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ABSTRACT
Neutron ylelds from bombardment of a thick Au target by 16kh-
16

and 142-MeV 07" ions have been meusured. Neutrons were detectgd by m;ang
of nucleur emulsions ut 15-deg intervals from O to 165 deg. The yields

at l6hvund 142 MaV are subtructed to obtain average cross sections over
this energy interval which sre then transformed to the center-of-mess
system. The anisotropy coefficilent a, defined by the expression

W(e) =1 +a coeee, 18 sbout 1 for 2-MeV neutrons and decreases rupldly
with energy. The distribution of neutrons is eesentiully isotroplc 9b°V°v
6 MeV. This behavior diségrees wlth celculations of the anguler distri-
bution of neutrons from fission fregments, which are based on the frapgment

angular distribution measured by Viola. It 1s concluded that some neutrons

are emittod from the system before fission occurs.
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I. INTRODUCTION
The energy and angular diatributiohe of neutrone from the bombarde
ment of Au by 016 ions have been investigated. Neutron yieidn from

164~ and 142-Mev 0'°

ions were measured at 15-deg intervals from O to 165
deg. We detected neutrones of from 1= to 10-MeV by mesans of nuclear‘
emulasions, using the internal-radiator method. Average cross sections
from 142 to l6h.MeV obtained by subtracting the ylelds are-traneformed to
the compound~nucleus system., The O deg ylelds are extended to 25-MeV

neutron energy by'uaing an external radiaetor together with nuclear

emulsions for neutron datectilon.

ITI. EXPERIMENTAL ARRANGEMEWT

A. Internal-Rodiator Method

The experimental arrangement is shown in Fig. 1. The 016 ions

left the accelerator with on energy of 166 MeV. The object was to obtain
a well collimuted beam of small profile at the turget, and ai the same
time minimize neutron background originating from beam hitting any matter
other than the target. A L-in. quadrupole lens forms the main part of
the system. The object for this lens was'a l-in.<diam collimator placed
near the Ililuc exit. Another l-in.-dicm carbon collimator was placed

21 in. in front of the qnadruﬁole. This eliminated all beam particles
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that would strike the beam plpe ut & point closer to the target. This
collimator wﬁs locuted 175 in. from the emulsion detectors, so that the
solid-ang19>factor for neutrons originating in it was very small. In
sddition to the solid-ungle factor, uwbout 3.5 £t of paraffin shielded
the emulsiona from this background source. |

In order to tune the beum, u quartz crystul with & thin sluminum
foll on the beanm sidevwas pleced in the target position and viewed from
the downbeam side vith & television camera. The foil and crystal formed
the buck of a Faraday_cup, 80 that one'could measure the beum while
viewving the crystal., The uccelerator wus tunéd,anijthe qpﬁdrupole lens
set to achieve a'minimum beam pize on the crystal. The beam dliamater
measured in this way was $1/4 in. The beam pattern at thé target wus
observed aeverul times between rins, and no éh&ngea were detected. If
the quadrupole lens is adjusted to form a parallel beam, ﬁhen the position
of the beum At the target is 1n§enaitive to the position of the beam in
the'objec£ diaphragm; thus any wundering of the beém exiting from the
Hilac would not altef the position of the beam at the target. A O.l mil
Al foil placed at the Hilac exit stripped the ions:?o a known charge
distribution (=~ 98% have charge 8). |

The beam was measuréd by using a Foraday cup. The cup was a
2-3f/4in.~dium by 15~in.-long tube with 1/32-in. walle, insulated from
the beam pipe by teflon insulators specially eﬁaped to reduce leskuge
currént. Th; rear end 6f the tube wus cut at 60 deg to its uxis, and a
brass ring soldered on to support the turgete. The thick (132.5 mg/cmz)
Au target formed the‘back of the Faradey cup. DBeam energy was determined
by mewsuring the ronge of the ions‘in nuclear emulsion, using the range-.

energy relation of Heckman et al.l
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B. Neutron Detection

We detected neutrons by meuns of nuclear emulsions, using the
internal-rudiator method. 7The l« by 3-in. gluss~backed emulsions were
pPlaced 8 in. from the target ut 15-deg intervale from O to 165 deg. The
Plane of the emulsion contuined the radial line from the target, and the
3-in, edge wus perpendicular to this line. The 1/32-in. brass front
covers of the cumerus stopped most of the charged particles from the
target. 'I'he emulsions used were G0O-p Ilford types K-2 wnd K-5. In -
some cuses the plutes were exposed in palrs with the‘emulaion faces together.
This greatly reduced the flux of charged particles entering the surfuce of

the emulsion, thus increusing the euse of scanning.

C. Ixternal Radlator BExperimental Arrangement

- The experimental arrongement for measuring neuﬁron ylelde by using
an external rodistor 1s shown in Flg. 2. The beam geometry was similar
to that in the internal-radiutor setup, except that the quad;upole-to-target
distance wus Bhorter. The beam wus meusured by using a Faraduy cup. The
thick Au target, which formed the back of the Faradoy cup, was backed by a
3/32-1n.-thick plece of lead, which stopped churged particles originuting
in the target. A polyethyléne radiator was placed 14t in. from the target
in the forward direction. Nuclear emulsions located 6 in. from the
radiator at angles from 20 to 30 deg to the beam direction were used to
detect the recoil protons. The polyethylene shleld in Fig. 2 protected
the emuilsions from neutrons coming directly from the turget, which would
blacken the emulsion 1f not attenuoted.

In order to test for background, the polyethylene radiator was

repleced by a thin carbon rudiator huving the sume number of C atoms per

cme. Since all measured protons ure ussumed to come from n-p collisions in

the rodiator, runs with the carbon rudiator served to measure the background .
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III. EMULSION SCANNING AND DATA ANALYSIS

In the internal-recoil method, the snalyeie is based on the
neutron-proton collisiona occurring within the emulsion.  If the direction

of the incoming neutron is known, then ite energy can be calculated from

En = Ep(n)/cosee, o (1)
where EP(R) is the energy'of the recoil protqn, and e is the(angle between
the neutron and proton directions. | |

The usual method of wnalysls 1ls to choose a small cone of acceptance,
requiring that all meésured tracits have angles O less than some maximm
angle Gme. Then, instead of calculating cosl for each track, average values
axre used. This_fequires that Gn be less than z@bout 15 deg. This procédure
greatly reduces the difficulty of scamuing and analysis. A severe dis-
advuntage is that the small cone of acceptunce results in a large error
in determining which tracks lie within the cone. B

In this work, a coérdinate reodout microscope was used in scanhing
the plates. The spatial coordinates of a point on a track were autbmatically
recorded on IEM cards, and the analysis was carried ocut by « computer. The -
energy of each neutron was culculéted according to Eq.‘(l). This allows
the use of a large cone.of acceptance (57 deg was used) and thus eliminates
& major source of error.

The neutron yield X at lab éngle 2] and'neutron energy En is

F(En,O)
I

where F(B_,0) 16 the flux per unit solid ungle, T is the

target to detector distance, and N 1s the totul number of beam particles.
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The ylelds were meusured ut beam ensrgles of 164 und 142 MeV,
The averuge cross sectlon over thie range of beam energieé is obtuined by
subtracting the ylelds and dividing by the effective nunber of target

atoms. Thus we have

a20 Yl(En,O) - Ya(En,O)

asds = Tor. »
[3(52) - R(ulﬂ N, /A

where Y, und Y, are the ylelds at 164 and 142 MeV, respectively, and A is

1
the mass of a target atom in amu.

The c.m. cross sectlons are estimated to have an error of about
16% resulting from systematic errors; that is, the overall normalization
18 estimated to be within 16%. OSystematic errors considered in this |
estimate include errore in the turget-to-emulsion distaence, beam integra-
tion; snd the shrinkage factor and hydrogen content of the emulsion.

The presence of background neutrons 1s eupy to detect from the
following considgrations. (a) Let the polar axis be the target-to~-emulsion
line, Then the recoll protons must be distributed uniformly with respect
to the ezimuthal angle and the cos2 of the polar ungle. (2) All recoil
protons must be going away from the terget. For protons with energy
greater than = 2 MeV, the direction of motion can be determined and this

test upplied. The background estimated by using these methods is 3%

of the totul neutron flux.

RESULTS AWD DISCUSSION
. The O deg ylelds for 164-MeV ions obtained by both internal and
external methods are shown in Fig. 3. The internal radiator points are
typlcal of those obtained at all angles. The errors shown are statistical

errors in the number of trucks meusured.
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The ylelds ut euch leb wngle were fit to the form

¥(1) = AP exp(Ct + >°),

where v is the neutron energy. 7The c.m, trunsformations were then done in
the following way: A c.m. energy was chosen; then for each lab engle, the
lub energy wnd the corresponding c.m. ungle were calculeted. The c.nm.

crosg section at the calculoted c.an. ungle was then found from

(<

oc.m. c.m.’ac.m.) - .olab(Tlab’olab)

o e, AR

The velocity of the compound system used wué an average value
caléul&ted for O16 lons with energles Letween the limits of the beam
enexrgy (142 and 164 Mev).

The resulting c.ﬁ. ungulur distributions are shown in Fig. L.
The curves ore least-square fits to the form 0(8) = o(90 deg)(l + & cosee).
A summary of values of o(90 deg), 2, and the cross section averaged with
respect to angle 1s glven in Tuble I. Thgfe is no evidence of forward.
peaking. In fuct, there seems to Le o tendency to pegk backwards. Thies .
could be a result of.incompiete momentu& crangfer to the compound system.
For those reactions with inCOmplete monentum transfer, ﬁhe veloclty of the
system would be overestimated, ﬁith the result that neutrons would &bpe&r
to be peaked buckwurds in the compound system. BSikkeland at ul.3 huve
observed that incomplete momentum transfex occurs in a significant fraction
of heavy-lon-induced fission reactions.

Figure 5 shows an experimentul plot of oa/El/g. This form plots
a8 a straight line rather than the ou/E form eipected from a Welsskopf

distribution, becuuse the spectra result from multiple emission. The energy



spectra of particlee from an evaporation chain has been investigated by
LeCouteur.u He finds Lhd."b for en assumed dependence of the Lemperat.ure on

the excitation encrgy 'l‘ o« r U, there results for a neutron chain

(E) « B/ axp(- 1L E

F(E) « B/ exp(— 5 "'I‘;) _
wvhere Tn 18 the temperature governing the first evaporation. This foxrm
differs only alightly from thaﬁ used' in this analysis. The observed reéults

are wvell repreaent:ed by ‘
o (h‘) = 433 E ‘l/G ~E/“'Ol mb/MeV-sr .

Integration over energy and angle gives a total Cross section of 14 bvarns
for neutron production. The ratio of the nmnber of neutrans for these
meusurements to the number expacted &t 161+ MeV is calculuted to be 0 82.

In this calculation we use the Cro8s egections’ of 'I’homsua5

» and essume that
one edditional _neutro'n results from an increase Qf‘ 11 MeV in excitation
energy. The value for comparison, 17.1, lies between the values of 12.8 -
and 19.2 barns givén by Hubberd et al.é'for carbon and neon on Au.é It

is somewhat 'bél-cm the velue oi’ 25 barne given by Brock ,7 but becaueé of the
large normalization efrbrs ,'Athe valu_es aré‘ not 1‘hconsiatent-.

'l'he observed o.nisotropy decreases strongly with increasing neutron
energy. The last neu‘cron emitted is expected to be more strongly caupled
to the ungular momentum of the compound system than’ neutrona from early
stuges of the véVaporation chain. This effect has been observed by Al].en8
end discussed by Dougles end McDonaldF and hy Ericson.lo Thus, the lower-
energy neutrons are expected to be more anisdl;ropic( This effect could be
greatly enhanced' if the last vpre-fissio»n neutron and the last post-fission

neutron from each fragment were strongly coupled to the angular momentum.
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Messured wngular distributions of fission fragments from heuvy-ion-

induced fission show lurge unisotroples. For 16L-MeV 016 ions on Au, the

11512 This anisotropy éffecta the

forwvard=-to-90~deg ratio is about four.
angular diatribution‘of neutrons eveporated from the fragments, und thus
pregents a possibility of separating‘pre- and post-fission neutrons.'
Assuming a.simple isotropic spectrum in the fragment rest frume ond frugments
of a single velocity, we cdn calcu;ute the enguler distribution of the
neutrons in the compound system. The actﬁal distribution of neutrons ‘from
the fragmgntsehouid éhow unisotiopies greater thun those culculated, |
bacause neutrons are expected to be evaporated preferentlelly in the direc-

tion of the frugment‘'s motion.

Calculations were mude for distributions of the Weisskopf form

F(E) « B e‘E/T

and Maxwell form

F(B) « /2 ¢"B/T

with temperatures of 1.5 end 2.0 MeV. First the distribution wus transformed
to a coordinate system at iest with the compound system and with the polar
axis in the directlon of frogmoent mdtion. Then & rotetion was made to

align the polur sxis with thé been direction, end en integration over the
frogment angular didtri%ﬂtion wap done. >The results are showm in Fig. 6.

If curve D 1s the correct one, then the observeddistritution et 8MeV is
flatter than the calculated one by only l.} standord deviations. llowever,
this curve with T = 2.0 MeV lecds to an Gverage neutron energy of 4.7 MeV,
which 18 considerebly higher than the obeerved velue of 3.0L. To obtain

agreement with the averuge neutron energy, one nust assume & temperature

'
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of 1.5 MeV, wﬁich resulte in the more unisotropic curve A. This curve
hus o value of o which disuasrees with the observed volue by thres stondard
deviutions. Thls argument'is sumarized in Table ITX. It i8 seen that no
velue of tha temperature cun mike both thevunisotropy und the averapge
neutron energy coincide with experiment. Therefore, 1t secems reasonwble
to conclude thut o large fruction of the neutrons.ére eveporated before
fipeion occurs. Thia résult agreaes with the consideratione of Blann,13
vho finds that the assumption of pre-fission neutron emissioﬁ isvnecesmary

for egreement with the experimentally detexmined energy required to raenove

& neutron from the system.

FOOTNOTE AND REFERENCES

. ‘I'his work done under the ausplces of the U. 3., Atomie Energy Commission.
1. 1. H. Heckmen, B. L. Perkins, We G Simon, F. M. Smith, end W. H,
Baikas, Phys. Rev. 117, 545 (1960).
2. L. Rosen, lucleonice 11, 38 (1953).
3. T. Sikkeland, E. L. Haines, end V. E. Viola, Jr., Phys. Rev. 125,
1350 (1962).
b, X, J. LeCouteur, Proc. Phys. Soc. (London) 455, 718 (1952).
5., T. D. Thomes, FPhys. Rev. 116, 703 (1959).
6. E. L. Hubbard, R. M. Main, and R. V. Pyle, Phys. Rev. 118, 507 (1950).
7. 1. w; Brock, Phys. Rev. 124, 233 (1961).
8. P. L. Alien, Wuclear Phys. 10, 348 (1959)..
9. A. C. Douglas and N. MacDonald, Muclear Phys. 13, 382 (1959).

10. T. Ericeon, Adven. Phys. 9, 425 (196¢).



-lo-n

11, Victor E. Viola, Jr., Thesis, Lawrence Radlation Luboratory Report
UCRL-9610, March 24, 1961 (unpublished).

12, H. C. Britt and A, R. Quinton, Reactions Between Complex Nuclei

(John Wiley end Sons, Inc., New York, N. Y., 1960.
13, H. Marshall Blann, Thesis, Lawrence Radiation Laboratory Report

UCRL=9190, Muy 23, 1960 (unpublished).



.lle

Tuble I. Values of the cross section ut 90 deg, the anisotropy,

end the cross sectlon averuged over the tngle for various values

Of ,~"‘ .

) a(90 deg) a A&er&ge croes section
(mb) 0, = a(90 deg) + af3

1,5 183 £39 1.05 .32 247

176 +37 0.81 .32 22l

119 14 0.159+.19 125

53,844 .5 0.047£.245 55

21.9¢2.1 0.099%,158 22.7

o O & P
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Table II. Compurison of culéwlated and obsorved values of the
aversge newbron entipy and the wnlsovropy «. NHo ussumed value
of T can muke both these peruaneters conslstent with the observed

values. »

Asgumed digtribution in
Tfrogment rest frume

Pesulting distribution in
compound-gystem frume

ComS

Waleskopf PF(B) « B e‘Ef L 27 Feuther Ef + 2T
Maxvell F(g) « 52 o7E/T 3o T Watt B +3/2T
Bp = 0.71, FO) =1 + a o820
<Ec.8.> a (8 Mev)
Curve A Maxwell =« 1.5 MeV 2.96 0.56
B Welsskopf- 1.5 MeV 3.7 0.46
C Muxwell = 2.0 MoV 3.71 0.37
D Welsskopf= 2.0 MeV 2;.71 10.28
Observed value 3.01 0.099£,158
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FIGURE LEGENDS

Fig. X, Experimental arrongement for neutron detection with emuleion
uged us both detector und radiator.

Flg. 2. lIxperimental errangewsnt for neutron detectlon ueing an external
polyethylene rudiator. | '

Fig. 3. Heutron yield in the laboratory system at O deg for l6u-MéV 016

ions on & thick Au target. Triangles end circlee designate points

obtalned using internol- and external-radiator methods.

Fig. 4. Center-of-muss ungular distributions for neutrons.
!
Fig, 5. "Temperature" plot for cross sections averaged over angle.
The 1line shown is

dzo

/2 -Bf2.00
d0dE |

= W33 E mb/MeV-sr .

Fig; 6} Neutron anguler distributions calculated assuming poat;fission
emission., Curves A and C ure for Maxwell dlstributions with T = 1.5
and 2 MeV; B and D are for Weisskopf distributions at 1.5 undxe MeV.
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