~ mix•ror nuclei boca.uae ot 

the ~ood over. lap of the \'JaVQ !Unctions for the 1n:4 ti~l G4"lcl 

final oouna e.tateao' A.'idarson and 'eollaboJlators'6"37 have 

round that ·the isotopic apin exoha.."lge part ot the at . .t~ective 

n .... p intolZ'actJ .. cn is also inmortant for the (p .. n) reaction con­

nect:i.n& non...mi~ror medium-~Jeigh.t nuclei =-~ince the residual 
. . : 

nuclei ar;a pret·er-ent:i.ally left j,n an excited sta.to -which ;ts the 

iaobax•ie an:;:u.o.g o!' the sr-cn .. md state of tbe bombaJ.~oed nucleus. 

In a r-elated paper$ Lane has ·'i:tho-wn6 that it is possible to 

describe the (p.,n) reaction. a-Jith the optical model i.f tl1e 

ieotcpic sp1n depe:ndenee oi" the potential in taken into aceot.mt. 

The. Ee9 (p,n)B9 and the At27 C!? 8 tr}S127 rea.ctiorts connect · 
. 14.. 4 . . ' : ' 

mirl:'or ,rmclei. The N (p,n)o1 reaction, howevr;r, does. not--

the iaol;;arie. analog of th~ r?-4 gr·ound state in o14 .is fox·bidden 
' . 

by the ra.uli principle. fllar-e.f'ore 1 the i:;lotopie sp!~1 exchange 

pa:rt ot the interaction Ghould not be expected to dor.11nat.~~ the 

t<S
14 

{p$n)o14 g:found ... sta.te. .:reaction.· The low. yield c;f the ground­

state 8roup .is .tn~tt in agreement with th~ pred1otiona of the 
~ ' 6,1 

abOve -..11entj.o11e~ . theor..i~.Hl. . . 

. . ~ :. 
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. Table ~:i:. Neutron-producing reactions for the proton bombardment 

of Al27 • 

Products of Al27 +. p 

Si
27 + n 

A1
26 + p + n 

23 Mg +a.+ n 

Si26 + 2n 

25 
Mg + 2p + n 

Q. 

(MeV) 

-5.610 

. -13.049 

-14.93 

-16.27 

·-19.59 

Highest lab. 

neutron energy (53 deg) 

(MeV} 

25.6 

18.0 

16.1 

14.7 

11.2 

\·--. 



. 

,· -~ 
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Table II:~ Cross sections for the production of neutrons by the 31.5-MeV proton bombardment: 
14 9 Z7 of N ; .Be , and Al • 

Integrated 

differential 

cross sections a 

Target (mb/sr) 

53 deg 90 deg 12.7 deg 

. 14 
N 4.6 1.7. 1.1 

Be9 .. 11.7 2.9 2.6 

·Al27 5.2 3.0 .· 1.2 

a . .. , . ·.··.. · ...... · ... .. . . -
For neutrons with lab energy greater than 5 MeV . 

. ·. b . . . .·· 
·· Reference 1 :1.. · For Ep = 18 to 32 MeV~ 

. . . . . c: . . . 
Reference 17. For.Ep = 31.5 MeV.-·· " 

.,_.-... 
:-~ . -

~ \ . 

-~ :. . -. ~-

. . ' . 
. . ·--:· - ~. ·- ·. : 

. . - ..... -:• ~ '. --
. ''J. 

. - .. ~~ .· ·· .. 

. ,· ~-
-~-' __ , .... ,.,.. ' 

Estimated Thick-target . 

total total 

t . a · t' b cross sec 10n cross sec 1on 

(mb) (mb) 

32 

78 

39 

. "'·.· 

108 

339 

234 

- ' . 

Thin-target 

total 

cross aectionc 

{rob) 

330 

273 

.. _, 
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·Table Ill~ Empirical "temperatures" determined 

from aluminum bombardments. 

E AE AQ T max 

Reaction (MeV) (MeV) (MeV) (MeV) ·Reference ~ 

Al{n,:n}:. 13 1-2 12-9· 1.0 32 

Al (n, n) 14 1-4 13-10 1.1 33 

Al(p, p 1
) 17 5-7 12-10. 1..3 30 

8-12 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 (0 deg) 35 

1.34 (0 deg) 

~3 ::::: 1.4 1~1 (90 deg) 

1..05 (150 deg) 

Al(p, n) 17 36 

2.6 (0 deg) 

::::: 10 :::::7 2.2 (90 deg) 

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) 

('-; 
.> 

) " 

... ·; 

I • 
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FIGURE CAPTIONS 

Fi~. 1·. Diagram Qt: experimental arrangement allmiit'Ag the 

location ·Of magnet a, tJoll1mators, shielding, and .the 

4-in. hydrogen bubble chamber. 

Fig. 2. Absolute efKiciency tor the detection of neutrons 

by the 4-in. bubble clUL"!lber as it wa.a used in this 

exper.:tmf;mt o 

. . . . 4 
Fig. }. !<ieaaured spectrum or neutrons from the :r(d;n)Iie · 

reaction observed. at 90 deg with 7/8-in• ~utJ:on col-

lima. tor. 

Fig. 4. Center-ot'-znasa. neutron energy spectra from the 

bombardment of N14·,by :;;l.5-l4eV protons .. Tne s.ol~d ·vertical 
. . . . . 

lines indicate the expected positions ot ·neutron t;t'oupa 
. . . . . - . 14 . 

from previously id~:cltified excited states.o.f 0 ., ·Also 

· shown are the. max:l~~um e .m. enerGies ot neutrons from the 

(pgpn) and. (p,an) reactions. The dashed vertical linea 
., 

indicate the posi~ions of possible new energy levels of 
· 01~t. 

Fig. 5. Energy-level ·cU.agram 9t the m:Lr.ror nuclei c14 -o14• · 

T.he pos$1ble mnll en~rgy lev¢ls of o14 are lab.el~d A.,n,c, 

and D to correspond to the positions 1nd·icated in Fig. 4. 
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. ; 

Fig. 6o Center-or-mass neutron energy spectra t':t"orQ th,e bom­

bardment or Be9 by }le5-NeV protons. The sol.ld vertical 

lines indicate the expected .po~i tiona or neu~ron gl. .. oupa . 

.fro~ pr~v.iously. idet1tlf'ied excited states of B9 
o Also 

f.lhOt:Jn are the maximum c.mo ,energies of neutrons from the 

(p 11 pn); (p,an), and (p,a2n) reactions. The dashed vertical 
'' .; ' 

lines indicate thG positions of possible new energy levels 

ot rfJ. 
Fig. 7. Energy-level a:tas;xoa-n ot the mirror nuclei .'JJe9 -r:?. 

T'.ae poasib~e net'\V enel"gy levels or B9 a:re labeled A, 

through F to corl."eepond to the positions indicated 1n 

. ' 

Fig. 8.. Di.f'f'erential cross sections tor the production of: 

neutrons at 53, 90g and 127 dog (lab). by. the ,l.,s~r4eV 

proton oo~bardm~nt of Al
27. . 'lbe maximum lab neutron 

. ~ . : 

energies ot: neutrons !'rom the (p,pn).reaotion are 1nd1 .... 
I . ' . 

cated ·oy the vert.! cal aolid linea. 

Fig. 9• Plot or IN(E)/E <1c (E) vermus c.m. neutron energy for 
21' . 

· Al at 5:5 deg (lab).. The maximum c.m. neutron energy 
. . ~· . . . ~ ·: . 

rrom th.e (p,pn) reaction is indicated b~ the ve;rt:t.eal 

line. The slope of the straight line was dete~n~d trom 

.the data between 5 and 12 MeV. 

F;ig. lO., Plot of Iu(R)/E a0 (E) at 90 <leg (lab) • '!'he slope 

ot the straight l1ne was determined trom the data between 

.5 and 12 ~·1eV .,· 

Fig. ll. Plot or IN(E)/E O'c(E) at 127 deg (lab)• 1l'he slope 

of' the Stt'a..i.snt li.n<O wae det<GJrrnineel t~om tbe data ku'!ttt~won 

5 and 12 !,·leV. 
'), 

~, 

. ) 

' :_ 
) 
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This report was prepared as an account of Government 
spbnsored 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, 

6r usefulness of the information contained in this 
report, or that the use of ahy 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 fjom 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 .employmen~ or contract 
with the Commission, or his employment with such contractor. 
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