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NEUTRON PRODUCTION BY HEAVY-ION BOMBARDMENTS
Edward L. Hubbard, Robert M. Maia, and Robert V. Pyle
Lawrence Radiation Laboratory
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Berkeley, California

July 27, 1959

ABSTRACT

R N“. and Nezo bombardments of a number

Neutron yields from Cw
of target clo:izenta have been measured by an activation method. The maximum
bombarding energies were_ 10.4 Mev per nucleon of the incident ion. Neutron
yields have been calculated by assuming complete fusion of the two nuclei,

13 om, followed by de-excitation

with an interaction radius of ro @ 1.5X10
of the compound nuclei by neutron emission only. Calculated neutron yields
are a factor of about two highcr than expsriment in the case of haavy target
nuclei, with greater differences for light targets. Some possible :.ﬁnoincnts
of the theory that could bring the results closer to agreement with experiment

are mentioned,
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NEUTRON PRODUCTION BY HEAVY-ION BQMBAR))MENTS‘
‘Edward L. Hubbard, Robert M. Main,'and Robert V. Pyle
Lawrence Radiation Laboratory
University of California
Berkeley, California

1. INTRODUCTION
The bombardments of complex nuclei by high-energy nucleons or light

nuclei producc a large variety of ructiom, from which some of the emitted
nucleons are due to cascade processes and some are svaporated from excited
residual nuclei., In the latter cass, the Qxcitation energies have a con-
ndarable spread bocnupe of statistical fluctuations in the cascade process.
~ Under ;hou conditions, it is impossible to compare evaporation theory and
experiment at energies of, say, 100 Mev cxc?pt by averaging over many
é#mpéund auclei and excitation energies. Within these limits, theory and
experiment are in fairly good agreement. 1-5

' Gem?mmd auclei excited to 100 or more Mev can also be produced in
heavy-ion bombardments at the Berkeley heavy-ion linear accelerator
(Hilac" ), and it is thought likely that a large fraction of the compound nuclei
have excitation energles appropriate to the complete fusi;an of the projectile

and tirgct nuclei. 6

Cascade offects should be of minor importance, because
the kinetic energies of the bombarding nuclei are 10 Mev or less per nucleon.
These compound nuclei are of additional interest because th&y are often

highly neutron-deficient and are therefore more susceptible to de-excitation

*This work wa#$ done under the auvapices of the U. 8. Atomic Energy
Commission. | v
t‘Now at Tracerladb Inc, Richmond, California.
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by fiesion and charged-particle emission than are those farﬁed by light-
particle interactions. T’l;ey also may be formed with vcry high angular
momenta. Whether ér net heavy-ion roaetiéni will, in fact, be easier

to interpret on the basis of compound-nucleus interactions than are those

produced by high-energy aucleons depends on further measurements con-

_cerning the details of the interactione. It is known, for example, that in

somse cases {ragmentation of the heavy ion will lead to mmcthing iess than
complete fusion of the two nuclei. 7-9
In this survey experiment, the average numbers of neutioan. pro-
dugad by bombarding a variety of materials with carbon, nitrogen, and
neon auclei have been m#mrad by an activation process. 10-12 744
meansured ylelds are compared with the values that are predicted from a
simfsh boil-off theory by assuming de-excitation by neutron emission only.
Iﬁ ﬁa ahé assumed that the compound nuclei are formed by the complete fusion
of the two nuclet, u;d the cross sections for compound-nuclevs formation

are calculated from commonly used parameters.
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1. METHOD

The ions emerged from the linear accelerator in several chargs
‘states, and then passed through a 1/4-mil aluminum foil which stripped
in‘a_ét of the ions of their ram;aining orbital electrons. The beam then passed
through 8 l-in. ~-diam collimator, a steering magnet, another l-in. coilimator,
 and energy-degrading foils, and then entered the experimental area through a
ﬁon in a 2-ft<thick concrete wall. The general arrangement is ihown in
fig. 1. The targets were placed at the center of the 3-ft cube of MnSO,
solution, the thick targets being mounted in a Faraday cup on the end of a
- iolutién-ﬁncd plug. When thin targets were used, the beam was monitored
by a Faraday cup 4 £ from the &xit of the tank. In both Faraday cups magaetic
fields of several-hundred gauss were used to uﬁppreu the escape of secondary
elactrons. | The collimators and the external Faraday cup were surrounded
by 18in. of paraffin to reduce the background in the detector. The beam was
aligned kwhile the operator viewed §2~tﬂuo£eocoat plate with a television camera.
Just ahead of the tank of Mn30, solution was gi&m’am insulated
wmmuor. T‘ho accelerator opsrator monito¥ed the current to this collimator
to verify that the beam remained centered in thed4-1/2-in. beam tube which
went through the tank. '

‘The detection method is that described by C:rw et al. 10 Neutrons
emitted {from the target were moderated in the solution, and those that were
captured by Mn nuclei formed the 2.59-hr hﬂf-ﬁfo Ma“. Before and after
each bombardment, samples were drawn from the continuovsly stirred
solution and were counted in tép identical sets of immersion Geiger-counter
systems. Yor the first few bombardments, the activity was monitored during
the run by circulating the solution through a small shielded tank which
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contained a Nal crystal viewed by a photomultiplier. In this way the length
of each bombardment was adjusted so that the activity of successive
bombardments was approzimately doubled. About six targets could be
bombarded in a day, with the beam currents of about 0.02 pamp (average)
“of particles obtained in the Spring of 1958 {the average number of particles
per sec is 168, |

| "I‘he system was calibrated with a l-gm Ra-a-Be source and with a
snialler ‘Pu-_n-ﬁc source, both of which M. in turn, been calibrated by the
National Bureau of &m&udﬂ to ~watbin 33%. The measured detection sfficiency
was the same for both sources. The moderation and capture efficiency has
’é»_écn ca;;lculat_ed to be 98%. for Ra-a-DBe neutrons in a detector of similar

10 From calibrations with the plug

geometry, except for the beam tube.
on the exit end, both empty and filled with solution, the effect of the beam
tube was shown to be smell. The difference was leas than 1%. These
aﬂiﬁciﬁl—ic&rce measurements should, therefore, be suitable for calculating
the detection efficiency for the heavy-ion-reaction neutrons, which have
considerably lower average energy (assuming they are mostly from boil-off

13

processes). The considerable angular anisotropy in the a particles ° and

fiesion fragments 14-16

from heavy-ion reactions suggests the possibility of
a similar anisotropy for neutron emission., This could make the measured
yields too low because 6! a disproportionste number of neutrons escaping -
through the beam tube, especially in the thin-target measurements, whi;h
may show the greatest anisotropy. However, thick-target measurements
with and without solution in the plug do not show a significant difference.
 The multipie scattering in the thin-targets was sufficient to prevent
an apprecilable fraction of the baam that traversed the target from entering

the Faraday cup. The necessary correction was determined by monitoring
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the beam at the entrence of the MnSO, tank and simultaneously recording
the Fara‘fday-wp currents with and without targets, and also with the
Faraday cup at'varyihg distances from the target. tf.forrectiom of 8 to
15% were necessary, depending on the thickness and material of the targati.
For measuremente at less than the full energy, Re absorbers were
inesrted immedlately after the steoring magnet (the current was reduced to
an impossibly low valus when the absorbers were ahead of the magnet). A
lead collimator at the center of the concrete shielding stopped the beam
that was scattered out of the useful solid angle. Sufficient neutron absorber
waa placed between the collimator and the MnS8O, tank so thet background
corrections from this source were always fairly small. Both thick- and thin-
target background corrections were estimated in the same way, namely,
w #eopping the be#m at the position of the Faraday cup for the thin-target
measurements. The thick-target background corrections are presumably
~overestimated by this procedure, but they were usually a few per cent, and
were never more than 15% except when the beam energy was reduced to the
point where it approached the Coulomb barrier. In the latter cases, the
}backgt'ound corrections were as much as 40%.
Experimental rmgc-cncrgy relations for heavy ions in emulsion
have bom obtained by Haekm&u et al. 17 In order to determine the energy loss
in the Be absorbers and in the targets, range-energy relations for heavy ions
" in metals have been calculated from Heckman's data and from range-energy

relations for protond in Qmulsionm’ 19 and in metals. 20,21 The range-
snergy curves éalc\'zluud for C,N, and Ne ions are shown in Figs. 2,3, and

4, respectively. Preliminary experimental checks exist for some of these
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22-26 The beam energy calculated from

curves and are in good agreement.
the accelerator parameters is 10.4 Mev/A, Wire-orbit measurements%
and measurements of ranges in emul:aicnoz? agree with this value and indicate

that the energy spread is about # 1.5%.

 Il. RESULTS

The neutron yields from thick t*argetl (slightly more than one range
thick) ar§ given in Table I. The choice of bombarding particle and bombarding
ensrgy was r’atherv spotty. However, the results followed rather clear trends
so that it was not coneidered necessary to fill in the gaps.

The '‘thin target'' measurements of the eﬁective ¢cross sections for
producing one neutroa, ¢ in’ 87 given in Table lI, where 0, is defined as
the number of neutrons produced per incident ion, divided by the number of
atoms per square centimeter of the thia target. Th«e data were obtained
at fall energy only, because of the complexity of the background cerrection
at reduced aner_gieé.’

The term 'thin target” usually refers to targets in which the ion energy,
interaction croes section, etc. do not change appreciably within thé targets,
Howﬁ?ar. ‘these guantities do change appreciably during the ion traversal of
somse of the thin targets used in thie experiment. We have, therefore,
defined an efi&cﬁve kinetic energy for neutron production, T. Inthe region
of interest, the neutron yield from compound-nbcleus de-excitation should be
appréximatoly pruportionﬂ to + T, the interaction cross section proportional
to (1 -V é/T)' and the ion range proportioaal to Tz. With these assumptions,
the effective energy is T =T, - (1/2) AT. The valuee of T given in
Table II were calculated in this way. —_—



Table !

Neutron yields from targets slightly more than one range thick, in units of neutrone per incident ion.

The absolute standard errors are estimated to be about 6% except close to the Coulomb barrier,

where they are about 50% .

‘Iow energies are ca!cnhtod irm thd range data cf Fixs. 2,3, md 4 aanr small corrections for ezsergy

loss in the ottimr kns have b«n made.

Ton: (:l 2 nl4 2/\ NeZ0
Absorber ( &, . Be) 0 12.6 20.9 29.2 0| 0 126 20.9
cm - >
. ' q
Calculated 122 106 92 78 141 201 > 154 114
energy(rev)® )
c g.0x10™4 10.4x10~% 4.83x10°% 2.17x 1074
Al 14.1 é;
Cu 17.6 ‘ o _ ‘
 Ag 19.6 11.3x10°% 6.9x1077 3.0x m '19.8 16.2 3.4 0.7X10™"
™~ Ta 18.5 9.9 4.8 1.6 . . 19.5 173 41 g.22 ?
Fb 189 ' ’ ;
Th 247
E B ) ’ v . N ‘,-' . ) '. . .\

§088-T94ON -



Table II

Thin-target measurements of the effective cross ccctiomm producing one asutron, ¢, . The absolute
standard errors are estimated to be about 9%. AT is the total energy loss in the target and T is the mean energy.

12 . 14 ' : 20

¢ N Ne |

Target Target thickness aT 4 6, AT T o, AT T L

C (mg/emd) (Mev) (Msv) (barns)  (Mev) (Mev) (barms) (Mev) (Mev) (barns)
Be 9.07 13 114 1.18 |
Al 10.66 14 114 1.31 20 131 1.66 s 184 1.97
Ni 7.92 s 17 244 22 189 2.92
Cu 2.88 3 120 4.75 8 196 4.81 'é;
Ag 14.60 14 114 71 19 131 9.9 35 182 9.5
Ta 9.38 , 7 117 12.0 16 136 12.2 18 192 18.5
Au 10.29 | 7 117 12.8 20 191 19.2
Pb 16.26 11 115 10.7 30 186 19.9

080-1¥20
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All of the targets were of naturally occurring ikatop&c abundances.
,Thé internal consistency was checked by repeating 2 number of the bombard-
" ments several times. For example, thick and thin Ta targets were bombarded
with the full-energy carbon beam on five different days, and gave resuits
M agré.d to within 1%.

IV. DISCUSSION
The neutron yields from thick-target deuteron bombardments at
190 Mov increass severalfold as the mase number of the target is increased

12 This is because the interaction cross section is

from that of Al to U.
increasing and the fraction of the available energy lost to cascade particles
and to charged-particle emission from the compound nucleus is decreasing.
A jump in the yield for Th and U is presumably due to avcontribnﬁou
{rom fission.

The neutron yialds from the full-energy heavy-ion bombardments of
thick targets show much smaller increases as the mass number of the target
is niud» (Fig. 5). This flattening of the yleld-ve. -mass curve is qualita;tivcly
reasonable, because in these heavy-ion reactions the Coulomb barrier strongly
affects the interaction cross sections, and in high-Z targets the effective
interaction cross sections fall so rapidly with increasing depth in the target
that most of the neutrons are produced close to the beginning of the range.
Moreoﬁr. a greater fraction of the available energy is deposited in ligiv
target nuclei because cascade effects are presumably smaller than in
proten or deuteron bombaddments at similar energies. Once again, the Th
and' U points are higher than the Ta and Fb points, perhaps because of &
contribution from fission. If this is so, it is not because of lack of fission

14-16

in Ta and Pb, but must be because such fission does not produce much

additional nuclear excitation.
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It may be noted, incidentally, that the thick-target yields from these
heavy jons are two orders of magaitude lower than those frotm deuterons of
similar ensrgy, bdemio of thg:ﬁnmy reduced ranges of the former., The
vﬁn«u' of 0,, obtained from th§ thin-target measurements at full energy,
en-j.ttw other hand, are quite similar to those from protoa or deuteron
bombardments at similar energles, 12

If it is assumed that all of the neutrons detected in the MaSO, tank

os shown in Fig. 6.

are waéotated frorn compound nuclei formed from the complete fusion of
the target and incident nuclei, then the average numbar of neutrons, W,
ezmitted by the cxﬁited compound nucleus can be caic'alato& from the experi-

mental values of 0, by Ming the relation

Nexp * €1/ - n
ﬁﬁea'emrm‘m wlues of ¢ o the cross section for the formation 6f a
cMWd nucleus, are not presently available, it is necessary to calculate
them to obtain "experimental” values of W. |
Cross sections for the compound-nucleus formation have been
calculated from the classical expression

Ay Y

¢¢ L 60(1 - ) » (3’

Ay T

where _
A = mass number of the projectile
A, = mass nuraber of the target nucleus
T = ldmia energy o! ths projectile in the lahoratory system

2o .
e*Z . Z

is the effective Coulombd barrier

rg'(a,} /34 4,1/%)
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' zl. = nuclear charge of projectile
" Z,¢ = nuclear charge of target -
: ro' = radius parameter of the auclear forces
6= T, (All/ 3 + A, i/ 3) is the geometric cross section for
’ compound-nucleus formation
© ¥g = radius p#rtmetir of nuclear matter.

Auamﬁ ry = T,', calculations of ¢ were made for r; = 1.5X 10743 em

snd 1.3x10"% cm. The calculated valnes of o_ and the values of A
“obtained from the thin-target bombardments are tabulated in Table III for
e, = 1.5X10°13 em,

A rather long Monte Carlo calculation is required to obtain accurate
: va.iuqu of N from compound-nucleus evaporstion theory. However,
Heckrotte bas developed . an expression that gives good agreement with the
M#nto Carlo ulenlnti@ for the cases where charged-particle emission is
negligible and fission does not occur until after all the neutrons are boiled off. 5

Heckrotte's equation is

-8 [ | 2.3, 1.4, .
ﬁfheora xg n l-iyqp}zyz_gi -&%7 ¢,...;s. (3}
n
' J

where E‘x is the initial excitation energy and En is the average neutron

binding energy. Here we have:

; JOE_ 1/2
x

Y‘,ﬁ { )
n Ac

where Ac is the mass number of the compound nucleus.
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The excitation energy E_ was obtained from the kinetic energios of
: thn incident ions and from the mass differences. Since experimental mass
differences are not available for the mv&mdﬁﬂﬁm compound nuclel
" produced in heavy-ion bombardments, thay were obtained from Levy's
4 :abl 2& Neutron bimnng anergies wers txno obtained from reference 28,
' Yalues @f N aﬁeuuud from Eq. (3) for the compound nuclei produced in
thtthinesmgn omrimem are presented in Table IIL
" To check the assumptions made cmemiq charged-particle emission
md ﬁniom 1. Dostrovaky m kindly guriad out a Monts Carlo calculation
of pnticun evaporated from the compound #ﬁcl‘tt_‘* Aul” formed in the
‘bombardments of Tal®! with G!2 ions. 29 This particular reaction was
chosen because here both the fission yield and clnrged-particle emission
: :houlé be lower than for targets of higher and lowsr Z values, respectively.
The uiﬂt‘. of his calculation are given in Table IV. It is seen that the
samber of charged particles emitted and the number of fission events are
| too small to affect t,tﬁou;ly the aumber of neutrons emitted. Also, the
value ol K obtained for E_ = 100 Mev is in good agreement with the value
obtained from Heckrotte's formula (Table I1I). |
| B E‘lgn 7 and 8 the theoretical values of ¥ are comparsd with -
‘experimantal valuss of R computed for g = 1.5X 10713 com and
T 1.3X io-“” em. m experimaents indicate that the best choice for
' "'G is about 1.5X10° -13 em. 9, 14,30-32 For this latter value, the experimental
values of N are considerably smaller than the theoretical ones. The
diugrapramt is stronger in the case of light target nuclei, but it is reasonable
to inym the model to fail for such nuclei, especially with regard to charged-

=13 .= to obtain

~ particle emission. It would be necessary to take toc& 1.2X10
agresment between the experimental and theoretical values of N for the

huvi_or nuclei.
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Table I

Avara‘o munherl of nentrons cmitted pcr campeand mlm, and other calenlated

quantitiet
T s mvc“" - I L .
. x P g oy : > s . — b
Target By g; ghtor (V Yern R ﬁexp Ex E; Rheor ‘v:'»’em‘ % R
(Mev} (Mev) (mv} {barns) (Mev) (Mew) | (Mev) (barns)
A 63 85 28 140 168 0.79 SR 187 193 1.08
Ni 95 120 .55 266 193 L24 128 143 60 350 230 1.2
Ca 9 121 56 263 203 225 146 141 7.3 355 239 195
Ag 101 9.0 7.9 380 223 322 145 100 104 5.8 263 3.7
Ta 95 8.0 8.5 425 269 4.40 14l 8.0 128 71.8 2.8 6.41
An 95 63 10.6 555 227 5.5 128 7.6 12.8 762  2.86 6.70
Ph.

72 6.4 8.0 570 233 460 120 7.4 116 782 288 7.0

.‘g!-

‘m&_m-mm energies for the experimental figures are not exactly 115 Mev or 190 Mev (see Table II),
‘Bt the cabulsted iiews 6t R, have been approximately adjusted to 115 Mev and 190 Mev by multiplying
am/ae by 115/ T and 190/ T, for carbon and neon, respectively. '

bﬂm is calcnlated from am/ac with ro = 1.5X lo’_n cm.,

§088-THON
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‘Table IV

Results of compound-nucleus boil-off calculations by 1. Dostrovuky29 for
| Anw’ excited to 50 Mev and 100 Mev. For each energy, 500 evaporations

were followed.

Number of emitted particies

s ey T T o re ey

Ex n P | d t He 304 " Fission N
.(M'qv)
100 4218 % 5 0 0 6 9 . 8.4

50 2392 0 0 0 0 1 ) 4.78
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The abserved dependence of the neutron production on the bombarding
enirgy (Tabie I) is qualitatively reasonable, with the yields extrapolating
to néro at something like the Coulomb barriers appropriate to a radius

<13 m. More than this cannot be said, however,

parameter of ro % 1.5X10
"because tho- data are not cumcicntly_ good. The expressions used in the thin-
target calculations have been integrated over the range for the case of the |
tantalum bombardments and give a tolerable fit to the observed yields, except
that the production is comideubly overestimated for the highest-energy points.
Fhuuy, we cnumcrne a few of the uncertainties and some of the refine-
mmta thnt should be mado to the above simple theory, and try to estimate the
| effects they might have on the attempt to compare axperimcnt and theory:
' 1. The classical expressions used for the interactioa calculations
should be replaced by quanturn~-mechanically correct formulae. Thomu”
has used the expressions of Blatt and Weleskopf, 34 and for the same value of
Ty he obtains fusion cross sections 15 to 20% smaller than we obtained from
the classical formulae. When his cross sections are used, it is necessary to
take rox 1.3x1071° '

pro‘rimom.l neutron yields.

cm to obtain agreement between the calculated and

2. The interaction cross sections vary approximately as the square
of the radius parameter, r,, for energies far above the Coulomb barrier.

=13 pecause other experimenters have found

We have used the value 1.5X10
that values close to this one give the best fits to their data; 1.4X10° 13
reasonably consistent with other experiments, dut values much lower than

this would not be.
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3. The assumption that all interactions involve fhu complete fusion
‘of the two auclei is well known to be faulty in some instances. 6-9 In addition
to small cross sections for the exchange of nucleons between the nuclei, ‘carbon
nuclei interacting Ahs auclear emuleions exhidbit complete disintegration and
stripping phenomena which msi account for as much as 20% of total star-
production cross section. 6 Experiments indicate that 10% of the fissions

produced by carbon bombardments are the result of direct interactions. 32

‘The avatlable excitation energy is correspondingly reduced.

4. Fission is known to occur with almost 100% probability from such
bombardments as -»curbon on 'gold. 30 and is possibly a large effect for somewhat
lighter compound nuclei. The effeact of fission on the neutron yield is not
obvious; e.g., if fission occurs early in the de-excitation process, charged-
particle smission may be snhanced, and it sesms possible that fission can
lead to a reduction in the average numbers of neutrons.

S. Charged-particle emission iz certainly not negligible for low-Z
compound nuclei, and the fact that the compound nuclei are sometimes highly
asutron deficient should enhance the effect. However, the calculations of
ﬂol*l:l‘czwakya9 for Gm + Ta’” - &193 at 100-Mev excitation indicate that
de-excitation by éhargul-»particlo emission may change the neutron yields by
nt‘ most a few per cent in the case of linvy compound nuclei. Calculations
indicate that reduction of the effective Coulomb barrier of the compound
nucleus by the high state of excitation does not appreciably affect the ratio
of charged-particle emission to neutron cminion_j |

6. | The hﬁelihood of forming compound nuclei in very high angular-
momentum states by heavy-ion bombardments may reduce, or at least affect,

the neutzon yields in two w@yc:
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(a) Compound nuclei are more likely to undergo fission if they have
large angular momenta. 35,36

(b) The rotational energy may not be available for neutron emission.

In neon bombardments of gold, for example, the angular momenta ray
be as high as 1258, and the rotational energy as much as 45 Mev (assuming that
rga 1.5X 10713 cm and that the nucieus rotates as a rigid sphere). This
could reduce the neutron yield by perhaps 30% in this mreine casge.

| 7. The masses and binding energies obtained from reference 28 are
of unknown accuracy, and the average binding energies used in Eq. (3) are, at
best, guesses.

8. There is the possibility that particle emission may occur before

the excitation energy is uniformly distributed. 37



-20~+% UCRL-8805

V. CONCLUSIONS

Neutron boil-off calculations based on a classical interaction modsl
involving the complete fusion of the incident heavy ion and the target nucleus,
with uniform heating of the compound nucleus followed by de-excitation by
‘neutron emigsion only, overestimate the actual neutron yields by a factor of
.twa oi' more if the commonly accepted interaction radius, TR 1.5)(10'13 cm,
is used. However, rather obvious refinemente to_:hh theory can easily
aceount for the discrepancy, Many more measurements, especially of the
reaction cross sections and the angle and energy distributions of the emitted

particles, are necessary before a more precise comparison is possible.
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FIGURE LEGENDS

Schematic drawing of the expsrimental arrangement.

12 ions in several materials.

14 ione in several materials,
20

Range vs. energy for G
Range ve. energy for N

Range vs. energy for Ne = ions in several materials,

Neutron yiol&s from thick-target bombardments by heavy ions of
approximately 10 Mev per nucleon. The points are @ for

122-Mev ¢}2, O for 141-Mev N4 20

, and @for 201-Mev Ne“".

12 20

Measured values of &ln from proton, deuteron,  ~ and Ne

bombardments of thin targets at about 190 Mev. The points

are () for 190-Mev K}, [ for 170-Mev D%, and(®)for 190-Mev NeZ°.

Average numbers of neutrons per compound nucleus formed by Clz
bombardments at 115 Mev (Table 1II). Experimental points are
calculated for two values Aol the radius parameter, Ty by the
use of an assumed expression for the compound-nucleus-
formation crt.:,u_ section (see text). The theoretical points are

denoted by& ; the experimental points for Ty © 1.3% lo'uem.

by @ , and for r, = 1.5x10" 3cm by O (Table 1m).

0
20

bombardments at approxim;t.ly 190 Mev (Table 1lI). Experimental
points are calculated for two values of the radius parameter, r,,
by the use of an assumed expression for the compound-nucleus-
formation cross section (see text). The theoretical points are
denoted by (O); the experimental poin.tlvfor ry = 1.3X 10"3 cm

by @, dud for ry=1.5x10" 0 by O .
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