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ABSTRACT

i

141

The reactions Pri%}(c!?, an)Tp!? 30

9

‘(CIZ’ 5n)Ce137m

and Te1
were examined by means of recoil techniques." The .experiment;al angular
distributions were compared with distributions calcﬁlated by a Monte Carlo
method, based upon the compound nucleus and statistical modelé, with a

neutron angular distribution of the form W(6) d2 = (A + B c:os‘2 8) dQ2. The

141,12

results from the Pr (C

theory. The Te130

4n) reaction are in agrveement with.the simple
(Clz, 5n) data can be explained by formation. of a com-
pound nucleus which de-excites with enhanced probability for gamma

emission.

-iii-
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INTRODUCTION

‘The method of deducing information about nuclear reaction mechan-
isms from study of the ranges and angular distributions of the recoiling

residual nuclei has been previously described. 1.2.3

The rangves of the re-
coili§ distingﬁivsvh compound nucleus reactions from direct reactions, for in _
the formér case fhe mean range corresponds to a mean momentum equal

to that of the incident particle. The angular distribution of recoils from a
compound‘ nucleus reaction is a.fluncti‘on only of the angular distribution and -
momentum spectrum 6f the evaporated particles, of the momentum of the
incident particle, and of the mass of the target nucleus.

In previous workl 12,3

it was found that several nuclear rea;tions in-
duced by helium ions in the energy range 20-48 Mev gave recoil angular
distributions in excellent agreement with the simplest evaporation model.
In particular, the model as sﬁméd that as long as the ‘excitation energy of
the corﬁpound system exceeded the binding energy of a neutron, then a neu-
tron would indeed be evaporated. Emission of y quanta was assumed to be

of negligible importance as long as particle evaporation was energetically

possible.
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In heavy-ion-induced reactions, however, the angular momentum of
the compound nucleus may.atta.in such large values that this simple picture
must be modified. The level density of states of sufficiently high spin may
be so low near the end of the evaporation chain that neutron evaporation be-
comes difficult. In addition a substantial amount of enérgy may be stored
in collective modes (rotations and vibrations) whose quadrupole y-decay
rates are enhanced. In either case, the result may be that a substantially
greater fraction of the excitation energy appears as photons. Since the
momenta of these photons are much smaller than that of a neutron removing
the same amount of excitation energy, the angular distribution of the recoil
nuclei should be narrower (i. e., closer to the direction of the incident

particles).

130( 2 137m

cl?, sn)ce

The reaction Te was studied because Choppin and

b

‘co-workers had previously found some anomalies in its excitation function

which suggested that a substantial amount of energy was indeed carried away
by y rays.

EXPERIMENTAL PROCEDURES
Recoil Angular Distribution Experiments

The praseodymium targets and the natural tellurium targets were
prepared by V‘acuum evaporation of the metal onto 0.00025-in. aluminum

- foils. The Te]'30 targets were prepared by electroplatiﬁg enriched Te130
ontd gold foils 0.0001 in. thick.5 In each case the thickness of the deposit
was determined by weighing. The Pr141 target deposits were 24.6 + 5.0
pg/cm2 thick. The Te130 targets ranged from 10 to 30 p,g/cmz,ﬁwith un-

certainties of about 5 pg/cmz. The natural tellurium targets used for the

range experiments contained 240 |.Lg/cm2 of the target material.
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All thé bombardments were done at the heavy-ion linear accelerator
(HILAC). The pérticlé;beam enérgies were adjusted through use of alumi-
num degrading foils according to tléle ranée-energy data pf Wa.l’con,6 which
are also consi'stent with the published data of- NOI‘thC].iffe.—[ |

The recoil angular distribution experimenfs followed the techniqﬁe
described in ref. 1, in which the recoils impacted into a circular catcher
foil placed behind the target in an evacuated chémbero After the bombard-
ment, the catcher was sectioned into concentric circles. The yield of

141, (12

product from the Pr (C 4r'1)Tb149 reaction was determined by direct

count of the gross alpha activities and by alpha pulse height analysis. The

130,12

| L4
yield of product from the Te (C™™, 5n)Ce 37m

reaction was determined
by counting the conversion electron activity from the radiochemically sep-
arated cerium. The cerium data were corrected for chemical yield, and

self-absorption corrections based upon data from Ba135m wete applied.

Recoil Range Experiments

The recoil range experiments used a differential range technique in

‘which the stopping medium was a stack.of aluminum leaf with surface den-

sities in the range 164-169 pg/cmz. An abbreviated chemical separation
was used to permit a determination of the combined cerium and lanthanum

product yields.

MONTE CARLO CALCULATIONS

Calculation of the angular distribution of the recoiling residual nuclei
from nuclear reactions has been discussed at some length. 1-3 .The previous
treatments have followed the compound nucleus and statistical models and

assumed that neutrons are evaporated isotropically from the compound

nucleus with an energy spectrum of the form
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-En/ T
P(E)dE =E e dE_ . (1)
n n n n :

The parameter T was considered to be constant for the emission of succes-
sive neutrons along the evaporation chain.

The calculations described here differ from the previous ones in two
respects:

(1) The maximum excitation energy available as kinetic energy is

+Q -E ,WhereE

given by Ep(c..rn.. ). n Y plc. m

) is the energy of the pro-

~ jectile particle in the center-of-mass system, Qn is the Q for the reaction
in which n neutrons are emitted, and EY represents some portion of the
excitation energy not available as kinetic energy for the neutrons. With
this single modification in the energetics, the neutron energies were selected
randomly by the procedure of ref. 3.

(2) The neutrons were assumed to be evaporated from the recoiling -

nucleus in a distribution of the form

W(0) d2 = (A + B cos® 0) da , (@)

where W(G) is the probability of having a polar apgle between 0 and 6 + df,
and A and B are parameters.

The scheme for obtaining random values of 6, weighted by the distri-
bution of Eq. (2), is similar to that for selecting the nautron energies ex-
cept the range of probabilities is the same for successive neutrons. An

integral probability function is obtained by integrating (2) to give

R = [A cos 6 + (B/3) cosSO] + A + B/3, (3)

where R is an integral probability function, illustrated graphically in Fig.

1.
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This éxpression is.difficult to solve e}ipiicitly for a unique 0 f'ronﬁ a
rar‘xdomly'chosen value for R, so a 2049—»,spé.ce table was set ﬁp for
R[(N - 1) o0], where A0 WaS..TT/ZO48.v A raﬁdomly selected value for R
could then be associated with a value for e.' The random value for R was
obtained b;)r multiplying the rﬁaximurn value for R, 2(A + B/3), by a random =
number between 0 and 1. ‘The ran=d>o'rn value was located in the R tabvlev
between R(N) and R(N-- 1). The corresponding chosen value for 6 for the

ij:h neutron was
ei‘= (N - 1) A0. | | (4

The azimuthal angles ¢i were obtained By,'mult_iplying 27 by a random

number between 0 and 1. Random Yafues for 6 and ¢ were obtained for

[
I

each neutron for which an energy had been selected.
The neutron momenta were summed by taking successive projections

on the Cartesian coordinates using the relations

P .=P . + P, sin 0, cos ¢., ' v (5)

U x,1 x,i~1 i i i

P . = P . + P, sin 0. sin b. , (6)
y,1 y,i-1 i” i i’

P .=P .  +P, cos®.. (7)
Z,1 Z,i-1 i 1 R

The final resultant momentum is

p_=[P%+P%4+P?)?
r x y z

[
—
o]
S

and its polar angle in the system of the recoiling nucleus is
o1 .. o : ' :
er_ = cos (Pz/Pr) . | (9)

The angle the recoiling nucleus makes with the beam axis'in the laboratory

system is
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1
(1 - cosZ Oi) 2
(cos Gi + Pa/Pn)

@ = tan_ (10)

whefe Pa and Pn are respecfively the momentum of the pfojectile particle
and the resultant ‘momentum for i neutrons, and 6 is the angle between Pn
and the beam axis in the system of the recoiling nucleus.

The Monte Carlo calculations were performed on the IBM 704 com-
puter. Normally, the calculations were made for 5000 to 10,000 cases of
the reaction of interest.

The computations produced the following items of information:

(2) The number of recoil events for the reaction of interest, corrected
for solid angle, in angular increments corresponding to a given combination
of target-to-catcher distance and ring radii. The calculated distributions
are shown'in Figs. 2 and 3.

(b) The total number of each type of neutron evaporation reaction that
occurred.

In addition, the following information was obtained optionally:

(a') The neutron angular distribution in the system of the recoiling
nucleus in angular intervals of m/10 radian. Figure 4 shows how the large
mesh size (increment of angle) used in printing out the data leads to some
distortion of the actual neutron angular distribution — an apparent flattening
for the forward and backward angles. Representative neutron angular dis-
tributions are shown in Fig. 5.

(b'") The energy spectra of each of the emitted neutrons for the re-
action of interest in energy intervals of 0.2 Mev. Figures 6 and 7 show

some representative neutron energy distributions.
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- The information above permitted several conclusions about the various
parameters of the Monte Carlo calculati.ons. .Their.-effects are presented be-
low.in terms of their influence on the magnitude of \W(1/2); the. angle at which
the distribution falls to half its-value at 0 degrees: . -

R T A TP

1. 'Anisotr:(‘)‘py%?‘

f-.—« LR -

R T S N 7 T R T : AV

Flgure 8 shows that the calculatlons are fa1r1y 1nsenS1t1ve to the value

x.(., =

of B/A Up to B/A 0 2 for C 12 reactlons and B/A 1. 0 for alpha- 1nduced

reactmns,mthe W( 1/2 values do not depart apprec1ab1y frorn those expected
L ) . i oy

[

from an 1sotrop1c d1str1but10n for evaporated neutrons., Hence it is ap-

. P Lo
! R COE TR s !

parent that agreement of experlrnental d1str1but1ons w1th a calculation of
‘this type is not necéssa__r‘il}:'indlicahtiye"of ne.utro'h ennission according to pre;
cise valties forr_B/A;- moderate ranges_ of anisotrepy could not be distin-
gu.ish‘ed from the isotropic case. - Also, isotropy of neutron emis‘sion could
‘not.be established by this',rneans.. | |

- It is, recognized, of course, that a distribution of the form A +B eo‘sz 0
is incapable of=»r¢evpresenting:str‘6ng for.w.ard—backward anisotropies.. For such

9,10

cases, theform (sin 6_)_ﬂ1 is more appropriate’,” ; however, the (sin 0)

~ distribution is not considered to be applicable in this case. 'Lt

2. Nuclear Temperature

Figure 9_shows that the :shape of the calculated recoil angular dis-
tribution ieAmuch.less sensitive to the value of T in the reactions considered
here than it was for one of the -reactions previously studied.z For a' réaction
in which neutron evaporation -p,roceeds,as Jong as-the ,residual excitation en-
ergy exceeds:the binding energy of-the next neutron, the total kinetic energy

of the neutrons, regardless. of the.value of ‘T, must lie in the range (E%‘< + Q)

sk

o (E+ Q.-:B).. E is the center-of-mass kinetic energy of the incident. ..
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particle, Q is the (negative) Q value of the reaction, and B is the binding
energy of the next neutron. The parameter T determines only the way in
which this energy is shared betwee‘n -successive neutrons of the evaporation
ch‘ain, and where in the permitted range the most probable total neutron
kinetic energy will lie. Hence the parameter T can have only little effect
on the neutron momenta (and hence on the angular distribution of the recoils)
when (Eﬂ< + Q) is much greater than B. In the present work, (E* + Q) was
typically 15-40 Mev, whereas B was.about 7 Mev; therefore, the assump-
tion of constant nuclear temperature is not unreasonable for this purpose,

although, in general, such an assumption is not believed to be valid.lz-14

3. Excitation Not Removed by Neutron Emission: E

The sensitivity to the parametber EY is shown in Fig. 10. It is per-
haps physically unreasonable to use a single value rather than some dis.-
tribution of values for this quantity in a given calculation. This was done
arbitrarily to avoid undue complexity. It is believed that this assumption
may cause the calculated recoil angular distributions to be unrealistically

narrowed near Om ; however, at angles from 0 to the neighborhood of

ax

W(l/Z) , the more probable values from a distribution should dominate.

4. Effect of Angular Resolution

Figure 4 shows the extreme distortion that can be caused by use of a
very coarse angular mesh size in printing out the neutron angular distribu-
tions. The effect of angular resolution was also considered for the recoil
angular distribution; in this case the angular increments were much

15,16 Calculations were performed for target-to-catcher spacings

smaller.
of 4.0 and 10.0 cm with other conditions unchanged; this corresponds to a

reduction in the angular mesh by a factor of 2.5. This change produced
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.improvement in angular resolution at small anglés, but the recoil angylar
distribﬁfions_defined by each set of pointé were. essentia.lly identical.. This
means that moderate variations in the mesh size are not p"_articularly im-
portant. In practically every case, calculations were compared with ex-
periments having the same angular resolution., -
RESULTS
The récdil éngﬁlar_distributions 'calculétéci by the Monfe Carlo methéd

may be compared with expe‘riment. Agreement between calculations and
exﬁe‘rifnent lends sﬁpport to the compound;nucleus/statistic;al-.model de-
‘ scription of these reé.ctioﬁs. The recoil range measurements provide more
direct information abouf the extent of momentum tranvsfer. Normally, forma-
_tion of a 'corhpbu‘nd- nucleus is evxpe.cted to lead to .recbiling products with the
maximum attainable kinetic eneréy althbugh a few exceptions have been re-
p;_Aorted° 17 The range of the recoils is known to be an increasing function of
tl;.eir energy.

. The calculated and the exper\imenita:l'l_recoil angular distributions are
compare.d bélow, both difectly and_ in summary plots of W(l/Z) vs

(Ep(c.' m. )

‘between the distributions is judged by.a detailed comparison of the two dis-

+ Q), the energy available to évaporated neutrons. Agreement

tributiona%: f;"qm 0 degrees to angles 1n the neighborhoéd of W(1/2). The
departure of the experimental points from the smooth curve at wider angles
is attribut>ec‘l. to sc'attéring from the surface of the target or from gas mole-
‘cuies in the evacuated clﬁambep

The recoil angﬁlar distribution and range results foellow, grouped to-
gether for each pérticular set of reactions.
130

12 137m
e

Te (C™7, 5n)C
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In Figs. 2 and 11 the experimental distributions are compared with
calculated ones for‘th_e isotropic case, and‘ for the nonisetropic case where
best fits are obtained by using B/A = 1.2 and \;ario'us combinations of T
and EY, listed in Table I. Selectiqn of the value for B/A is discussed
later.. The experiméntal angular-distribution data are listed in Table II.

A typical histogram‘for the recoil range data from natural Te + C12
is given in Fig. 12. The Gaussian fit by the.probability plot is given in Fig.
13 for the same set of aaté..

The recoil range data are compared in Fig. 14 with a range-energy

: S o ' 1
curve calculated for Ce recoils by:adjusting the published values for Tb 49

19

for diffexl'.enc'es in Z and A. Thé 'values for the recoil energies are cal-
culated by assuming formation of a compound nucleus. The experimental
recoil range data are summarized in Table III. The quantity p is the -

"straggling;parameter"'ZO for the recoil ‘rbange distribution, defined by

2A A 3
S r

(11)
3(A + Ar)?‘

AS and Ar represent the atomic masgs numbers of the stopping medium
and recoil.

P4 (cl?, anyTp!??

The experimental and Monte Carlo recoil angular distributions are
compared in Figs. 3 and 15. The experimental data are summarized in
Table IV.

Excellent recoil range data for this reaction havé been published by

19

Winsbe rg and Alexander.
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DISCUSSION

The recoil angular distribution and range data listed in the preceding
section, together with the experimental excitation functions, furnish fairly

direct information about many features of the nuclear reaction mechanisms.

1. pri*lcl?, 4nympl4?

Figurés 3 and 15 show that the experimental recoil angular distribu-
tions égree quite closely witii the simple i‘so‘tropict: _Monte Carlo calculation
using E_ =0 and T = 1.5 Mev. This value for T was calculated fiiorg} |
Alexander's experimental excitation fu.nction,z'l using thé evaporation

model of Jackson.'?'2 It was shown in Fig. 9 that the precise choice for T

should not be critical for the result of the Monte Carlo calculation.

- The maximum measured cross section for this reaction is about 35

mb.21

9

from this and a number of other reactions

19

Recoil range data for Tb14
have rec'_ently been publishéd by Winsbei'g and Alexander. Their analysis
shows that the récoilvrange_results for this reaction are consistent with
compound-nucl-eus formation. |

Agreement of the recoil é.ngular distribution data with the calculations
reinforces i:he conclusions about compound-nucleus fbrmation, and further |
suggests that the compbund system de-excites primarily by evaporation of
neutrons having energy s?ectra similar to the form of Egqg. (1). The agree-

ment between the experimental and calculated distributions also suggests

l

that f_here'is no very great angular anisotropy in the neutron evaporation.
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3. Te13o( 12 e137m

C ™, 5n)C

Figure 14 shows that the recoil ranges from the natural Te agree

149 data.  This is

reasonably well with the r#nges calculated from the Tb
fairly convincing evidence for the formation of a compound nucleus. We
suspect that the slight displacement of the points is caused by some sys-
tematic difference in experimental technique. If one neutron from the bom-
barding ion were to continue forward without transferring its momentum to
the compound system, the enérgy loss to the recoils produced would be less
than 10%. It is possible that a consistent 10% decrease in the recoil ranges
might be undetected in these experiments.

The slight sensitivity of the parameters T and B/A has already been
discussed. The value of T = 2.5 Mev was selected by matching information
on the experimental excitation function reported by Choppin4’ 5; this mag-
nitude of temperature agrees reasonably With. measured temperatures for
neutrons emitted from heavy-ion rea.ctions',23 The value B/A = 1.2 was
selected using semiclassical reasoning similar to that of Ericson and
Strutinski,9 This choice was in reasonable agreement with the experimental
results of Knox24 and Broek.23 Since their experimental studies were made
at much higher bombarding energies than used in this work, B/A = 1.2 is
taken to be an extreme upper limit which will require a minimal Ey' Fig-
ure 8 shows that if this value were reduced by a factor of 2 or 3, the calcu-
lated angular distribution would broaden by about 0.3 degree and require
E‘Y to be still larger to maintain the fit to experiment.

Figures 2 and 11 show that the recoil angular distributions diverge
markedly from the calcula{ted case for isotropic neutron emission and
EY = 0. This indicates that a significant fraction of the excitation energy

is being dissipated by some mechanism other than neutron emission. The
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. I
magnitude of this difference greatly exceeds the most conservative esti- .

mates of error from all known sources. If the ’-noni-sotropré Monte Carlo
calculation is used, with B/,A fixed as already discussed, a fit to the ex-
periments can be obtained by varying EY
The yalues required to obtain fits are shown in Table 1. They show.a
gradualbiincrease with,exdrtatidn energy.. Use of EY in this way is equiva-
lent to saying the Q of the reaction is larger than its caieulé.ted ground—
~ state value. If these Q values adjusted by EY are introduced into the
Jackson ca_lculation,21 the fit to the experimental excitation functions can:
be mainfained by reducing T to about 2 Mev.
Fig.ure 9 shows th,at. a reduction in T by 0.5 Mev would cause the re-
coil angular distribution to hecome about 0.3 degree narrower; to compen-
;‘sate for this decrease, EY must also decrease by 1.5 Mev. - On the other:
hand, if B/A should decrease to 0.1, there must be a compensating increase
of EY by about 5 Mev. This shows, therefore, that the magnitude of the
effect represented by EY does not depend strongly upon the choice of B/ A.
The remarkable feature about the exmtatlon function data of Cheppin
and c_olla.hlqrators is that the maximum cross .'section occurs at an incident
particle ehergy whrch is 10 te 15 Mev higher than would be ekpec'fed from :
81mple theory, assumlng an emission of neutrons with an average energy of
3 to 4 Mev. Hu1zenga has po1nted out that mo;£ available excitation functlon
data indicate that such neutron energies are to be e}.cpected.25
| The maximum mea‘sured“,cross section for this reaction is 500 = 100
mb.
- A most interest_ing,problem is to account for the differences between
this .reaction and the P_rylél_(.ClZ,__éln) reaction. In both cases the bombarding

and excitation energies are comparable. However, compound nuclei are
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141

formed with a wide range of spin values. If the Prit}(c!?

, 4n)Tb'*? re-

action occurs almost exclusively with corﬁpound nuclei of low spin, then its
behavior should be '"normal' and EY should indeed be zero. In the case of

Cel37m

, the reverse is true because it was the high-spin (11/2-) isomer
which was observed rather than the (3/2+) ground state.

Mollenaver has recently reported increased yields of gamma radia-
tion for C‘lz—induced reactions compared to He4-induced reactions leading
to the same compound nucleus. From measurements of the gamma-ray
energy spectra and é.ﬂgular anisotropies with respect to the incident beam,
he concludes that the gamma ray cascade occurs mainly through enhanced
quadrupole emission from vibrational states.

139(016 49

Using the reaction La , 6n)Tb1 over a bombarding energy

ré.nge of 80-140 Mev, MacFarlane has i-ecently discovered an isemeric

149 which is considered to have a spin of 11/2, compared with

state of Tb
5/2 for Tb14‘9g. Since the excitation function for the forfnation of the iso-
mer was found to be displaced to about 10 Mev higher energy than that for
formation of the ground state, it séems probable that the two are inaeed
formed from the high- and low-spin states of the compound nucleus, re-

149m was found to decay partially through the ground

spectively. »The Tb
state. In our study of b 1498 pfdduéed by the reaction Pr + C, the extent
'gf complication due to possible fofmation of the isomeric state is uncertain.
iI‘here is no apparent displacement of the excitation function; use of a less
mas giire ion and'.a lower rangé of bombardiﬁg energies might have ‘réduced
” any \contribution from the isomeric state, if it is formed at all.
As a result of Mollenauer's work, Choppin's and MacFarlane's ex-

citation functions, and the present experiments, it now seems firmly es-

tablished that an enhancement in the yield!of gamma radiation is a common

.feature of heavy-ion-induced nuclear reactions.
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Table I. Summary of parameters for best fit of calculated recoil

angular distributions to experiment — Te13O(C12, 5n).C\e137m.
ECIZ’% : T = 2.5Mev T = 1.5 Mev
(M‘ev) EY (Mev) EY (Mev)
59.0 | s 5
64.5 6 6
69.0 ' _ 7 ' 8
75.0 _ : 8 ‘ . 8
81.0 11 | | _ 8

87.5 15 o 11




Table II. Summary of experimental recéil angular distribution data — Te 1-30(C12', 5n)Ce137m. _
ECiZ w(l/2)® L | R.elafi’ve do/dQ, for angles in -dégreeS_- _ .
(Mev)  (deg) . 1.54°  3.99 5.84 7.70 9.61 1I.44" " 13:20" 14.97 16.71 18.44
59.0 4.5 59 23 145 9.5 4.1 2.6 i.’4 10 078 052
64.5 5.6 679 49 36 14 6.8 4.0 1.7 v‘ -0;78 - 0.38
69.0 5.2 17 12.5 7.2 4.5 2.4 1.5 1.1 0.65 . . 0.40 - 0.39
81.0 6.0 64 48 36 24 125 8.5 5.0 42 4.8 |
87.5 6.2 52° 37 29 21 11 11  8.5 4.5 6.7 5.2

_z.jlf 5.97 8.71 11.47 14.24 16.88 19.38  21.85  24.23 i
74.5 ‘ 2.0

5.8 518 27 14 9.5 3.5 2.5

2The overall error in W(1/2) is estimated to be < = 0.5%.

bSee footnote 16.

“Overall errors are estimated to beiS% to 9.61 deg.
dOverall errors are estimated to be < 3% to 9.61 deg.

®Overall errors are estimated to be < 6% to 7.70 deg.

fSee footnote 15.

€0verall errors are estimated to be _<__ 4%,

1.3

..6'[_

1£00T-TYDN



Short-lived

Table III. Summary of natural Te +_C12~ recoil -ré.nge data.
: Ro from Tb'149 .

clz Er _ | Exptl- R; . data 0 . pﬁ Exptl. ¢
(Mev) (Mev) ‘Group (}.Lg/c'm2 Al) (|.1Lg/cm2 Al) Exptl. Theoret. (pg/cfn‘z)
70 5.40  ~Long-lived 428 1493 0.339 0.304 145

Short-lived 435 493 0.333 0.304 145

1 80.3 6.20 Long-lived 475 554 0.280 0.304 133

Short-lived 482 554 0.276 0.304 133

90 6.95 Long-lived . svso, 610 0.279 0.304  ~ 162

Short-lived 580 610 0.279 0.304 162

99.5 7.70 Loﬁg-iivéd 580 660 0.283 . 0.304 1}645

590 660 0.276 0304 163

I€001-TY¥DN

_02_



Table IV. . Summary of éxpe rimental recoil angu;lér distribution data —

pPrltl(cl2, 4n)Tpl4.
E 12 a _ | ’ Relative dv/dQ', for angies in deg-.reesvb
C w(1/2). — : :

 (Mev) (deg) 1.54 3.99 5.84  7.70.  9.61 . . 11.44 13.20 14.97 16.71
58,07 4.8 92% 61 36 16 5,4‘ L9 0.8 0.27

61.5 5.0 95 66 39 19 6.2 2.3 0.9 0.43

64.5 5.1 94% 70 38 20 6.4 2.8 0.7 - 0.3

69.5 5.2 Y 42 22 6.2 2.7 0.9 ¢ 0.4

71.5 5.8 94 70 49 29 10 57 1.8 1.1 0.5

aThe overall error in W(1/2)4 is estimated to be <= 0.5%.

PSee footnote 16.
C“Errors due to counting statistics are < 6% to 7.70 deg.

dErrors due to counting statistics are < 3% to 7.70 deg.

_'[2_

1€001-T9dDON
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FIGURE CAPTIONS

The integral prbbability function for selection of the polar angle 0.
The scales. are greatly expanded.

Comparison of calculated (smooth curves and dashed curves) and
experimental (points) recoil angular distributions for the system

Te130 el37m-

(Clz, 5n)C The smooth curves are calculated with

B/A =1.2, T = 2.5 Mev, and EY as a free parameter; the dashed

curves are calculated for isotropic neutron emission, T = 2.5 Mev,

and EY = 0. All the distributions begin at 0 degrees but are dis-
placed in the figure with no change in scale.
Comparison between calculated (smooth curves) and experimental

{(points) recoil angula}' distributions for the reaction Pr141(C12, 4n)

Tb149-

All the distribufions begin at 0 degrees, but are displaced .
in the figure with no change in scale. " |

Pllot‘ of the neutron angular distribution W(8) = A + B'c.:os2 0 in the
system of the recoiling nucleus for B/A = 100. The dotted line is

the actual distribution; the solid lines are the histogram from the

mesh size; the dashed line is obtained by integrating the histograms;

.- points are from the computations.

Fig. 1

Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.

Plot of the neutron angular distributions for various values of B/ A:

-10

(1) 10 , (2) 1, (3) 10, (4) 160.

Calculated neutron energy spectra for the reaction szog(a, 2n)

210
o

P + QZ = {a) 5.1 Mev, (b) 8.7 Mev,

, T =1.45 Mev and E
alc. m.)

and (c) 12.9 Mev.

| ~ : 1 1
Calculated neutron energy spectra for the reaction Tel?’o(C 2, 5n)Ce

T=2.5Mev, E =5.0 Mev, and E + Q. = (a) 18 Mev, (b) 28 Mev,
v , ClZ 5 .

and (c) 39 Mev.

7

)
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FIGURE CAPTIONS (Cont'd)

The variati.o.n of W( 1/2) as a function of the ratio B/ A.

Plot of the magmtude of the angle W(I/Z) at which the relatlve dif -
ferent1a1 cross sectlon is reduced to half the forward value, as a
function of nuclear temperature.

Plot of the magnitude of the angle W(1/2) at which the relative dif-

_ferential cross sectioh is reduce-d to half the forward velue, as a

130 137

function of EY for the reaction Te" (C , 5n)Ce E 12 ° 75 Mev,
: . C .
T = 2.5 Mev.
Plot of W(l/Z) ve E cl2 +Q for Tel3O(C12, 5n)Ce,137m.
(c.m.)

Solid 11ne is fitted to exper1menta1 points. Dotted line fits the

‘case for B/A~ 0, EY = 0 (isotropic case).

Histogram for the rangee of the recoi,ling Ce and La products of

natural Te + C1 ‘at B 1'2 = ’90> Mev. The solid lines indicate the
C

long-lived group; the dashed lines 1nd1cate the short- 11ved group.

Probab1l1ty plot- of Ce and La recoil ranges in aluminum for

E 12'= 90 Mev The points - ¢, + 0o, and Ro are indicated. In
C _ _ : ¢

this case R0 = 580»p.g/cm2 and ¢ = 162 pg/cma. :

Range-energy curve for'the recoiling Ce and La products from

the reactions of natural Te + Clz. The experimenial points are

compared with a solid curve calculated from the Tb149 range of

ref. 19, .
+ Q for PrI*cC
(c. m.)

12 149

Plot of W(1/2) versus E cl2 , 4n)Tb
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MU-23034

Fig. 1. The integral probability function for selection
of the polar angle 6. The scales are greatly
expanded.
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Fig. 2.

20"

(degrees
|ob(- grees) . N MU.26124

Comparison of calculated (smooth curves and dashed
curves) and experimental (P§1nts) recoil an ular distri-
butions for the system Te ,5n)Cel37m_  The
smooth curves are calculated W1th B/A = 1.2,

= 2.5 Mev, and E_ as a free parameter; the
dashed curves are cdlculated for isotropic neutron
emission, = 2.5 Mev, and E_ = 0. All the distri-
butions begm at 0 degrees. but a)(re d1sp1aced in the

,‘ -flgure w1th no change in scale.
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Fig. 3. Comparison between calculated (smooth curves)
and experimental (points) recoil angular distri-
butions for the reaction Prl‘u'(c1 ,4n) Tb149,
All the distributions begin at 0 degrees, but are
displaced in the figure with no change in scale.
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Fig. 4. Plot of the nleution angular distribution
W(6) = A + B cos“f in the system of the re-
coiling nucleus for B/A = 100. The dotted line is
the actual distribution; the solid lines are the
histogram from the mesh size; the dashed line
is obtained by integrating the histograms; points
are from the computations.
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Fig. 5. Plot of the neutron angular distributions for
various values of B/A: (1) 10-10, (2)-1, (3) 10,
(4) 100. ‘ ’ :
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+ O
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Fig. 8. The variation of W(1/2) as a function of the
ratio B/A.
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Plot of the magnitude of the angle W(1/2) at which
the relative differential cross section is reduced to
half the forward value, as a function of nuclear

temperature.

Fig. 9.
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Fig. 10. Plot of the magnitude of the angle W(1/2) at which
the relative differential cross section is reduced to
half the forward value, as a _function of E_ for the
reaction Te130(C12, 5n)Ce137. E 1 = 7% Mev,

T = 2.5 Mev. C
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Fig. 11. Plot of W(1/2) vs E + Q for

cl?c.m.)
3 , . m.
Te 29(C1?, 5n) Cel3™™ Solid line is fitted to
experimental points. Dotted line fits the case

for B/A- 0, EY = 0 (isotropic case).
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Fig. 12. Histogram for the ranges of the recoiling Ce and
La products of natural Te + C!

at E

= 90 Mev.
ClZ

The solid lines indicate the long-lived group; the
dashed lines indicate the short-lived group.
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Fig. 13. Probability plot of Ce and La recoil ranges in
aluminum for E 12 90 Mev. The points
C
-0, + 0, and R, are indicated. In this case

R, = 580 pg/cmé) and ¢ = 162 pg/cm?.
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Range-energy curve for the recoiling Ce and
vLaZproducts from the reactions of natural Te +
ClZ, The experimental points are compared
with a solid curve calculated from the Tbl49
range of ref. 19.
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This report was prepared .as an account of Government
sponsored work. Neither the United States, nor the: Com-
mission, nor any pérson acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not 1nfr1nge privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. v ‘

‘As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





