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ABS'rRAC'l' 

UCRL-10S89 

Neutron yields from bombardment of a. thick Au ta.raet by 164-

a.nd 142-MeV o16 ions have been meusured, Neutrons were detected by meana 

of nucleu.r emulsions at 15-deg intervals from 0 to 165 deg. The yields 

at 164 u.nd 142 MeV are sub~ro.cted ·to obtain average cross sections over 

this energy interval which are then transformed to the center .. of-mo.as 

system. The anisotropy coefficient 1:1 1 defined by the expression 

w(e) "" 1 +a coa2e, is about 1 for 2-MeV neutrons and decreases rapidly 

w1 th energy, The dist1·ibution of neutrons is eesentio.lly isotropic u.bov" 

6 MeV. This behavior disagrees wlth calculo.tione of the o.ngula.r diatri .. 

bution of neutrons from fission fragments, which are baaed on the fru£9nent 

e.ngula.r distribution measured by Viola. It is concluded that some neutrons 

are emitted from the system before fission occurs. 
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NEUTRON SPEC'rRA li'BOM HJ!:AVY -ION DOMBARIMENT. OF GOLD* 

Willia.m G. Simon 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

April 12, 1963 

I , INTRODUC'l'ION 

UCRL-lo689 

The energy and angular distributions of neutrons from the bombard• 

16 ment of Au by 0 ions have been investigated. Neutron yields from . 

164- and 142-MeV o16 ions were measured at 15-d.eg in·te:r-ve.ls from 0 to 1.65 

deg. We detected neutrons of from l• to 10-MeV by means of nuclear 

emulsions, using the internal-radiator method. Average cross sections 

from 142 to 164 MeV obtained by subtracting the yields are transformed to 

the compound-nucleus system. 1~e o d~g yields are extended to 25-MeV 

neutron energy by using un external radiator together with nuclear 

emulsions for neutron de·t.ect.ion. 

II, EXPEHIMENTAL ARHANGEMENT 

A. Internal•Ru.diator Method 

The experimental u.rra.ngerrent is shown in Fig. 1. 16 The 0 ions 

left the accelerator w1 th an energy of 166 MeV. The object was to obtain 

a well collimated beam of small profile at the tu.rget, and a.t the same 

time minimize .neutron background originating from beam hitting any matter 

other than the target. A 4-in. quadrUpole lens forms the main part of 

the system. The object for this lens was a 1-in.'"-diam collimator placed 

near the Ililac exit. Another 1-in.-diwn carbon collimator was placed 

21 in. in tront of the quadrupole. This eliminated all beam particles 
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that would stril;:e the be~un pipe ut, a point closer to the ·t;o.rget. This 

collimator W'c;J.G loco. ted 175 in. from the e1nulsion detectors 1 so that. the 

solid•~:.ngle fac·t;or for neutrons or:i3inating in 1 t· was very small. In 

addition to the aolid-o.ngle :factor 1 ubout 3. 5 ft of pa.rt\ffin shielded 

the emulsions from this background source. 

In order to t~e the bei:l.1ll1 u. quartz crystul w1 th a thin alwninum 

foil on t.he beam side was placed in the turge·t; position and viewed from 

the downbeam side with a television cumeru.. The foil and crystal f'ol'Il)ed 

the back of a Faraday cup, so that one could measure the beam While 
;- . . ..... 

viewing the crystal. The t.\ccelera.tor was tuned u.nq. the quadrupole lens 

set to achieve o. minimum beam size on the crystal. The beam diameter 

measured in this way wr;~.s ~ 1/4 in. The beam p;tttern at the turt;et we 

observed severul times.between runs, und no changes were detected. If 

the quadrupole lena is adjusted to form a parallel beam, then the position 

of the beum at the target. is inaensi ti ve to the poai tion of the beam in 

the object diaphragm; thus any wndering of the beam exiting from the 

llilac would not C\l ter ·the position of the beam at the target. A 0.1 mil 

Al foil placed at the Hi lac exit stripped the !oris to a lmown charge 

distribution ( ~ 98·% have charge 8) • 

The beam was measured by using a Furwiuy cup. 1lhe cup Wcl.B a. 

2·3/4-in.-dium by l5•in .• -long tube with 1/32-in. wlls, insulated from 

the beam pip.a by teflon inaulutoro specially shaped to reduce leakage 

current. The rear end of the tube wu.s cut at 60 deg to its u.xis 1 and o. 

bruas ring soldered on to support the targets. The thick (132.5 rng/cm
2

) 

Au target _formed the back of the I•'arado.y cup. Beam energy wo.s determined 

by meu.aurine; the re .. nge of the ions in nuclear emulsion, using the range-· 

energy relo. tion of Heclcman et a1.1 
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B. Neutron Detection 

We detected neutrons by meu.ns of nuclear emuleions, using the 

internul-ru.diator method. 'l'he 1· by 3•in. gluae-bo.clced emulsions were 

placed 8 in. from the target at 15-deg intervale from 0 to 165 deg. The 

pltme of the emulsion contained the r<:l.dia.l line from the target, o.nd the 

3•1n. edge wus perpendicular to this line. 1'he 1/32-in. brass front 

covers of the comerue stopped most of the charged particles from the 

turget. 'l'he emuleiona used were 600-IJ Ilford t~s K·2 u.nd K-5. In 
/ 

some cuaea the plutea were exposed in pairs with the emulsion fo.ces together. 

This greatly reduced the flux of charged p:;Lrticlea entering the surface ot 

the emulsion, thus increueing ·the eu.se of scanning. 

C. External Radiutor Experimental Arrangement 

The experimental urro.ngement for measuring neutron yields by using 

an external radiator 1& shown in Fig. 2. The beo.m geometry Wd.B similar 

to tho.t in the internal-radiu.tor setup, except thut the quadrupole-to-target 

dist1:1nce was shorter. The beo.m wu.a measured by using a F'o.rado.y cup. The 

thiclt Au target, which forrned the back of the Faraday cup, wo.e backed by o. 

3/32-in.-thick piece of lead, which stopped churged p:1rticlea originu.ting 

in the target. A polyethylene radiator w.:a.s placed 14 in. from the target 

in the forw.:a.rd direction. Nuclear emulsions located 6 in. from the 

radiu.tor at angles from 20 to 30 deg to the bee.m direction \otere used to 

detect the recoil protons. The polyethylene shield in Fig. 2 protected 

the emulsions i'rom neutrons coming directly from the target, ~hich would 

blacken the emulsion if not u.ttenuu.ted. 

In order to test for background, the polyethylene radiator W'cl.B 

replaced by a. thin carbon radiator having the atUne !"!umber of C o.toms per 

2 em • Since all measured protons ure assumed to come i'rom n-p colliE;ions in 

the rad.iu tor 1 runs w1 th the carbon radiator served to measure the bu.cl~:ground • 
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III. EMULSION SCANNING AliD DATA ANALYSIS 

In the internal-recoil method, the analysis is based on the 

neutron-proton collisions occurring within the emulsion. If the direction 

of the incoming neutron is l>:nown 1 then its energy can be calculated from 

E = E (H)/cole, 
n P 

(1) 

where EP(R) is the energy of the recoil proton, and e is the angle be~ween 

the neutron u.nd 1)roton directions. 

'rl1e usual method of unalysis is to choose a small cone of acceptance 1 

requiring that all measured tra.clcs have angles () leas than some mux.imum 

2 ungle em • Then, instead of calculating cosG for each tru.clc, average values 

are used. This requires that en be less than about 15 deg. This procedure 

greatly reduces the difficulty of scanning o.nd analysis. A severe dis-

advu.ntuge is that the srooll cone of a.c~~ept<:;mce results in a. large error 

in det;e:rmining which tracks lie within the cone. 

In this work, a coordinate reo.dout microscope t.ra.s used in scanning 

the plates. The spatial coordinates of a :point on a track vere o.utomo.tico.lly 

recorded on IBM cards, and the analyAiS W.J.a carried out by a computer. The 

energy of each neutron was cu.lculu.ted according to Eq. (1). 'rl1ie allows 

the use of a. large cone of accept;o.nce (57 deg was used) and thus eliminates 

a. major source of error. 

The neutron yield Y at lab an,_q;le e and neutron energy E is n 

y ::: 

where F(E ,e) 1a the flux per unit solid u.ngle, .r is the 
n 

target to detector distance, and H is.the totul number of beam :Pu.rticles. 
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'l"he yields were meueured u.t be(;1.1Jl en<3rgies of' 164 u.nd 142 :HeV. 

The u.veru.ge croos section over this runge of beo.m eoorgias is obtu.ined by 

aubtrac:ting the yields and dividing by the effect1 ve number of target 

u.tome. 'rhus we have 

, 

where Y1 u.nd Y2 are the yields at 161~ and 142 MeV, reapectively, and A is 

the mass of u target atom in amu. 

The c .m. erose sections are eati~ru;\ted to have an error of about 

16?~ resulting from systematic errors; that is 1 the overall normalizat.ion 

is estimated to be w1 thin 16jj. Syotematic errors considered in this 

estimate include errore in tha turget-to-emulsion distance, beam integra-

tion, and the shrinka.ge factor und hydrogen content of the en:tulsion. 

The· presenca of bacl<ground neutrons is eusy to detect from the 

following considero.tione • (a) Let the polar u.xie be the target-to-emulsion 

line. Then the recoil protons must be distributed uniformly w1 th respect 

2 to the azimuthal angle and the cos of the polar ungla. (2) All recoil 

protons must be going away from the tt:l.rget. For protons with energy 

greater than R:l 2 MeV, the direction of motion can be determined o.nd this 

teet applied. The background estimated by using these methods is .:E, 3~1, 

of the totul neutron flux. 

REL1UL'l'S AND DISCUSSION 

The 0 deg yields for 161~-He'! ions obtained by both internal and 

external methode are shown in Fig. 3· 'l'ha internal radiator pointe are 

typical of those obtained ut all angles. 'I'he erro1·a shown o.re etu:t.istica.l 

errors in the number of trL•cks measured. 
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'l'he yields u.t each lab ungle were fit to t,he form 

Y( 1") = A.f3 exp!( Ct + Dr2 ) 1 

where ,. is the neutron energy. 'J:'he c .m. trt~.nsf'orma tiona were then dona in 

the folloWing way: A. c.m. energy w.:ta chosen; then for each lab angle, the 

lab energy and the correopond.ing c .m. angle were calculated. The c .m. 

cross eec·tion t~.·t the co.lculo. ted c .m. u.nc;le was ·Ghen found from 

~ <~ ,e ) c.m. c.m. c.m. 
---·----·-- a:: 

,f,.c.m. 

The velocity of the compound system used wo.s an average value 

calculated for o16 ions with energies betweer1 the limi ta of the beam 

energy (142 o.nd 164 MeV). 

The resulting c.m. angular distrib~tiona ure shown in Fig. 4. 

2 ) The curves o.re least-square fits to the form o(e) = o(90 deg)(l + a cos e • 

A su.mmury of values of o(90 dee;), u, and the cross section averaged \Tith 

respect to angle is given in •.ruble I. Th~re is no evidence of forward 

pea. king. In fu.ct, there seems to be u tendency to peak bs.ckvrarde • This 

could be o. result of incomplete momentum r,ranofer to the compound system. 

For those reactions With incomplete momentum transfer, the velocity of the 

system would be overestim3ted 1 with tha result that neutrons would appear 

to be peaked be.clcwurda in the compound syet~m.. Sikl(elan1 '.!t a1. 3 huve 

observed that incomplete momenttun tro.nsfe:J; occurs in a eignificun·t fraction 

of heavy-ion-induced fission reactions. 

Fi£,'llre 5 shows an experimentu.l plot of 0 /r!.l/2. 
a 'l'his form plots 

o.s a straight line rather than the a /E form expected from a Heisslwpf 
u. 

distribution, becu.use the spectra result from multiple emission. The energy 
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spectra of particles i'rom un evuporut.ion chuin has been investigated by 

4 
LeCouteur. He finds that for an aeatuned dependence of the temperature on 

the excitation energy •r « {u, there results for a neutron chain 

:F'(E) a: E5/ll exp('- !1, ~) 
· 12 T n 

where Tn ~;a the temperature govel. .. ning the. first evapora'tion. This form 

dit':f'ers only slighU.y- :f'rom that used in this analysis. The observed results 

are well represerrted by 

Integration over energy and angle gives a total cross section of 14 barns 

tor neutron production. The ratio of the number of neutrons for these 

measurements to the number expected at 164 MeV is calculated to be 0.82. 

In this calculation we use the cross sections of ~omas5 1 .and assume that 

one additional neutron results from an increase of ll MeV in excitation 

energy. The .value for cc>m:parison, 17.1, lies between the va.lti.es of' 12.8 
6 . 6 

and 19.2 barns given by Hubbard et al. for carbon and neon on Au. It 

is somewhat belc.w the value of 25 burns given by Brock, 7 but because of th~ 

large nol"1J1al.iznt1on errors, the values are not inconsistent. 

The observ~d unisotroP,Y decreases strongly with increasing neutron 

energy. The last neutron emitted is expected to be more strongly coupled 

to the angular momentum of the compound system than neutrons from eo.rly 

8 
stages of the evaporation chain. This effect baa been observed by Allen 

9 10 und discussed by Douglas and McDonald, and hy Ericson. Thus, the lowar-

energy neutrons are expected to be more u.nisotropic • Th:fa effect could be 

great.ly enhanced if the lu.st. pre-fission neutron and the last post-fission 

neutron from each fragment vrere stro113lY coupled to the u.ngu.lar lllOIOOntum. 
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Heasured angular d:t.stribuUons of fission fragments from heuvy-ion• 

induced fission show lu.rge unisotropiea. For 10~-MeV o16 ions on Au, the 

' 

This anisotropy effects the 

ungul~\r diatr:lbution of neutrons evaporated from the fragments 1 und thus 

presents a possfbility of separating pre• and poa·t-fiaoion neu·trono. 

J\sstUning a. simple isotropic spectrum in the fragmen·t rest. frame and fragments 

of a single velocity 1 we ct.m calculate the e..ne;ulo.r distribution of the 

neut.rone in the compotmd. system. r.rhe a.ct;ual distribution of neutrons "from 

the fro.gmentsEhould show u.nisotropiea greater thu.n those culcuia.ted, 

because neutrons f:l.re expected to be evo.pcn·ated preferentio.l.ly in the direc• 

tion of the fragment's motion. 

Ctl.lcula:tiona were mu.de for distributions of the Vleissltopf form 

( ) -E/T FE o::Ee 

and Maxwell form 

with temperatures of 1.5 and 2.0 MeV. First ·the distribution Wd.S transformed 

to a. coordinate system at reot with the compound system and with the polar 

uxia in the direction of fra~nent motion. Then a rotation wae made to 

align the polur u.xis \ri th the beam dircction 1 and un integration over the 

fragment angular distribution w6.a done, 'l'he re sul ta are shown in F'ir;. 6 • 

If curve D ia the correct one, then the observeddistrlb.ltion at8MeV is 

flatter than tho calcula tod one by only 1.1 ato.ndo.J:•d devia tiona. lim-rever 1 

this curve with T = 2.0 MeV leads ·t.o an c.vero.ge neutron energy of 4. 7 MeV, 

'Which is consiclerably higher than the observed value of 3.01. 'l'o obtain 

agreement with the a.veru.ge neutron energy, one must u.soume o. tem~ruture 
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of 1. 5 ~leV 1 which recul to in the mor<-:! unlsotropic curve A. 1'his ctu·ve 

has u vulue of u. which disac;rees w1 th the observed. value by tlu•tJ!e a L;c.ndard 

deviu.tions. 'l'hia a.r~Ju.:mcnt is sunnnn.rizecl in Tu.ble II. It is oe(m thu.t no 

value of tha temperature c~;m mo.Jce both the uniaotrop-.r and the o.vernce 

neutron energy coincide w1 th experiment. Therefore, it seemo reason:;,~.ble 

to conclude thu:t u. lo.rge fro.ction of the neutrons. are evaporated before 

t i f1 . 13 iss on occurs. J.~11a resul·t agrees w1 th the consideru:tiona of Dlo.nn, 

who finds that. the uoaumption of pre-fission neutron emission is necer,oo.ry 

for agreement with th13 expe:t'iment::J.lly detel.'"'lllined energy required to remove 

u neutron from ·the system. 
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4 

6 

8 

•ruble :t. Values of the cross section u;t 90 deg, ·the o.niootropy, 

o.nd the cross section uveruged over the nngl.e for vur1ous vu.1ues 

of :E. 

o(90 dog} 

· (mb) 

183 :1:39 

1'"(6 ±37 

119 ±14 

53.8±1~ ·5 
~ , ..•.. 

21.9±2.1 

1.05 .±.32 

o.81 ±.32 

0.159±.19 

o.o47± .11.~5 

0·099±.158 

' 
Averuge cross section 

"u. = o(90 dog) + o./3 

247 

224 



•.ruble II. Comp .. l.l'inon of ec.Llculated r::t.nd ohor)rved vn.lues of the 
uvoru.go net.\.t!l·ol'l e1'1Y.::l:·e;y u.nl.l tlH'! u.niso ~rov; u.. No "'Lmumcd vulua 
of' '.r cctn rru.:~.lo;.e both the Do pc•ru.motors conoistent l-Ti th the observed 
v u.l lli! a • 

-----====·---·-~----·-

Assumed distribution in 
f'rll{;lnent rest. f1·u.mu 

---------------·-----':"""'-------··---· '-----
nesultin~ distribution in 
compotmd-sya tcm frume 

Weiesltop:f' 2'11 I•'eu.ther 

Ma.xwell W(;l.tt 

===============·---==========--=-=-=~================ 

(E J c.s. a (8 HeV) 

Curve A Max:t-retll .. 1.5 MeV 2.~ 0.56 

B \feiaskop:f'- 1.5 HeV 3·71 o.46 

c 1-k,xvrell - 2.0Mc..V 3·71 0.37 

D Woissl;:opf- 2.0 l·leV 4.71 0.28 

Observed vu.1ue 3.01 0.0$)9±.158 

--.. --
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FIGURE LEGEHDG 

Fig. 1. Ex:perintental arrE::I.llCement i'or neutron detec·tion w1 th emulsion 

used u11 bot.h detector u.nd radiutor. 

l''ig. 2. J.i.'.x~rimentu.l e..rra.nget1ont fo:t: neutron detection using u.n external 

polyethylene ru.diator. 

Fig. 3. lf 61 . -16 ·leutron yield in the ltt.borutory sys tom at 0 des for l :t•MeV 0 

ions on a thick Au target. rrriungles ~.nd. circles designate points 

obtained using internal- and externo.l.-ra.dia.tor methods. 

Fig. 4. Center-of-muss ungular distdbutiona for neutrons. 

Fig, 5. "Tem:perat~ure" plot for cross sect.iona averaged over angle. 

The line shown is 

-
Fig. 6. Neutron angular distributions cc~lculated. assuming post-fission 

emission. Curves A and C ure for }fu.x-vmll distributions with T a 1.5 
and 2 MeV; B and Dare for vTeiasl~opf distributions at 1.5 und 2 MeV. 

' . 
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