UCRL 9595

UNIVERSITY OF

CALIFORNIA

Ernest O Lowrence

"Radiation

caabomtor

INVESTIGATION OF NUCLEAR REACTIONS
BY RECOIL STUDIES OF RADIOACTIVE PRODUCTS

r
TWO-WEEK LOAN COPY

" This is a Library Circulating Copy

For a personal retention copy, call
Tech. Info. Division, Ext. 5545

which may be borrowed for two weeks.

~




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL-9595
UC-4 Chemistry General
TID-4500 (16th Ed.)

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Contract No. W-7405-eng-48

INVESTIGATION OF NUCLEAR REAC‘TIO‘NS
BY RECOIL STUDIES OF RADIOACTIVE PRODUCTS

John R. Morton II1
(Thesis)
April, 1961



Printed in USA. Price $2.25. Available from the
Office of Technical Services
U. S. Department of Commerce
Washington 25, D.C.



INVESTIGATION OF NUCLEAR REACTIONS

BY RECOIL STUDIES OF RADIOACTIVE PRODUCTS

ABstract

I. Introduction . .

II. Experimental Procedures
A,

Contents

Angular Distribution Studies

1. Preparation of targets
2. Bombardment procedures .
3. Counting procedures for reactions producing

alpha-radioactive products

ooooo

4. Counting procedures for reactions producing

gamma-emitting radioactive products

5. Treatment of data

Range Studies

1. Preparation of targets

2. Bombardment procedures

3. Counting procedures for reactions producing
alpha-radioactive products . . .

4. Counting procedures for reactions producing
gamma-emitting radioactive products.

5. Treatment of dat_;a.

I1I. Monte Carlo Calculations

Discussion of the Monte Carlo Calculations .

3, Excitation Not Removed by Neutron Emission: E

A. The Isotropic Case
B. The Nonisotropic Case
C.
1. Anisotropy .
2. Nuclear Temperature .
4, Effect of Angular Resolution
IV. Results . . - « . ... .
A. Ra%%6(d; 4n)Tn?%®
B. Pb208(a, Zn)Po210

10

1L
16

18
18

21

2k
26
at
a7
35

43
43
Ll
Il
L5
L7
50



Contents (continued)

207 210 .

- C. Pb“"(a,n)Po o
D. Tel3%cl? snyceld™ |
E. Pr(cl? an)yT!?? .

V. Discussion

A. Reactions that Can Be Fitted by the Calculations

1. Prrlcl?, an)TH14? .

2. Ra 226( 4n )Th226

B. Reactions that Can Not Be Fitted by the Simple

Calculations

1. Ter 3% 12, snyceld3™

2, szos( ,Zn)Pozw
207, 210

3. Pb (a, n)Po
VI. Concluding Remarks . .
Acknowledgments
Appendices

A. Program 11st1ng for the isotropic Monte Carlo
calculation

B. Program listing for the nonlsotroplc Monte
Carlo calculation . . . . . . . . . . . . .

C. Program listings for the subroutines written for the
Monte Carlo calculations .

D. Derivations of the integral probablhty functions
used in the calculations . .

E. Summary of calculated recoil angular distributions .

References

5k
54

54

70
T0

71
h

78
9

80

85

92

97
98

106



. INVESTIGATION OF NUCLEAR REACTIONS
BY RECOIL STUDIES OF RADIOACTIVE PRODUCTS

John R, Morton III
(Thesis)

Department of Chemistry and Lawrence Radiation Laboratory
University of California
Berkeley, California

April, 1961

ABSTRACT

The ranges and angular distributions of the recoiling residual
nuclei from several nuclear .reactions have been studied to . obtain information

about the reaction mechanisms. The observed reactions were
226 226 208 210 141(C 4n )Tb149

Ra (a 4 })Th Pb (a, 2n)Po
130 137m 207 10, The experimental angular

(C , 5n)Ce , and Pb (a, n)Po
distributions were compared with distributions calculated by a Monte

Carlo method based upon the compound- nucleus and statistical models.

226 141

The results from the Ra (a, 4n) and Pr (C , 4n) reactions are in

agreement with the simple theory. The Te13O(C , 5n) data can be

explained by formation of a compound nucleus which de-excites with

enhanced probability for gamma emission. The szos(a, 2n) and

Pb207(a, n) experiments require substantial contributions from direct-

interaction mechanisms,



I. INTRODUCTION

Studies of ?ﬁ‘lclear r‘e.ac_:tic_)nsl ha’ve.-.been' fno‘st .commonly made by
either of two génefal tec;hvniques::‘ .(a) The energy ipd angul'ar'épectra
of the emitted lig.ht particles ha.v.irig be_e.r_l examined, total cross sections
for producing the particles are then determiﬁed by integrating over the
entire solid.angle; and (b) The cfos;s sections for formation of specific
radioactive produc;,ts have b‘een determined by radiochemical techniques.
In this case, the particular reaction leading to a given product can
usually be determined from the conditions of the experiment; the total
reaction cross section can be determvine;d by summing the cross sections

bfor all possible products. . | ' ‘

When the chief interest is in the reaction mode leading ‘to one
particular product, the energy and aﬁgula_r distributions of the emitted
light products may not give acféquate information, even though in
principle such an approach should be most informative. Complicating
factors might be the production of light particles by several competing
mechanisms, the double-valued energy spectrum for emitted light
particles, and, where neutrons are emitted, the usual difficulties in
obtaining precise neutron measurements. Because of these difficulties,
the techniques of (b) have usually been favored, and much study of
nuclear reaction mechanisms has been made in this way.

It has recently been recognized that additional useful information
about the details of nuclear reactions can be obtained from study of the
ranges and angular distributions of the recoiling product nuclei. 1-3

Recoil techniques have been found particularly useful for study of
reactions involving emission of several neutrons.

Donovan and co-workers applied recoil techniques to the study

209(o,, xn), Bizog(d, xn) and Cm244(a, 2n). 1,2 These

workers also developed a Monte Carlo method for calculating the

of the reactions Bi

angulé.r distributions of the recoiling product nuclei resulting from
isotropic evaporation from the compound nucleus. Certain of the
reactions in their study seemed consistent with this mechanism, while

others did not.
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The work presented here was undertaken to examine further the
details of the Monte Carlo method, and to test the model with additional

reactions.

The reactions selected for this study were Ra226(a, 4n)Th226,

(a, 2n)Po?t0 (12, 4n)Tb!?, Pb2%7(a, n)Po?® and
(12 5 cel3Tm)

These reactions were selected because good
cross-section data are available, and because they involve nuclei both

pb?.08
Te130

near and distant from closed nuclear shells, in that part of the héavy-
‘element region where fission is relatively improbable. To simplify the
interpretation of counting data, reactions were selected whenever
possible that produced alpha radioactive products. The reaction with
Te130 was chosen because of some unusual features noted by Choppin and

co-workers in the study of the excitation functions. Ranges and

angular distributions were measured for the recoiling residual nuclei

207

in each case except Pb (a, n), for which only the recoil angular

distributions were measured.



- II. EXPERIMENTAL PROCEDURES .
~A. Angular Distribution Studies

1. Preparation of Térgets

a. Ra22'6 targets. The RaL226 targets were prepared by vacuum

vaporization of radium chloride onto 0. 00l-in. aluminum foil. A drop
of Ra.Cl2 solution was evaporated to dryness on a tantalum ribbon
electrically heated to redness inside a bell jar. The system was
‘evacuated and the ribbon was briefly heated to white heat, vaporizing
the radium salt onto the f-oill suspended above. Thickness of the radium
deposit was controlled by the length of the heating period, and was
determined by ,diréct alpha count of a known area of the aluminum foil in
a low‘-geonvqetry (0.12%) alpha scintillation counter. Thickness of the

radium on the foil was found to be 1, 2%0. 2 p.g/cmz,
208

b. Pb targets. The composition of the enriched isotope used
was Pb2%8 96, 020.1%; Pb207, 2. 8+0.1%; Pb%%®, 1.2£0.1%; and |
Pb204, < 0. l%. 6 The targets were prepared by vacuum evaporation of

lead metal from a graphite crucible onto 0. 00l-in. aluminum foil.
Target thickness was determined'by chemically analyzing a known area
of the foil for lead content, using the dithizone method. 7 This procedure
involved extraction of the lead from aqueous solution by dithizone; the
absorption of the colored complex was then measured in a spectro-
photometer at 510 mu. The lead concentration was determined by
comparison w'ﬁh a calibration curve prepared from known standards. A
blank determination was made with a sample of the aluminum foil. The
thickness of the lead deposit was found to be 1. 0£0. 2 rJLg/crnZ.

Pb207_ targets. The composition of the enriched isotope used
was Pb207, 71 5% 0. 2%; Pb208, 2520. 29%; Pb20®, 3.5£0.1%; and
Pb204, < 0.2%. 6 These targets Were prepared in the same way as the

Pb208 targets. The thickness of the deposit in this case was 0.50+0.08

07

2
pg/cm”. ’
d. Te130 targets. These targets were prepared by electroplating

enriched Te130 ont_o'g,old foils ].0-4 in, thick. The technique is a

» modification of the procedure described by Choppin. 5_ The gold foils were
cleaned, dried, and weighed. These foils, supported on a piece of soft
rubber backing, served as the cathode of a standard glass plating cell.

The foil was sealed to the cell with label varnish. The electrolyte was



3 cc of 3 M perchloric acid containing 0. 2 mg/ml of Te'®,  The anode

was positioned épproximately 0.5 cm above the cathode. A current of
0.4to 0.5ma, atl1l.8to 1.9 v, was allowed to ﬂow for abo'tj.f 5 minutes.
The uniformity of the plate was observed through the sides of the cell.

If the deposit began to plate unevenly, polarity was reversed until the
tellurium was cleanly removed, and the plating process was repeated.
The cell was disassembled by removing the varnish with alternate washes
of water and acetone. Finally the foils were dried and weighed.. The
thickness of the plated deposit was determined by the difference in the
foil weights before and after plating. The targets used in these
experiments ranged from 10 to 30 |._1;g/cm2. » The error in target thickness
was about *5 }Lg/cmz,- Plating yields attainable by this procedure were
about 30%. |

e. Pr141 targets. The praseodymium targets were prepared by

vacuum evaporation of Pr metal onto 0, 00025-in, aluminum foils. The
‘thickness of the deposit was determined by the difference in weights of
the foils before and after coating. The targets used in these experiments

contained 24, 6£5. 0 Mg/cm2 pril,

2. Bombardment Procedures

The helium-ion (alpha particle) bombardments were done at the
Crocker Radiation Laboratory 60-inch cyclotron. The carbon-ion
bombardments were done at the heavy-ion linear accelerator (Hilac).

- The particle-beam energies were adjusted through use of
aluminum degrading foils. The range-energy data of Aron and co-workers
were used in adjusting the energies of the helium~ion beam:. 8 The
carbon-ion beam energy was adjusted according to the range-energy
data of Waltong, which are also consistent with the published data of
Northcliffe. 10

The recoil target assembly used in all experiments is shown
schematically in Fig. 1. The supporting foil for the targets was mounted
so that the surface containing the target material faced away from the
particle beam. A circular catcher foil, 0.00l-in. aluminum foil 4.6 cm
in diameter, was placed directly behind the target and centered on the
beam axis. The target-to-catcher spacing was adjusted to intercept the

desired maximum angle of recoil; for these bombardments this distance

<«
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:Fig. 1. Recoil target assembly
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was either 4.0 or 6.0 cm, corresponding respectively to maximum angles
with the beam axis of 29. 8 and 20,9 degrees. The chamber at the rear
of the target foil was evacuated to a pressure of approx. 10-3 mm of
mercury. |

The position of the particle beam was fixed by using a graphite
collimator with a 1/8-in. circular aperture. The target foil was cooled
during the bombardment by circulating helium gas over the surface
facing the beam. "After passing through the aluminum catcher foil, the
beam was collected in an air-cooled Faraday cup electrically insulated
from the other parts of the assembly. The beam current was measured
with a beam-integrating electrometer. Maximum beam currents for |
these experiments were 0. 4 wamp for helium-ion bombardments and
0.2 to 0.4 pamp for the carbon-ion bombardments, assuming fully
stripped ions. These limits depended upon the target material being
used; they were imposed to prevent evaporation of the target material
from the backing foil due to the heating effect of high beam currents.

At the end of the bombardment the catcher foil was removed and -
cut into eleven concentric rings by a die cutter in a hydraulic press at

5000 psi.

3. Counting Procedures for Reactions Producing Alpha-Radioactive
Products .

Each ring was counted for total alpha activity. - When necessary
for identification of products, mixtures of alpha activities were resolved
by use of an alpha-particle pulse-height analyzer,

The following specific techniques were used to identify and
count the products of the reactions listed,

a. Ra’%®(q, 4n)Th%%®, Q = - 29.44 Mev ! At helium ion

energies greater than about 37 Mev, pulse-height analysis and gross

alpha-decay counts showed that substantially all the alpha-emitting

products were Thz'z'6 (30.9 rnin)lz and its short-lived decay daughters

Ra.ZZ'2 (38 sec)lz, Rn218 (0. 019 sec)lz, and Po'214 (1. 6}4'.10_4 sec). 13
This is shown in Fig. 2. This mixture decayed effectively with the
half life of Th226; therefore, at these energies a gross alpha count was

sufficient for measuring the relative yields of Th226.
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Fig. 2. Pulse- helght analys1s of Ring 2, 6 = 5,97 deg (solid line) and
' ener y VS channe% number (dashed 11ne) for products of the reaction

. 20(q, 4n) Th2%% at 38. 2 Mev bombarding energy. The activities
w1th symbols underscored are decay products of Th 6 .
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It is also poséible to obtain some Po 4 from the decay of

anzz (3.8 d)14 and its daughters from the radium target itself, 15 This

possibility was minimized by heating the target for about 30 min wunder a

an infrared lamp prior to bombardment; the heating removed the

emanations in equilibrium with the radium on the target surface. _ 4y
At helium-ion energies less than about 37 Mev, yields of the

(a, 3n) product (Th22’7) and its decay series became significant. It then

became necessary to resolve the Th226 products on the alpha pulse-

height analyzef.

b, Pb>'%(a; 2n)Po?1% Q = - 19.52 Mev. " Puise-height analysis

and gross alphav decay counts indicated that the only significant product
of this reaction was Po210 (138. 4 d)16; cons equently, only gross alpha
counts of each ring were required. -Figu!r,e 3 shows a typical pulse-
height analysis. | -

In these bombardments, 5 to 15% of the total Poz'10 activity
observed in the center ring of the catcher was due to é.ctivation of
trace impurities of lead in the catcher foil itself. Th>ivs impurity
effect was meaéured'by bombarding a.iblanky”ta'rget” foil and catcher
foil under normal experimental conditions at an energy corresponding
to the highest cross section for this reaction., Assuming the primary
impurity to be Pb.208, all the gross activities in the first ring for the
various experiments were reduced by this impurity content in
proportion to the cross section at the particular bombarding energy and
the total particle flux received. This procedure was checked further
by counting both the front and back sides of the first ring and taking the
recoil Po210 activity to be the difference between the two counts, and was
basedvupon ‘the assumption that the induce'd_act'ivities should be 'uniformly
distributed throughout the volume of the foil, whereas the recoil

activity should be near the surface facing the target. The corrections -

calculated by these two methods agreed very closely. Correction was

negligible for the second ring. : V'
Pb207(a, n) Pozm; Q= -12.15 Mev,. 1 Alpha pulse-height
analysis showed Pozm to be the only significant alpha-emitting product;

therefore, gross alpha counting was also suitable for these experiments.

Because of the 25% isotopic impurity of Pb208 in these targets,

the yield of Po210 from the Pb208(o,, 2n) reaction was substantial for
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Fig. 3. Pulse-height analysis of Ring 3, 6 ='8. 71 deg (solid line) and
R ener vs channel number (dashed line) for products of the reaction
{a, Zn)Po 210 3¢ 31, 7 Mev bombarding energy.
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practically every bombardment. 17 This contribution was corrected in
the following way: The amount of Pb208 in the szo7 targets was

precisely determined by measuring the yield of Po210 produced at .

29.7 Mev, which is near the maximum Pb208(a, 2n) cross section. At

208 2.,0v7(a’ 2n) N

that energy the total yield of Poz'10 comes from Pb ; the Pb
product, Po209 (103 yr)18, was not produced in sufficient quantity to

interfere. The experimental recoil angular distributions for the

Pb207(o., n) reaction were then corrected by subtracting, point for point,

the Pb208(a,v2.n) angular distributions taken at corresponding bombarding

08((1, 2n) angular distributions had been adjusted in

yvield corresponding to the Pb208 content of the sz'07 targets and the

energies; these sz

conditions of the particular experiment.

a. P cl? an) T Q = - 44.9 Mev.
height analysis and gross alpha-decay counts showed the major alpha-
149 '

(

19 Alpha pulse-

emitting product to be Tb 4,1 hr)zo;- Figure 4 shows a typical
pulse-height analysis. When the catcher foils were counted soon

after the end of the bombardments at energies greater than about 65

Mev, 10% to 20% of the activity in the innermost ring was due to some
unidentified short-lived product. - After about 4 hr, the short-lived
component decayed away; then the gross decay followed the characteristic
half-life of Tb149. This short-lived activity may have been produced

from some impurity in the catcher foil,

4. Counting Procedures for Reactions Producing Gamma-Emitting
Radioactive Products
Te130 12 137m

(C™™, 5n)Ce ; Q=< 40, 8 Mev, 2l For this system, the
probable yield of numerous beta- and gamma—emitfing products made

it necessary to separate the cerium activity radiochemically from the
other products before counting. The separation was accomplished by .
the standard procedure for removal of cerium by carrier— |
precipitation as the oxalate23. The chemical yields were initially
determined by weighing the vacuum-dried precipitates on weighed
glass-fiber filter pads. This was checked later by repeating the
separation in the same way and then igniting the oxalate to the oxide

for final weighing. Agreement between the two sets of results was

excellent. The filter cakes were then mounted for counting as
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Fig. 4. Pulse-height analysis of Ring 2, 8 = 3.99 deg (solid line) and
energy vs channel number (dashed line) for products of the reaction
Pri4l(cle 4n)Tbl%? at 61. 5 Mev bombarding energy.
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described by Bayhurst and Prestwood24 and Blann, 255 The relative
content of Ce13?rn (34.5 hr)26 was conveniently determined by
counting the 230-kev conversion electrons27 from the 255-kev

isomeric transition, 26 The mass assignment for this activity has

26, 28,29

been checked several times. Decays of the samples were . oy

followed for 5 to 7 days. The decay curve for the Cel37m was

resolved graphically in each case.

5. Treatmeht of Data

For each experiment, the product activity in beach ring was
determined. Where necessary, coriections were applied for decay
before and during the counting period. Corrections for contaminating
activities were made as previously described.

The cerium data were corrected for chemical yield; self-
absorption corrections were applied, based upon the data in'_ Ref, 24
for 232-kev conversion electrons from Ba135mn

The activities in each ring were corrected for solid angle. Then
plots were prepared of the logarithm of the rel'at.t;ve differential
cross section as a function of the angle of the récéil with respect
to the beam axis, in the léboratory system.

In the Pb208(a, 2n) experiments, a correction in the bombarding
energy due to beam-particle energy straggling in the degrading foils
was considered; however, the correction was only about 0.1 Mev
beginning at about 33 Mev., 30 This is within the limit of uncertainty
in the beam energy. Definitive information is not currently available
for carbon-ion beam energy straggling. |

For the Ra226(a, 4n) and Pb208

correction was made for scattering of the beam particles in the foils,

(a, 2n) reactions, a trial-and-error

using a graphical method of adding together the experimentally deter-

mined beam-scatter distributions, 31 and a recoil angular distribution

of arbitrary shape, to obtain the experimental angular distribution. g
This correction was about 0.5 deg at the angle for which the differential
cross section was reduced to half its forward wvalue; however, it was

much more significant at-larger angles. This correction was not

attempted in the carbon-ion bombardments. Unlike those with He4

ions, these experiments showed practically no recoil events beyond
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the maximum calculated angle of deflection of the recoiling nucleus;
consequently, any correction for beam spread would be expected to
be smaller than that for the'He4 cases, and well within the limits of

‘experimental error at the half-value angle.
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B. RANGE STUDIES

1 Preparation of Targets

a. Natural tellurium tai'gefs. Natural tellurx'ilini w_és used for

this purpose because ‘of the requireméhf for thicker t;;.rge'f’dfe:posits
supported on aluminum. The targets were prepared by vacuum
evaporation of natural tellurium meta132 from a hot tantalum strip
onto 0. 00025-—j,n.-_ aluminum foil. The thickness of the target layer was
determined by weighing the foils before and after the evaporation. The
targets used in these experiments contained 240 }.Lg/crn'2 of tellurium,

b. Natural lead targets. Natural lead was used for this

purpose for the same reason as given above. The targets were
prepared by vacuum evapofation of natural lead rne’caLl,:),3 by the same
technique as for the Pb208 targets. The yield in this case was
calculated by assuming complete evaporation of a measured quantity
of lead metal through a solid angle fixed by the shape of the graphite

crucible, The resulting target thickness was 5. 6%0.5 mg/cmz,

2. Bombardment Procedures

_ The recoil range studies described here were of two general
types: (a) The thick-target integral-range experiment of the type
descfibed in Refs. 3 and 34. In this type of experiment the target
used is much thicker than the average range of the recoiling product
nuclei. The target support foil is positioned so that the coated surface
faces away from the beam; behind the target a catcher foil is positioned.
The ratio of the average projected recoil range to the target surface

density is given by the relation

- Average range _ Recoil activity in catcher foil .,
Target surface =~  Recoil activity in both target
density "~ and catcher foil

(b) The thin-target differential-range experiment requires a target
relatively thin with respect to the average range of the recoils. The
recoils travel through a degrading medium until they are stopped; then
the number of recoils at various ranges is determined. The activities

are distributed about the average projected range in the medium,
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The specific procedures used for study of each reaction are

described below.

a. Ra226(a, 4n)Th226. The experimental assembly and targets

used for the recoil angular distributions were also used for these
experiments. An insulated electrode was installed inside the recoil
chamber below and parallel to the beam axis. A gas make-up system
was connected to allow the chamber to be evacuated and filled with
hydrogen at low pressure. Target cooling, collimation, beam
monitoring, and beam-energy adjustment were as previously
described. Details of the modified-assembly are shown in Fig. 5.
Before bombardmeht, an 8, 2-cm-long strip of aluminum sheet,
marked at 2-mm intervals, was attached to the top of the insulated
electrode. The chamber was evacuated and flushed with hydrogen
to eliminate traces of a‘i‘r; then the hydf‘ogen pressure was adjusted
to 2.4 to 4.0 cm of mgrcury. This range of pressure placed the

average range of the recoils apprbximately half-way down the

length of the strip. The electrode and catcher strips were set at a

pétential 600 v negative with respect to the other parts of the assembly.
Collection efficiencies of recoils with this technique ranged from 65%
to 85%. At the end of the bombardment the catcher foil was removed
and divided into 2-mm sections for counting,

b. Natural Pb +'He:i., This experiment used the thick-target

method already mentioned. The recoil-target assembly was also
used. A foil stack was prepared from 15 of the natural lead targets,
with coated surfaces facing away from the beam, each followed by a
0. 001-in. aluminum catcher foil, The stack was mounted in the
evacuated recoil chamber of the assembly and bombarded with the
full-energy alpha-particle beam. This arrangement permitted
simultaneous bombardment of targets in an energy range from 15 to

47 Mev. The target stack was not cooled, so it was necessary to

‘maintain the beam current at about 0. 05 pamp to avoid damage to the

lead coatings. Since the stack of foils was thick enough to stop the
beam particles, the beam was measuredlby connecting the beam-

integrating electrometer directly to the targets.
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ZN-2746

Fig. 5. Recoil target assembly modified for range measurements
of Th%20 recoil atoms. From left to right: (a) parallel-plate
insert for target chamber — aluminum collector strip lying in
front; (b) target assembly with recoil chamber open; (c) cover
to recoil chamber.

v
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¢c. Natural Te + ClZ.

differential range technique; the stopping medium was a stack of

These experiments used the

aluminum leaf. The aluminum foils used had surface densities of
164 and 169 pg/cmz. Extensive studies of foil homogeneity were not
made. The arrangement was: the target foil, mounted with coated
side facing away from the beam, followed by six pieces of aluminum
leaf and one piece of 0. 0005-in. aluminum foil. Four such stacks
were mounted in tandem in a Hilac copper water-cooledvtarget
holder. 25 This arrangement permitted the ranges to be measured

at four different energies simultaneously.

3. Counting Procedures for Reactions Producing Alpha-Radioactive
Products

The specific counting procedures are discussed separately for

the individual reactions studied.

a. Ra226(a, 4n)Th226. The sections of the catcher strip were

counted for total alpha activities and, when necessary, mixtures of
alpha activities were resolved by use of the alpha pulse-height
analyzer. The counting problems have already been described in
Sec. II-A-3(a) above.

b. Natural Pb + He4 . After 2 weeks' decay, each target and

catcher foil was counted for gross alpha activities. After 30 days'
decay the gross count was rechecked, and the catcher foils were
counted on the alpha pulse-height analyzer. There was essentially
no difference between the two gross alpha counts; this is consistent
with the absence of short-lived alpha activities. The alpha pulse-
height analysis indicated the products to be Po products from

P};(a, xn) reaétions; A typical pulse—height analysis is shown in
Fig. 6. The products observed in significant quantities were Pc’:fzo8

and POZIO.

210 -
possible source of Po was the 10 4% bismuth impurity in the lead

Table I shows that this is not surpri'sing. Another

target material., The Biz-og(a, 3n)At210 reaction product decays to
1::,0210 35 210

by K-electron capture; the total Po produced by this
mechanism should have contributed less than 1 a count per minute
(< 0. 7%) at the most favorable energy for the (a, 3n) reactions. Any

209 (5.5 hr)30 and At®Y (7. 2 tr)37 produced would have

completely decayed before the alpha counting was done.

amounts of At



-22-

- —46.00
2000k |E (Mev)

1600 5.00

1200

800 4.00

400

Relative units

Chdannel number

MU-23028

Fig. 6. Alpha pulse-height analysis of the catcher foil containing the
gross recoil products from the reactions of natural Pb+He™ at
30.1 Mev. Broken line is a plot of energy vs channel number.
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Table I. Products from né.tural‘ va + He4
op204 - o206 pp207 pp208
Abundance (1. 4%) (25.1%) (21. 7%) _ © (52, 3%)
Reaction: .
(a, n) Po?07(5.7h, o, EC). Po??%(103y, a) - Po?10(1384, q) Po?t(25s, q)
(a, 2n) Po?%(8. 84,0, EC)  Po?%%(2.93y, q) Po?%103y,q) Po?1%(1384, a)
(a, 3n) Po?0%(1. 8h,a, EC) . Po?%7(5.7h,a,EC) - Po?%2.93y,q) Po?9%(103y, )
: ]
o
I

Po?%%3.8n,0,EC) Po2%%(8.8d,a,EC) Po?’(5.7h,4,EC) Po?8(2.93y,q)

(a, 4n)
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4, Counting Procedures for Reactions Producing Gamma-Emitting
Radioactive Products

Natural Te + Clz. In order to count these reaction products it

was necessary to separate them chemaically from the aluminum foils.
Bé_cause of the large number of foils used in a given bombardment, the
chemical procedure23 was abbreviated somewhat by eliminating the
steps for removing the lanthanum activities, otherwise the treatment
was as described in Sec. II-A-4 above. The resulting samples
represented the combined cerium and lanthanum products, that is,
the products of both the (Clz, xn) and (Clz, pxn) reactions;

The bomba.rding energies for these experiments were 70, 80. 3,
90, and 99.5 Mev. From Choppin's excitation functions, 4 only the
(Clz, 4n-6n) reactions would be expected. Presumably the
_(Clz, p3n-pbn) reactions would also occur. The products of these
reactions for the three most abundant tellurium isotopes are listed in
Table II, together with their radioactive properties, _

Decays of the activities wetre followed for 7 days. Graphs of the
decay data were prepared. In this case it was not possible to clearly
identify most of the specific products. The decay curves could be
generally resolved into a long-lived group with half-life ranges of 46 to
92 hr and a short-lived group with half-lives ranging from 8 to 13 hr.
Reference to Table II shows that we might expect to see three groups of
activities in this period of counting: a group with half-lives of about
4 to 6 hours, a second with half-lives of about 19 to 40 hours, and a
third with the 72-hr half-life due to the electron-capture decay product
of Ce134. The very short-lived and very long-livéd products should
not be observed. The decay data are consistent with this reasoning,
although it is not possible to cleanly resolve a mixture of so many

activities with half-lives so nearly equal.



Table II. Products from natural Te + ClZ»
1126 7128 130
Abundances (18. 7%) (31. 8%) (34. 5%)
Reactions: |
(G2, 4n) 34 72nr, E. C) 36 stable) 38 stable)
346, 5min, ™) | -
34(sta.ble)
(c!? 5n) cel33(6. 3nr, ce!*®(22nr, 8*y Ce 137m(34 Shr, I T.)
a133(4hr,p ) La'3%(19.5nr,E.C.)  La'>T(6x10% yr,E. C.).
Bal33™M (38 ghr,1.T.)  Bal>>™(28. 7ht, E. C.)
(2, 6m) 3204, 2nr, 87 cel*(72nr, E. C.) _ce136(-.stab1e)
13204 5hr, g™ a134(6.5m1n,p ) ) |
32( stable) Ba.1 34( stable) T
(c'?, p3n) **(6. 5min, p*) 1a!3%(9. 5min, g7 13810y, 87)
34( stable) al 36( stable) '
(c'?, pan) 334nr, g Lal3°(19. 5hr, E. C) 3 exiotyr, E.C.)
Bal®™(38. 8hr,1.T.)  Ba!>®™(28.7hr,L. T.)
(cl%, p5n) 3204, 5nr, g Lal3%6. 5min, ™) Lal3(9. 5min, p¥)
al 32( stable) 1 34( stable) Ba1 36( stable)
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5., Treatment of Data

a.. 226(::1., 4n)Th 26. The data were corrected for decay before

and during the counting period. They were also corrected for
differences in areas of the sections of catcher strips by normalizing to
a unit size, determined by weighing. ’Prbbability plots were constructed
from the recoil data, from which were determined the mean ranges and
the range stragghng : _ .

b. Natural Pb +vHe4. From the product yields in the targets

~ and catchers the mean range was calculated for each target. A plot
‘was then constructed of recoil rangevs bombarding energy.

c. Natural Te + Clz. 'The data were corrected for chemical

yield and self-absorption. The range was corrected for the thickness
of targets. Probability plots. were constructed for both long- and short-
lived activities, and the mean ranges and the range straggling

'deteﬂrmine d from these.
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III. MONTE CARLO CALCULATIONS:

The application of Monte Carlo methods to nuclear reactlon

studies Was orlglnally suggested by Ulam and von Neumann 38 The

technique was 1n1t1ally used by Goldberger for a nuclear cascade

39

Quahtat1ve success has been reported by a nurnber of other

" authors in treatments of nuclear cascade processes. 40-52 Meadows44,

model.

Jackson >3 and Rudstam‘{}7 have used the Monte Carlo approach to
discuss experlmental cross sections in terms of thé evaporation model.
: Dostrovsky and collaborators have made very elaborate Monte Carlo
calculations 1n treatment of various deta1ls of nuclear evaporat1on

processes such as fission-spallation compet1t1on >4 cross sections, 52,55

and energy spectra of the partlcles emitted. 52 55,56
| The Monte Carlo techmque was or1g1nally apphed to the

calculation of the angular d1str1but1on of the rec01l1ng res1dua1 nuclei
from nuclear reactions to perrrut a comparlson of experimental recoil-
angular d1str1but10ns with the compound- nucleus and statlstlcal models.
The Monte Carlo calculat1on described below for the case of isotropic
neutron evaporat1on is essent1ally that developed by Donovan,1 it has
been _reprogrammed for use w1th the IBM 704 computer

' The calculation is based upon the "evaporatmn" of neutrons
from a compound nucleus formed by amalgamatlon of the projectile

part1c1e into the target nucleus. 57-39

A. The Isotropic Case

A number of s1mp11fy1ng assumptlons were 1ncorporated in the
calculat1on - ‘ _ ,

(2) De- exc1tat1on of the compound nucleus proceeds solely by
neutron emission as long as the avallable excitation energy exceeds the
b1nd1ng energy of the last neutron.

(b) The energy spectrum of the evaporated neutrons has the

form, followmg Jackson6 _ »
P(E_ )dE o= Ege -En/T e ., = . (3.1)
n n
where P(E ) is the ‘probability of emitting a neutron of energy between
En andvEn+dEn. T is a parameter commonly called the '"nuclear

temperature. ' Application of this ' form of spectrum has been discussed

by Donovan and co-workers.
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(c) The neutrons are evaporatéd isotropically in the system of
the recoiling nucleus.

(d) The parameter T is assumed to be constant throughout the
evaporation sequence. The value for T used in each case was selected
by trial and error, by the procedure devised by Jackson60 to obtain the
best detailed fit to the experimental excitation function foi' the reaction
of interest. The 'temperature' obtained in this way can be considered
to have the significance of an average temperature (expressed in terms
of kT) of the residual nucleus during the entire evaporation cascade.
Figure 7 shows that the calculation is relatively insensitive to
variations in T of a few tenths Mev, and becomes increasingly
insensitive for larger numbers of neutrons evaporéted.

(e) The recoiling nucleus is .considered to move a negligible
distance in the laboratory system while the neutrons are evaporating
during the << 10_15-sec lifetime of the compound nucleus. >7

(f) The mass of the recoiling nucleus is unchanged during the
evaporation process. This assumption gives an error of about 2% for

the reaction Te130(C12, 5n)Ce137

; the error is greatly reduced for
heavier elements and fewer neutrons evaporated.

(g) The momenta of the recoiling nuclei are unchanged by the
change in mass as the neutrons evapoi'ate. The error in the angle -
of recoil for the Te130(C12, 5n)Ce137 reaction is about 2. 5%, and is
correspondingly reduced for heavier target nuclei.

(h) The maximum excitation energy available as kinetic energy
to the neutrons is given by Epcm + Qn - EY,. where Epcm is the energy
of the projectile 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. The .shape of the calculated recoil angular distributions is .
fairly sensitive to the value of EY used. The degree of this sensitivity |
is shown in Fig. 8.

The neutron energies were randomlytselected to fit the chosen
form of spectrum by use of the following procedure:

An integral pr.obability function was derived by integration of (1)
(see Appendix D-1) to give '

Z(N):e_En/T(E;TE+1), : (3.2)
which is shown graphically in Fig.. 9.



-

-29.

| | | [ |
o Te'39 (c25n) Cce'37 E,=5.0 Mev

ABi2% (a,2n)At?!

g
-2 /H—'/ N
t— —e— ,_‘[‘—‘ -]
/ A
N R B
6 , 8 IO 12

W (1/2) degrees

MU-23029

Fig. 7. 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.
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Fig. 8. Plot of the magnitude of the angle W(1/2) ‘at which the relative
differential cross section is reduc%d to élalf the forward value as a
function of E_ for the reaction Tel 5n) Cel3 Cl
T = 2.5 Mev,

2 = 75 Mev,
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Fig..9. Integral probability function for neutron energy selection.
' Scales are greatly ‘exaggerated. _
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Because of difficulty in solving for a unique value of En from a
given randomly chosen value for Z(N), a 2049-space table of '

Z[(n-1) AE] was used in the computatioh, where AE is defined by
E Q- EY

pcm -

AE = (3.3)

2048 o
where (E‘pé.r'n + Qi -‘Ey) is the maximum kinetic energy that the first
neutron can have.

The energy probability table has a scale of uniform increments
of energy associated with a nonuniform scale of probability. The
probability '"density'! is related to the slope of the function at a given.
point. The problem is then to make random seléétion of a value of the
probability function from that range corresponding to the range of
~ excitation energy available as kinetic energy to an evaporated neutron.
For describing the mechanics of the selection process the

following quantities are defined: Eai =E + Ql - EY is the maximum

pcm
energy available for kinetic energy to the ith neutron to be evaporated;
Eri is the energy removed as kinetic energy the the ith neutron;
ZiE:r is the énergy removed as kinetic energy by all the neutrons

evaporated, previous to the ith one.

The range of excitation energy available as kinetic energy to the

_ith neutron is defined by

E. - ZE

- ai i~ r
J = o ) (3.4)

which is rounded to an integral number. In Fig. 9, the cross-hatched
region A corresponds to the range of excitation available for kinetic
energy of the ith neutron. The random value of the probability function
is obtained by multiplying the quantity [1.0 - Z(J -F'l)] by a random
number between 0 and 1, then adding Z(J + 1) agéin in order to set the
absolute value for the random quantity Z(R) correctly. The Z(R) is
located in the table of Z between two values Z(N) and Z(N - 1). The

randomly chosen kinetic energy for the ith neutron is then

E. = (N-1) AE . | (3.5)

ri
This procedure continues until there is insufficient excitation
energy available for further neutron evaporation. . For the cases leading

to the particular reaction of interest, the angular distribution is
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calculated for the recoiling nuclei; for all other reactions, the total
number of cases for each type is recorded.,

Within limits of the stated assumptions, the angle © which the
reéoiling nucleus makes with the axis of the projectile particle beam

in the laboratory system is

1 1 - cosz Gi

e = tan— ——_—ﬁ— ) (3° 6)
. . a
cos Gi + S=R
n

where Pa and Pn are respectively the momentum of the projectile
particle and the resultant momentum for i neutrons, and 0 is the
angle between Pn and the beam axis in the system of the recoiling
nucleus. The Pn is computed by adding the momenta of the individual
neutrons, using the cosine rule. The isotropic neutron distribution is
produced in these calculations by selecting the cosines of the included
angles as randum numbers in the range 1 to -1,

The above calculations were performed on an IBM 704 digital
computer. The recoil angular distributions were calculated with the
energies and other parameters corresponding to conditions of

experiment. A program listing in FORTRANél’ 62 language is given

in Appendix A. The table-searching subroutine listing is given in
Appendix C. Usually the calculations were made for 5000 cases of
the reaction of interest.

The computations produced the following items of information:

{(a) 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.

_,,/' (b) The total number of each type of neutron evaporation
reaction that occurred.

Figure 10 shows the general features of the calculated recoil
angular distributions. The shapes of the angular distributions are
conveniently discus sed in terms of W(1/2), the angle at which the
relative differential cross section is reduced to one-half its value at
zero degrees. The angle labeled 8-max is the maximum angle to
which the recoils can possibly be deflected when the momenta of the
evaporated neutrons are all aligned'in the same direction and have the

maximum possible total kinetic energy.
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. Fig. 10. A typical calculated recoil angular distribution: ¥}/ 2) and
6-max are indicated. For the reaction Ra%%%a, 4n)Th )
Ey=42.2 Mevand T =1.0 Mev. o
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B. The Nonisotropic Case

The general assumptions and method of neutron-energy selection
for the isotropic Monte Carlo calculation apply to this case.also, except
that in the nonisotropic casé it is assumed that the neutrons are
evaporated from the recoiling nucleus in é distribution of the form

W(0) d = (A + B cos?8) de, (3.7)
where W(06) is the probability of having a polar angle between 6 and
8 + d6, and A and IB are parameters. W(l/Z) is insensitive to
reasonably gross changes in the ratio B/A; Figure 11 shows that
sensitivity is somewhat dependent upon the number of particles
evaporated and the momentum of the projectile particle.

The scheme for obtaining random values of 8, weighted by the
distribution of Eq. (3. 7), is similar to that for selecting the neutron
energies except that the range of probabilities is the same for
successive neutrons. An integral probability function is obtained by

integrating (3. 7) to give (see Appendix D-2)
R.:(AcosG+B/3cOs39) + A + B/3, (3. 8)

where R is an integral probability function, illustrated graphically in
Figure 12.

This expression is difficult to solve explicitly for a unique 0
from a random-chosen value for R, so a 2049 -space. . table was set up
for R[(N - 1) A8], where A0 is m/2048. We can then associate a randomly
selected value for R with a value for 8. The random value for R is
gotten by multiplying the maximum valuefor R, 2(A + B/3), by a random
number between 0 and 1. The random value is then located in the R
table between R(N) and R(N - 1). The corresponding chosen value for

0 for the__i_th neutron is
Gi = (N -1) A8, (3.9)

The azimuthal angles ¢; are obtained by multiplying 27 by a
random number between 0 and 1. Random values for 8 and ¢ are obtained
| for each neutron for which an energy has been selected.
The neutron momenta are summed by taking successive

projections on the Cartesian ' coordinates using the relations

va,i = Px, i1 TP, sin 9, cos ¢;., : (3.10)
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Fig. 11. ~The variation of W(1/2) as a function of the ratio B/A.
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Fig. 12. The integral probability function for -selection of the polar
angle 8. The scales are greatly expanded.
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Py, i T PY: iol + Pi sin Gi sin ¢i.. , (3.11)
and P ., = P ., . +P.cos 9, . v (3.12)
_ z,1 z,1i-1 i i
The final resultant momentum is
p_ NP 2+P %+P 2, | (3.13)
r X v z
and its polar angle in the system of the recoiling nucleus is
Gr = Pz/Pr . . (3.14)

The angle the recoiling nucleus makes with the beam axis in the
laboratory system is given by Eq. (3. 6).

The nonisotropic Monte Carlo calculation was performed on the
IBM 704 computer. A program listing in FORTRAN language is given
in Appendix B. The table-searching subrouti}les aré listed in
Appendix C. Normally, the calculations were made for 5000 to 10, 000
‘cases of the reaction of interest.

These. computations produced the same information listed for
the case of isotropic neutron evaporation. In>addition, the following
information was obtained optionally:

(a) The neutron angular distribution infhe system of the
recoiling nucleus in angular intervals of -n'./lO radian. Figure 13 shows
how the large mesh size leads to some distortion of the actual neutron
angular distribution — an apparent flattening for the forward and back-
ward angles. Repreéentative neutron angular distributions are shown |
in Figure 14.

(b) The energy spectra of each of the emitted neutrons for the
reaction of interest in energy intervals of 0.2 Mev. Figures 15 and 16

show representative neutron energy distributions.

B



100

80

60
w(8)

40

20

-39.

8¢.m degrees

] T I 1 | ] | |
e "
1. A
g
L— '. 0' ]
o 1. 7
\0\ ...'°. oot o/
1 Tl 5 1 ]
20 40 60 80 100 120 140 160 180

MU -23035

Fig. 13. Plot of the neutron angular distribution W(8) = A + B (cosze)
in the system of the recoiling nucleus for B/A = 100. The dotted
line is the actual distribution; the solid linies are the histogram
from the mesh size; the dashed line is obttained by integrating
the histograms; points are from the computations.
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Fig. 15. Calculated neutron energy spectra for the reaction Pb408(a, Zn)Po2
+ QZ =(a) 5.1 Mev, (b) 8.7 Mev, and
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Fig. 16 i%‘culated neutron energy spectra for the reaction

5n)Ce

Cl

T = 2.5 Mev, E
2 + Q5 = (a) 18 Mev, (b) 28 Mev, and (c) 39 Mev,

= 5.0 Mev, and

R &



-43.

C. Discussion of Monte Carlo Calculations

- The information above suggests several conclusions about the
various parameters of the Monte Carlo calculations:
1. Anisotropy
Figure 11 shows that the calculations are fairly insensitive to
the value of B/A. Up to B/A ~ 0.2 for C'% reactions and B/A ~ 1.0
for alpha-induced reactions; the W(1/2) values do not depart
appreciabliy from those expected from an isotropic distribution for
evaporated neutrons. Hence it is apparent that agreement of.
experimental distributions with a calculation of this type is not
necessarily indicative of neutron emission according to precise values
for B/A; moderate ranges of anisotropy could not be distinguished
from the isotropic case. Also, isotropy of neutron emission could not .
be established by this means,
‘ It is. recognized, of course, that a distribution of the form
A+B cosZQ is incapable of representing strong. forward-backward
anisotropies. For such cases, the form (sinel)"1 is more appropriate;63’ 64
however, the (sinve,)_1 distribution is not considered to be applicable in
this case. 63,65 |

2. Nuclear Temperature

Figure 7 shows that the assumption of constant nuclear
temperature is not unreasonable for this purpose, although in general,

66-68

such an assumption is not believed to be valid. Consider as an

example the Te‘l?’0 + C12 system, forming a compound nucleus with an
initial excitation energy of about 70 Mev. For each neutron-
evaporation step, one can estimate the temperature of the residual

nucleus by . . -

T = /,10'5 E N

A
where E and A are the excitation energy and mass -number of the
residual nucleus. 68 As five neutrons ére successively emitted, these
estimated temperatures decrease from about 2.0 to 1. 5 Mev, virtually
constant in the level of approximation of the Monte Carlo calculations,
A related aspect of this problem is seen in the calculated
neutron evaporation spectra of Figs. 15 and 16. Within the limited

statistical accuracy some interesting qualitative trends appears:
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{(a) For a given eXcita’ti_,on,energy,’ all the neutrons evaporated
in one cascade have approximately the same energy spectra except for
the last one, which is usually shifted to lower energy, This is caused o
by the restrictions on the energy available to the last neutron,

(b) For increased excitation energy in the syétem there is a

A

general shift in the peaks of all the spectra to somewhat higher energies.

3. Excitation Not Removed by Neutron Emission: E

The sensitivity of the parameter E_ is shown in Figure 8. It is
perhaps physically unreasonable to use a single value rather than some
distribution of values for this ‘quantity in a givén 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 §-max; however, at angles from 0 deg
to the neighborhood of W(1/2), the more probable values from-a distri-
bution should dominate,

4, Effect of Angular Resolution

Figure 13 shows the extreme distortion that can'be caused by use
- of a very cbarse angular mesh size for the néutron angular distributions.
The effect of angular resolution was also considered for the recoil
angular distributions; in this case the angular increments were much

69, 70

-smaller, Calculations were performed for target-to-catcher
spacings 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 improvement in angular resolution at small
angles, but the recoil angular distributions defined by each set of
pointé were essentially identical, This means that moderate -
variations in the mesh size are not particularly important, -‘In

practically every case, calculations were compared with experiments

having the same angular resolution.

»
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IV. . RESULTS

The recoil angular distributions calculated by the Monte Carlo
method form a basis for comparison with ex‘periment, Agreement
between calculations and experiment lends éupport to the compound-
nucleus-statistical-model description of these reactions. The recoil-
range measurements provide more direct information about the
extent of momentum transfer.,‘ Normally, formation of a compound
nucleus is expected to lead to recoiling products with the maximum :
attainable kinetic energy although a few exceptions have been reported. &
The range of the recoils is known to be an increasing function of their
energy.

Comparisons of calculated and the expe rimental recoil angular
distributions are summarized below in plots of W(1/2) vs Epcm +Q,
the energy available to evaporated neutrons. . It should be emphasized
that agreement between the distributions is not judged solely by
agreement between the magnitudes of the W(1/2) values, but by a
detailed comparison of the two distributions from 0 deg to angles in
the neighborhood of W(1/2). Such a favorable comparison is illustrated
in Figure 17. The departure of the experimental points from the smooth
curve at wider angles is attributed to scattering from the surface of
the target or from gas molecules in the evacuated chamber.

The experimentalirec.oil rangevs are examined in terms of the
theoretical treatment, which considers the mean recoil range to be

proportional to its energy, Er’ for Ar>> As:72

A (A +A) /z 2/3 4 7 2/3
s ‘s r s T .

A Z -4

r S r

Ry (ng/cm®) = 602 E_ (4.1)

Here A and Z are the charge and mass numbers, the subscripts s

and r refer respectively to the stopping and recoil atoms, and E

in the case of compound-nucleus fo rmation is defined by73
E, AL A, -
S aagt -
P t

where the subscripts p, r, and t refer to the projectile, recoil,

and target. Theoretically, the distribution about the mean range RO
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Fig. 17. Comparison of experimental and Monte Carlo recoil angular

distributions for Ra226(a, 4n)Th22 . The curve is.drawn to fit the
Monte Carlo calculation for Ea = 43,2 Mev, T=1.0Mev, E =0,
Experimental points are shown for the same bombarding engrgy.
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is expected to be of -Gaussian form with the standard deviation
parameter, 5, expressed by pRO. 4 The ''straggling parameter®
p is expected to have a value given by
2 As Ar 1/2
p = -—-—-———-—-—-7 . (4. 3)
3(A +A)
s r

This theoretical framework is well supported by experiment,

A comprehensive discussion of recoil ranges is presented in
Ref. 73.

The recoil angular distribution and range results follow,
grouped together for each particulér set of reactions. The results
of Monte Carlo calculations for the recoil angular distributions are

- tabulated in Appendix E.

A. Ra%20(q, 4n)TH%%®

The experimental and calculated recoil angular distributions
are compared in Figure 18. The general features of this curve have
been interpreted1 to mean that, as the excitation energy increases
above the reaction threshold, there is an increase in the momentum
given to the residual nucleus by the emitted neutrons; at energies near
the peak of the excitation function the emitted neutrons have approxi-
mately the same energy; and at energies beyond the peak of the
excitation function the reaction occurs only when the emitted neutrons
have relatively higher energies, owing to competition from the reaction
which causes an additional neutron to be evaporated. The experimental
recoil angular distributions are surhmarized in Table III.

A typical differential recoil range curve is shown in Figure 19.
These range curves were fitted to Gaussian distributions by use of
probability plots from which the mean range R0 and the standard
deviation g. could be determined. 76 Such a plot is shown in Figure 20.
The measurements of the Th226 .recoil ranges in hydrogen are
summarized in Figure 21 and Table IV, The E values are based on

the assumption that a compound nucleus is formed.
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Fig. 18. Plot of W(1/2) as a function of E + Q, the energy
available as kinetic energy of the emit%g%l‘ neutrons, for
Ra226(a, 4n)Th226, '



TABLE III. Summary of experimental recoil angular distribution dataa_—'- RaZZé(a, 4n)Th2'26

Eq W(l/?_)b _ Relative d /d2, for angles in degrees69

Mev Degrees 2.3L 5.97 8.7a  11.k7  1k.2k  16.88 19.38  21.5% 2k.23 26.57
32.9 6.7 89 5L 27 L.0

35.5 8.6 35 29 19 12. 7.5 b0 | 2.7

36.1 8.0 88 6& b2 29 16 10 5.6 1.3

37.2 8.3 62 L6 32 20 9.0 7.0 3.7 2.8

38.2 8.6 58 w31 20 1 8.0 5.1 L.

39.3 8.6 90 6 kT 31 6.5 10 . 5.3 3.3

40.2 8.6 45 34 215 8.5 6.0 3.9 3.3

k1.9 8.7 98 Th 51 3k 19 11.5 ,6.6 5.5

4.2 9.8 6« sz 39 28 17.5  10.5 5.8 3.4 2.2 ..

k3.2 9.7 Ly 36 26 18 - 10 6.8 3.8 3.2 2.7

L5 10.5 66 59 B 31 17 13 7.6 5.1 b1 3.5
46,2 11.5 39 32 27 | 20 14 9,5 6,0 .0 3.1 2.2

b

Errors due to counting statistics are & %= 2%.

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

-e%-
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Fig. 20. Probability plot of Thz‘26 recoil ranges in hydrogen for
Ea = 41. 6 Mev. The points -g, + 0, and R, are indicated on 2
the plot. In this case, R, =18.2 pg/cmz and g = 3.92 pg/cm”.
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Fig. 21. Range of Th226 recoils in hydrogen as a function of the
energy of the recoil (solid line). The broken line is the
theoretical range-energy curve.



TABLE IV. Summary of Ra226(a, 4n)Th226 récoil range data
. : _ . _ tl.
Ea Er RO’ E)Eptl. RO, Thezoretlcal p p c €Xp S
Mev Mev sg/cm H, ng/cm H, Exptl. Theor. Lg/cm
34,1 0.584 13.5 18.4 0.266 0.0542. 3.35
41,6 0.710 18.2 22.4 0.215 0.0542 3.92
46,2 ©0.790 23.2 2k .9 0.195 0.0542 L. LS .
. ' . (6,
k (O8]
]
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B. Pb2%%q, 2n)pPo?

Comparison bzetweven the experimental and Monte Carlo recoil

10

angular distributions is sh.own_in Figure 22. The experimental recoil
distributions are summarized in Table V.

. The experimental data from the thick-target recoil range
studies with natural Pb + He4 afe presenfed in Figure 23 and Table VI,

C. Pb207(a, n)Po‘ZlO

The recoil angular distribution data for this system cannot be

compared conveniently in terms of W(l/Z) because of the structure in

the curves. . Representative experimental and cal.culated curves are
compared in Figure 24. The experimental distributions are summarizeé
in Table VII. Monte Carlo distributions for sever_‘al values for T are
given in Appendix E. |

D. Tel39cl? sn)cel3™

In Figure 25 the W(1/2) values for experiment are compared

-with calculated ones for the isotropic case, and for the nonisotropic
case where best fits are obtained by usving B/A = 1.2 and various
combinations of T and Ey,. listed in Tablé VIII. Selection of the value
for B/A is discussed later. The experimental angular-distribution data
are listed in Table IX. Monte Carlo data are given in Appendix E.

A typical histogram for the recoil range data from natural
Te + Clz is illustrated in Figure 26. The Gaussian fit by the probability
plot is given in Figure 27 for same set of data. The recoil range data
are compared in Figure 28 to a range—energy' curve calculated for Ce

149 for differences in Z

recoils by adjusting the published values for Tb
and A. 73 The Er values are calculated by assuming formation of a
compound nucleus. The experimental recoil range data are summarized
in Table X. 1

1 49

CE. Pr*ic!?, an)TH

The experimental and Monte Carlo recoil angular distributions

are compared in Figure 29. The experirriental data are summarized in
Table XI. ,
Excellent recoil range data for this reaction have been

published by Winsberg and Alexander. 73
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" Fig. 22, _Plot of ng 2) as a function of E +Q for

' Pb208(q, 2n)Po? The solid line is d%&‘%ﬁﬁ*’th)rough the
experimental points; the dashed line is drawn through the
calculated points.
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TABLE V. Summary of experimental recoil angular distribution data® - Pb2%8(a, 2n)Po
s wo/a® Relative do/dR, for angles in degrees®’ |
Mev Degrees 2.31 5.97 8.71 _11.47 1k, 2L 16.88 19,38  21.85 24,23
21.7 8.3 89 72 L2 13
23.1 10.5 9N 80 - 62 36 12 1.2
2.0  10.7 90 82 66 e | 7
25.1 9.7 % 83 59 27
26.2 10.2 96 - 86 63 34
27.2 9.6 98 - 85 60 30 2.5
28'.4 9.2 .96 82 55 11 |
29.7 8.8 97 80 50 16
31.7 8.7 ol 75' 48 18
33.0 8.2 92 68 46 21 8.4 2.8 0.7
35.2 9.0 86 68 48 30 | 12.5 5.0 1.5
37.2  10.0 85 67 51 ho 2k 16 8.0 L.0 1.9

Errors due to counting statistics are

b

‘S + 2%.

The overall error in W(1/2) is believed to be g = 0. 5 deg.

-gg_
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Fig. 23. Plot of mean recoil range as a function of bombardlng energy
~for natural Pb+He4 The solid line is . drawn through-the ‘points
jrepresentlng probable: products from the (a, 2n) reaction. The
“broken line crudely represents the range curve that mlght be
. expected for a compound-nucleus mechanism,



TABLE VI. | Summary of natural Pb + H'e4 recoil range data

(Run 1) | ' (Run 2) .
Eo. Catcher-A c-tivitya Rob" Cé.tcher_-,A ctivitya _ Rob
Mev Total Activity _,u@g/crnfZ Pb ) Total Activity o ,.Lg/cmz' Pb
19.0 - 0.0089 50 S ~ 0.0095 | . 532
22,3 | ~ 0.0128 72 - 0.0110 61.5
26.3 , 0.0169 95 - 0.3 - 73
30.1 | £ 0.0176 9 - 0.0173 97
33.6 , 0.0165 . 92 o | 0.0168 -9k
36.8 o - 0.0176 9 ' ' 0.0172 ' ., 96
9.7 . ~ 0.0158 88.5 . - ) o - .
42.3 0.0191 107 . - (. | - '
bk .9 0.0192 108 | ) f -

474 10.0239 13 10.0220 128

‘ Counting errors were g 4%. _
P The uncertainty due to variations in target thickness is estimated to < 5%.

These foils were damaged by overheating.
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Fig. 24. Comparison between experimental (solid curve) and Monte
Carlo (dashed curve) recoil angular distributions for
207 (a, n)Po4 210 a¢ Ea 22.3 Mev. Calculation uses T = 1. 4 Mev.



_ TABLE VII. Summary of experimental recoil angular distribution data — Pb207(a, n)Po210
E Relative d;/df, for angles in degrees

a , » : il . .
Mev 2.3269 5.97 8.71 11.47 1.2k 16.88°  19.38 21.85 2. 23 26.57
19.7 17a .0.22 - 0.13 o:.,__o9 0.05 0.03 0.05 0.02 0.0 0.02
2.7 1.72° ©1.50 1.08 1::0.60 0.8. 0.13  0.03

15670 3.99  5.88 T 7.70 9.61  11.4%  13.20  14.97  -16.71  18..4

22.3 0.66¢ ':‘Vo.8o 0.73 0.52 0.33 0.30 0.18 0.10 0.05 T 0:03
240  0.59% 0.64 0.51 © 0.39  0.13 0.5  0.03 .

2 Total efrorf_estimated < 15% to 14. 24 deg.

b Total~er_r§r?&estimated g 8% to 1147 deg. é

C

Total ex":i-.ornestirnated to be 21% for first,point,'

Total error.estimated to be < 19% to 7.70 deg.

< 8% for other points to 9, 61 deg.

_09‘_
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Solid line is fitted to experirr(xeh{gl points. Dotted line fits the case

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



TABLE VIII. Summary of parameters for best fit of calculated recoil
angular distributions to experiment — 130(C ,5n)Ce 137m .
T =15Mev

EY (Mev)

T = 2.5 Mev
EY;(Mev) .

6.5 . o ‘
T -

-29_

8L.0 - o1 8
87.5 s o 11




TABLE IX. Summary of experimental recoil angular distribution data — Tel30(C12, 5n)C_el‘37n’1

E 12 W(1/2)> »R’elativé dy/dS2, for angles in degrees 7
Mev Degrees 1.55° 3.9  5.8%  7.70 9.61  11.4  13.20  14.97  16.71  18.u4k
59.0 k.5 59° 23 1%.5 9.5 k.1 2.6 1.b 1.0 0.78 = 0.52
6h.5 5.6 67° 49 36 14 6.8 4.0 1.7 0.78 0.38
69.0 5.2 172 12.5 7.2 k.5 2.4 1.5 1.1 0.65 0.40 0.39
81.0 6.0 642 48 36 2k 12.5 8.5 5.0 b2 4.8
87.5 6.2 ‘ 52d 37 '29 2 11 11 8.5 4.5 6.7 5.2
2.3169 5.97 8.71 11.h7 1hk.2h 16.88 19.38 21.85 2k .23
7h.5” 5.8 = 5° 27 14 9.5 3.5 2.5 2.0 1.3 '
. o
% The overall error in W(1/2) is estimated to be g £ 0, 5%. v
b Overall errors are estimated to be < 5% to 9. 61 deg.
¢ Overall errors are estimated to be < 3% to 9. 61 deg.
q .

Overall errors are estimated to be £ 6% to 7. 70 deg.

<
Overall errors are estimated.to be < 4%.
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26. Histogram for the ranges of the recoiling Ce and La

at E .12 = 90 Mev.

- The solid lines

indicate the long-lived group; thé dashed lines 1nd1cate the

short-lived ~group.
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Fig. 27. Probability plot of Ce and La recoil ranges in aluminum for
E 12 = 90 Mev., The points -g, +0, and R, are indicated. In

this case RO = 580 |.1.g/cm2 and g = 162 Hg/CmZ.
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Fig. 28.- Range-energy curve for the recoiling Ce and La products
from the reactions of natural Te + C12. The experimental points

are compared with a solid curve calculated from the Tbi49 range
of Reference 73.



TABLE X. Summary of natural Te +C12_ recoil range data

R. from Tbhi%?

0
Expt. R Data
1}::/12112 I\]?I:V Group MgI/)cmZOAl (g/cm® A1) E)fptl. Thepor. E:;;lc;;jz
70 5.40 Long-lived 428 493 0.339 0.30k4 145
Short-lived 435 493 0.333 0.30k4 1ks
80.3 6.20  Long-lived 475 554 0.280 0.30k 133
~ Short-lived 482 554 0.276 0.304 133
90 6.95  Long-lived 580 610 0.279 0.30k4 162
Short-lived 580 610 0.279 0.304 162
99.5 T.70 Long-lived 580 660 0.283 0.30k 164
Short-lived 590 660 0.276 0.30k4 163

_Lg_
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TABLE XI. Summary of experimental recoil angular distribution data — pr¥(ct?, 4Tt

. o Relative d /d2, for angles in deg‘rees70

Eclz _W(1/2.) 7 ‘ A -
. Mev  Degrees 1.56  3.99  5.8% 7.0 9.61  11.4h  13.20 1497  16.71
- 58.0 1.8 o 9?f 61 36 16 5.4 1.9 0.8 0.27
615 5.0 95t 66 9 19 6.2 2.3 0.9~ 0.43

6h.5 5.1 ‘. ou° 70 38 20 6.4 2.8 0.7 0.3
695 s 95° 68 L2 22 6.2 2.7 0.9 0.
M5 5.8 9> 10 b9 29 - 10 5.7 1.8 1.1 . 0.5

a

The overall errér in W(1/2) is estimated to be-< x 0. 5%..

"Errors due to counting statistics are g 6% to 7.70 deg.

Errors due to ¢ounting statictics are 3% to 7.70 deg.

_69_
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V. DISCUSSION

The recoil angular distribution and range data listed in the
preceding section, together with the exper1mental excitation functions,
furnish fairly direct information about many features of the nuclear
reaction mechanisms. ' -

In the follow1ng dlscussmn the rea.ctlons studied are classified
i‘nto two general groups: those Wthh can be fitted by the simple
isotropic Monte Carlo calculation and those Wh1ch elther require

spec1al treatment or cannot be fitted at all,

A .. Reactions That Can Be Fitted By the
Calculations

1. Prrcl?, an)Th

Figure 29 shows that the experimental recoil angular

12 149

distributions agree quite closely with the s1mple 1sotroplc Monte Carlo
calculatlon u51ng E =0and T =1.5 Mev. ThlS value for - T was
obta1ned by Jackson fit to Alexander s exper1mental exc1tat1on function.
It was shown in Figure 7 that the precise ch01ce for T should not be
critical for the ‘result of the Monte Carlo calculation.

" The max1mum measured Cross sect1on for thlS react1on is

about 35 mb 77

149

) Rec01l range data for Tb from this and a number of other
reactlons have recently been published by W1nsberg and Alexander.
The1r analysis -shows that the recoil range results for this reaction are
cons1stent with compound nucleus formation.

Agreement of the recoil angular d1str1but10n data with the
calculations reinforces the conclusions about compound-nucleus
formation, and ‘furtl'xer indicates that the vcompound system de-excites
primarily by evaporation of neutrons having enel'gy spectra similar to
the form of Eq. (3.1).. The,agreementtbetween the experimental and
calculated distributions also suggests that there is no very great

angular anisotropy in the neutron evaporation.

2. Ra%2%(q, 4n)TH220

Figure 18 shows that the experimental recoil angular

distributions agree quite well with the isotropic Monte Carlo
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calculation with EY = 0and T = 1.0 Mev. The value of '1;8.was obtained
by Jackson fit to the excitation function of Vandenbosch. -~ The
definition of the peak of the excitation function in this case allowed

0.2 to 0. 3 Mev latitude in selection of the temperature. The value
used here is comparable to the value of 0. 9 Mev obtained by using the
theroretical treatment of Cameron. 79. '

‘The maximum experimental cross section for-this reaction
was reported by Vandenbosch to be about 500 mb. 78_

The recoil range data of Figure 21 and Table IV define a range-
energy curve reasonably consistent with the theoretical expectations for
this magnitude of recoil energy. The deviation of the recoil ranges
below the theoretical values is consistent with the results reported by
Valyocsik. 80 The approximate linearity of the data over the range of
bombarding energy for which the reaction occurs is indicative of
compound-nucleus formation.

v Vandenbosch suggested that this reaction proceeds through a
compound-nucleus. mechanism based upon the magnitude of the .
experimental cross section. The recoil ranges and angular
distributions _appeé.r to support this conclusion.

Of subsidiary interest here is the remarkably large range
straggling of the ’I_’h226 recoils in hydrogen as compared with theory
(Figure 19, Eq. 4. 3,and Table IV).. Harvey has shown that straggling of
this magnitude could be caused by the momenta of the evaporated

neutrons. 81 Valyocsik observed comparable range straggling in other

recoil range measurements in gases:

B. Reactions That Can Not be Fitted by the Simple
Calculations

1. Tel?%cl?, snyceld™

Figure 28 shows that the recoil ranges from the natural Te

agree reasonably well with the ranges calculated.-from the 'I‘b149 data.
This is fairly convincing.evidence for the formation of a compound
nucleus. - We suspect that the slight displacement of the points is
caused by some systematic difference in experimental technique. If
one neutron from the bombarding ion were to continue forward without

transferring its momentum to the compound sysfern, the energy loss
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owing 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 Choppin;4’ > this magnitude of temperature agrees reasonably with
measured temperatures for neutrons emitted from heavy-ion reactions. 82
The value B/A = 1.2 was selected by using the semiclassical theory of
- Ericson and Strutinski. 63 This choice was in reasonable agreement with
the experimental results of Knox83 and Broek. 82 Since their experimental
studies Wwere made at much higher b_ombarding energies than used in this
" work, B/A =1, 2 is considered a maximum value., Figure 11 shows that
“if this value were réduced by a factor of 2 or 3, the angular distribution
would broaden by about 0. 3 degree. | '

Figure 25 shows that the recoil angular distributions diverge
mark‘edls} from the calculated 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 magnitude of this difference greatly exceeds the most conservative
estimates of error from all known sources. If the nonisotropic Monte

Carlo calculdation is used, with B/A and T fixed as already discussed,

"a fit to the experiments can be obtained by varying E,y'

The values required to obtain fits are shown in Table VIII,
They show a gradl.ial increase with excitation energy. Use of EY in
* this way is equivalent to saying that the Q of the reaction is larger
than its calculated ground-state value. - If these Q values adjusted by
EY are introduced into the Jackson calculation, the fit to the experi-
mental excitation functions can be maintained by reducing T to about
2 Mev,

Figure 7 shows that a reduction in T by 0.5 Mev would cause
the recoil angular distribution to become about 0. 3 deg narrower; to
compensate for this decrease, E' 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,
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The remarkable feature about the excitation-function data of
Choppin and collaborators is that the maxirfnum cross section occurs
at an incident-particle energy which is 10 to 15 Mev higher than would
be expected from simple theory, assuming an emission of neutrons
with an average energy of 3 to 4 Mev, Huizenga84 has pointed out that
such neutron energies are to be expected.

The measured excitation functions were relative ones. 4,5 The
absolute values for the cross sections are not available.

A most interesting problem is to account for the differences
between this reaction and the Pr14l( Clz, 4n) reaction., In both cases
the bombarding and excitation energies are comparable; their
relationships to the closed shell at N = 82 differ slightly. |

It is difficult to believe that the closed shell is responsible for
" the dis crepancy in the excitation curves. Although it is known that
closed shells appreciably alter thé nuclear level structure, the closed
shell in this case occurs 3 mass units: from the product nuclide. At
such a high level of excitation the density of accessible energy levels
should be great enough for the statistical treatment to be valid.

In nuclear reactions induced by ions heavier than He4, large
quantities of angular momentum can be involved. In fact, angular-
momentum effects in nuclear reactions have been a subject of great
interest in the past several years. 5,63-65,82-95 _

It would seem difficult to explain the differences in the
particular cases described here on the basis of a statistical treatment
of angular momentum effects, because of the comparable levels of
bombarding energy and presumably comparable amounts of angular
momentum transfer, Conceivably the observed effects might be due to
the difference in the level structures of the target nuclei. This could
be caused by even-odd effects. _

‘ In statistical treatments of nuclear reactions it has been usual
to assume that the compound nucleus can de-excite most easily by
neutron emission until the excitation energy is below the neutron
binding energy. 60 It is then supposed that further de-excitation occurs
by gamma emission, In this particular reaction the neutrons appear
- to carry away less energy than would be expected. A larger share of the

de-excitation must occur by gamma emission. This effect has been
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accounted for by the parameter 'EY, ‘The enhanced gamma emission
must be accompanied by some hindrance to neutron transitions.. The
role of angular momentum in this process.is uncertain,

Possibly the combined effects of angular momentum and the
- closed sheli could change the level density in such a way that the
neutron transitions would be hindered. _

One factor that has been ignored in this treatment is the
competition from charged-particle emission. The possible effects of
this competition are not. known,

2. Pb2'08(a, Zn)POZlO_

‘Figure 22 demonstrates that the experimental recoil angular

distributions agree reasonably well with the calculations using
T = 1. 45 Mev up to a bombarding energy of about 28 Mev, which
corresponds apprbximately to the maximum reaction cross séction. At
higher energies the experimental distributions become much more
peaked forward than the.calculations predict.

The maximum experimental cross section for this reaction was
found by.John to be 1. 0 barn, 17
‘, ‘The recoil-range data from natural Pb .,+*He4 shown in’
" Figure 23 are very crude.. For the magnitudes of recoil energies
considered here, products from compound-nucleus processes’are
expected to have ranges approximately propoi‘tional to their energies.
Such behavior is illustrated for the Bi(a, 2n) reaction in Figure 7 of
"Ref.. 2. These lead experiments do not define'a linear range-energy
curve for. compound-nucleus products; the dashed curve of Figure 23
was drawn rather arbitrarily. The major difficulties in making
comparisons with the bismuth data were that, with the -natural *
isotopic mixture of lead, each reaction produced séver:a,l products
which could not be conveniently removed from the thick targets for
resolution by pulse-height a‘nalysis,_. as could be done in‘the bismuth
experiments. . Despite these obstacles,. at about 28 Mev there is a
reproducible departure from the trend of inc*reé‘sing recoil range with
increasing bombarding energy. -Although the points are.displaced
compared with the bismuth data of Ref. 2,:there is a great similarity

in the behavior of the recoil ranges for the high-energy side of the
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(a, 2n) excitation function. This levelling off in the recoil-range curve
occurs in the energy range in which the observed product activities are
predominantly :POZOS and P0210 from (a, 2n) reactions.

. This evidence from both types of experiments indicates that,
beginning at a bombarding energy of about 28 Mev, this reaction
proceeds with approximately 10% to 20% of some mechanism other than
compound-nucleus formation; the fraction of direct mechanism is
estimated from the departure of the recoil ranges and angular
distributions from the predicted compound-nucleus case. This would
correspond to a 100-to 200-mb cross section for such a mechanism.,
The direct mechénism might cause the incident alpha particle either to
knock a neutron out of the target nucleus or to be ''stripped' of one
neutron upon entering the nucleus; further de-excitation could then
occur through evaporation of a second neutron.

No attempt was made to fit the Monte Carlo calculations by
assigning values to‘Ey. For such a large contribution from direct
processes, the assumptions about the neutron energy spectrum would
be questionable. '

The experimental results presented here are very similar to

2 09( a, Zn)AtZH;2 however,

the results obtained by Harvey et al. for Bi
in this work the recoil angular distributions appear to differ drastically
from the calculated ones,

Brown and Muirhea.d96 had some success in fitting the
experimental Bi+n neutron angular distribution data of Rosen and

9

7 . .
Stewart’ by use of a nuclear cascade calculation, assuming that the

mean free path for the incident neutron in a nuclear Fermi well was of
approximately nuclear dimensions, - Application of such-a calculation to
these (a, 2n) reactions was considered; however, ‘it was believed that the
assumptions about the mean free path were less appropriate for an
alpha-particle reaction.

The idea of a surface reaction mechanism isdightly more

98

attractive. This classification includes so-called '"optical-type't and

"stripping' reactions. An (a, 2n) reaction is equivalent to bringing a

pair of protons into a nucleus. For the Pb208(a, Zn)Pozm

2'09( a, Z.n)At211 reaction studied by Harveyz,

reaction
treated here and the Bi
both the target and product nuclei lie on the N =126 closed shell;
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szos'is also located at .the Z = 82 shell closure. The abnormally large

spacing of the neutron resonance levels in Pb208 has been known for some

99

time. This location on the closed shells could lead to the expectation

of having fair 'purity'" of shell-model states just outside the closed
shells. The criterion that has been given for the enhanced probability
for surface interactions is a "'similarity' in the configurations of the

98

initial and final states..”” . In these particular reactions that require-

ment might be achieved. Other evidence has been cited for similarities
between nuclei which differ by a pair of nucleons. 100

It is difficult to' reconcile a 100- to 200-mb cross section for a
.direct mechanism to theories for direct interactions. Serber's
theoretical treatment of deuteron stripping, well supported by
experiments, predicted a deuteron-stripping cross section for heavy .
elements of about 300 mb;101 the a particle, being much more tightly
bound than a deuteron, should be more difficult to break apart. Silva's

209

experiments with a-particle stripping reactions :of Bi” gave an (a, d)

cross section of 2 to 3 mb. and an (a, pn) cross section of 18 to 20 mb, 102
The largest of these cross sections is less by a factor of 5 to 10 than
would give agreement with the (a, 2n) results. ‘

Additio}iélfi'nteresting information about this type of reaction
would probably be obtained by applying these techniques to other (a, 2n)
reactions, particularly those involving nuclei away from closed shells. |
3. Pb%%%aq, n)Po?l?

Figure 24 shows the poor agreement between typical

experimental and calculated recoil angular:distributions for this
reaction, John's expérimental excitation func‘cion17 does not permit
a precise choice of nuclear temperature by the Jackson procedure;
however, the experiments disagreed in the same way with calculations
using T = 0.5, 1.4, and 2. 0 Mev. In almost every case the maximum
in the experimental.curve occurred at a much smaller angle than in
the calculated case, '
, . The maximum cross section for this reaction was reported
by John to be about 100 mb. * '

The disagreement between the experiments and calculations is

probable evidence that the reaction occurs.to a large extent through some
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direct-interaction mechanism. The shift in the maximum in the recoil
angular distributions to smaller angles would be consistent with such a
mechanism.

Another possible reason for the disagreement is that the
excitation energy in the (a, n) reaction could be insufficient to justify

application of a statistical treatment.



-78-

- VI. ‘CONCLUDING REMARKS .1

From these studies it is concluded that the experimental
techniques described here are useful for obtaining. information about

certain features of nuclear reactions involving thé emission of several

neutrons, v

The method for calcilating the recoil angular distributions by
Monte Carlo methods appears to be useful for detecting major
departures from the simple compound-nucleus-statistical-evaporation
model; however, where there is substantial competition from reaction
mechanisms other than neutron evaporation, interpretation of the
results becomes uncertain,

It is particularly interesting that agreement between
experiments and calculations has not been-achieved for He4-inducéd
reactions involving evaporation of less than three neutrons. 1,2 So
far, all such reactions examined were complicated by the proximity of
closed shells. It is possible that closed-shell effects might reduce
the validity of the statistical approach;" therefore, better agreement

with the calculations might be expected with nuclei located away from

closed shells.
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- APPENDICES

A. FORTRAN Program Listing for
Isotropic Monte .Carlo Calculation -

The data used for the calculations were organized on data cards

in the following way. (The data cards as described here also apply to

Appendix B.

Card 1
Card 2
Card 3

Card 4

.Card 5
Card 6

The cards arevinterchangeable between the programs.)

Month, day, ye'ar'-——Zldigits each.

R(I)——radn of catcher rlngs (cm) _

MOFP, ZOFP MOFT ZOFT——mass and charge numbers
of projectile and target ,»

T--Nuclear tempe rature (Mev)

- D--Target- catcher distance (cm).

NRXN--number of neutrons evaporated in this reactlon

" REX = EY (Mev).

F3 Same as A and B in neutron angular distribution
(these numbers are read but not used in the
GJ isotropic calculation).

NS——Parameter to determine number of each klnd of

reaction occurring; when zero, the number of
‘reactions occurring up'to (x + 1)n is recorded.

Q(I)--Reaction Q's from (ion, n) to [ ion, (x+l)n].

"ELAB--Bombarding energy (Mev).

‘N--Number of cases to be run,



4

11

12

14

10

16

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

34

36

37

39
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FORMAT ( 66H MONTE ¢ ARLO CALCULATION FO
XR MOFP = 12,9H ZOFP = 1259H MOFT = 13+9H ZOFT = 13///)°
FORMAT (2H1 12s2H /s1292H /12/)

FORMAT (3110)

READS»MONTH» DAY » YEAR

READ 21s(R(I)sI=1511)

FORMAT (4110)

READ12 sMOFP » ZOFP s MOFT » 2OF T

PRINT6 sMONTH»DAY » YEAR

PRINT4»MOFP»ZOFP s MOFT » ZOF T

FORMAT (2F104251105F104252E10445110)

FORMAT (28X7H REX = F842,10X5H T = F842//) -
READ18T»DsNRXNsREXsF sGsNS

FORMAT (11F643)

FORMAT (13F1042)

PRINT 195 REXs T

DIMENSION Q(13)s EX(13)s PHI(11)s SAC(11)s EN(13)s V(12)s P{12)
DIMENSION R{111sAA(11)sBE(11)sPSI(11)sENSUMI13)5Z(2049)sNAI12)
M = NRXN + NS + 1

READ 225(Q(1)s I=1sM) |

FORMAT(F10425110)

FORMAT (4 TH ELAB = F8.2//)
READ28+ELAB N

PRINT 29,ELAB

AOFT MOF T

H

AOFP = MOFP

n

ECM = ((ELAB*AOFT)/(AOFT+AOFP)) - REX
PA = SQRTF(2+.%A0FP*{ECM + REX))

DO 40 I=1.M -
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40 EX(1) = ECM + Q(1)
41 ENSUM(1) = 0.
45 ENN = N

47 FORMAT (9H SUMAA = F10.1)
52 DO 54 I=1,11

54 PHI(I1)= ATANF( R(I1}/D)

57 SAC(1) =1,

58 DO 60 1=2,11

60 SACI1)=(14=COSF(PHI(1)))/(COSF(PHI(I=1)1=COSF(PHI(1)))
71 FORMAT(5H Q = 13F842///)

73 PRINT 71s(Q(I}s I=1sM)

74 DO 75 1=1511

75 AA(L) = U,

204 DELTAE = EX(1)/2048.

206 Z(1) = 1.

207 DO 210 N=252049

208 E =- N-1

209 PAR = (E*DELTAE)/T

210 Z(N). = EXPF(—-PAR)#(1++PAR)

78 FORMAT(5H N = 13F845)

79 FORMATI(5H J [597H ZEX = FB8e5s6H ZR = F8e596H FN = F7e1)
80 DO 81 I=1sM

81 NA(I) = U

83 SUMAA = U,

86 DO 102 I=1sM

214 J

(EX(I)-ENSUM(1))/DELTAE
216 N = J+1

218 ZEX = Z(N)

220 ZR = (RANF(X))*(1e=ZEX)+ZEX

221 CALL SCAN (ZRs+ZsFN)



224
92

54

95
96
97

99

1u2
1u3
105
1vé
1uv7

1u8

126
128
129
130
132
421
422

423
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EN(1) = (FN*DELTAE)-DELTAE
IF(SENSE SWITCH 2194595

PRINT 785 (EN(K)» K=1sM )

PRINT 79+JsZEXsZRsFN

ENSUM(I+1) = EN(I) + ENSUM(I)
IF(EX(I+1) = ENSUM(I+1))975975101
NACI) = NACD) + 1

GO TO 103

IF(1-13 ) 102,83,83

CONTINUE

IF (NRXN=1 1835105483

DO 106 I=15NRXN

PI1) = SQRTF(2e*EN(1}]

Vi1l = P(1)

IF(I-1 112051205110

DO 118 I = 2»HRXN

RN = 2.¥RANF(X) = le

VIT) = SQRTF((V(I=1))%%2 +(P(1))#¥2 +2.%V(I-1)%P(1)%RN)
IF(I-NRXN) 11851205120

CONTINUE

RN = 24%RANFIX) = 1.

THETA = ATANF((SQRTF(1.—RN#%2))/ (RN+PA/V (1))}
00 130 I=1,11

IF(THETA - PHI(I)) 132,132,129
IF(I-11) 13041325132

CONTINUE

AA(T) = AA(I) + 1.

,DO 422 =111

SUMAA = SUMAA + AA(I)

IF(SENSE SWITCH 3) 424,425



424

425

426

428

429

430

431

432

435

436
437
438
440

444

446
448
450
451

452

PRINT 47, SUMAA
IF(SENSE SWITCH 4) 428,426

IF(ENN - SUMAA)} 428+428+83
DO 429 I=1»11
BB(1)=AA(T)*SAC(I)
PSI(1)=574296%PHI(1}/2,

DO 432 I=2,11

PéI(I) = 284648%(PHI(1-1)+PH

FORMAT(110H PSI(1) PSI

XSI1(6) PSI(7) PSI(8)

PRINT 435

FORMAT (11F1043/7/)

PRINT 437s {(PSI(I)y I=1511)

PRINT 437s(BB(1)s1=1s11)

FORMAT(107H N1 " N2
N7 N8 NS

PRINT 444

FORMAT (1219 //7/)

PRINT 4483 (NA(I)sI=1sM)

IF(SENSE SWITCH 114534452

GO TO 20

GO TO 14

END(O91sUs050)
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ey

(2)

T PSI(9)

N10O

PSI(3)

N3

PSI(10}

PST(4) PSI(5)
PSI(11))

N4 N5
N1z //)

N6
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B. FORTRAN Program Listing for Nonisotropic
Monte Carlo Calculation

(See Appendix A for summary of data cards)
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4 FORMAT(66H ' R MONTE CARLO CALZULATION FO
XR MOFP = 12s9H ZOFP = 12s9H MOFT = I3s9H ZOFT = 13///)
6 FORMAT(2H1 1292H /s12s2H /127)
8 FORMAT(3110)
9 READBsMONTHsDAYsYEAR
11 READ 215 (R{I)sI=1,11)
12 FORMAT(4110)
14 READ12sMOFP»ZOFPsMOFT»ZOFT
10 PRINT69MONTH DAY s YEAR
16 PRINT4sMOFPsZOFP sMOFT s ZOFT
18 FORMAT(2F104251105F104252E10e45110)
19 FORMAT(28X7H REX = F8e25s10X5H T = FBe2/28XS5H F = E1044s8X5H G = El
XVet//)
20 READ18sTsDsNRXNsREXsFsGsNS
21 FORMAT(11F6.3)
22 FORMAT(13F10.2)
23 PRINT 19s REXs TsFsG
24 DIMENSION G(13)s EX{13}s PHI({11)s SAC{11)s EN(13), P(12)
25 DIMENSION R(11J5AA(11)}sBB(11)sPSI(11)sENSUMI13}92(2049) sNA(12)
DIMENSION CHI(12),TN(10), ANGLE (10} W(2649)
DIMENSION SACA(10)s TAN(10)
26 M = NRXN + NS + 1
27 READ 225(Q(1)s I=1sM)
28 FORMAT(F1042s110)
29 FORMAT(47H ELAB = F8.2//)
30 READ28sELABN
31 PRINT 29,ELAB

MOF T

32 AOFT

34 AOFP MOFP
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36 ECM = ((ELAB¥AOFT)/(AQFT+AOFP)) - REX

37 PA = SQRTF(2«*A0OFP*(ECM + REX))

39 DO 40 I=1sM

40 EX(I) = ECM + Q1)
41 ENSUM(1) = U
45 ENN = N

47 FORMAT (9H SUMAA = F10.1}
52 DO 54 I=1,11

54 PHI(I)= ATANF( R(I1)/D)

57 SAC(1) =1

58 DO 60 I=2,11

60 SAC(I)=(1e-COSF(PHI{1)))/(COSF{PHI(I~1))-COSF(PHI(L)))
71 FORMAT(5H G = 13F842///)
73 PRINT 71s(Q(1)s 1=1sM)

74 DO 75 I=1s11 -

75 AA(I) = O,

2u4 DELTAE = EX{(1)/2048.

206 211) = 1.

207 DO 210 N=2,2049

208 E = N-1

209 PAR = (E#DELTAE)/T

210 Z(N) = EXPF(-PAR)*(1e+PAR)
150 DELCHI = 3414159/2048.

151 Wll) = 24 #*(F + G/34)

152 TRM = W(l)/2.

153 DO 156 N = 5,2049

154 GE = N = 1

155 ANG = GE * DELCHI

156 W(N) = F #* COSF(ANG) + G/3+% (COSF(ANG))*%*3 + TRM

550 DO 554 N = 1s1C
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82 TN{N) = 0o ’ e
552 B8 = N ‘

554 ANGLE(N) = B%.314159

400 SACA(1) = 1.

402 DO 404 I = 2510
404 SACA{I)I=(1e—COSF{ANGLE(1)))/(COSF(ANGLE(I-1))-COSFIANGLE(I)})
650 IF(SENSE SWITCH 1} 652+80
DIMENSION SE(65)s NN(65912) o S
652 DO 656 J =14+65
654 DO 656 I=1sNRXN

656 NN(JsI) 0

658 DELN = 0.20
660 DO 664 J=2465
Ld

662 FT = J - 1

664 SE(J) = FT* DELN

]
C
.

666 SE(1)
80 DO 81 I=1sM
81 NA(I) = Q
83 SUMAA = Q.
86 DO 102 I=1sM

214 J (EX{I)-ENSUM{T))/DELTAE.

216 N J+1

218 ZEX = Z{N)

220 ZR = (RANF(X))#(le-ZEX)+ZEX

221 CALL SCAN (ZRsZ,sFN)
224 EN(I) = (FN*DELTAE)-DELTAE

95 ENSUM({I+1) = EN(I) + ENSUMI(I)

96 IF(EX(I+1) = ENSUM(I+1))97,975101 . : :
97 NA(I}) = NA(I) + 1

99 GO TO 103



101
102
103
105
106
670
672
674
676
499
500
501
502
503
504
505

108

116
118
512
514

515

520
521

522
523
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[F(1-13 ) 102483583
CONTINUE

IF (NRXN-1 183,105,83

DO 106 I=1»NRXN

P(I) = SQRTF(2.*EN(I))

IF (SENSE SWITCH 1) 672,499
DO 676 1=1sNRXN

CALL LOOKUP (ENsSEsJds I}

NN(JsI} = NN({JsI) + 1
PX = 0.
PY = Q.
PZ = 0.

DO 528 I=1sNRXN

WR = W(1l) * RANF{X)

CALL SCAN (WRs Ws FN)

CHI(I) = (FN % DELCHI) - DELCHI

IF (SENSE SWITCH 5) 110s512

DO 116 N=1,10

IF (CHI(I) - ANGLE(N)) 118s118s114

IF(N-10) 116+118s118

CONTINUE

TN(N) = TN(N) + 1.

IF{I=-1) 51455144520

CHIR = COSF(CHI(I1})

vV = P(1)

IFINRXN = 1) 53145315520

RAZIM = 642831854 % RANF{X)

PX = PX + P{I) # SINF(CHI(I}) * COSF(RAZIM)
PY = PY + P(I) * SINF(CHI(I)) % SINF(RAZIM)

PZ = PZ + P(1) * COSF{(CHI(I})
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526 IF(I-NRXN) 52855295529
528 CONTINUE

529 V = SQRTF(PX¥¥2 + PY*¥2 4+ PZ#%Q)

530 CHIR = PZ/V

531 THETA = ATANF((SQRTF{1l. = CHIR#¥2))/(CHIR + PA/V))

126 DO 130 I=1,s11

128 IF(THETA - PHI(I)) 132,132,129

129 IF(I-11) 13051325132

130 CONTINUE

132 AA(L) = AA(L) + 1.

421 DO 422 1=1,11 -
422 SUMAA = SUMAA + AA(I)

423 IF (SENSE SWITCH 3) 424,425

424 PRINT 47, SUMAA

425 IF(SENSE SWITCH 4) 428,426

426 IF(ENN - SUMAA) 4285428583

428 DO 429 I=1s11

429 BB(I1)=AA(1)%SAC(]) ‘ ,
430 PSI(1)1=57.296%PHI(1)/2,

431 DO 432 1=2511

432 PSI(I) = 28e4648%#(PHI(I=1)1+PHI(I))
435 FORMAT{110H PSI(1) PSI(2) PSI(3) PSI(4) PSI(5) P
XSl(é6) PSI(7) PSI(8) PSI(9) PSI(10) PSI(11)

436 PRINT 435

437 FORMAT £11F10.3//)

438 PRINT 4374 (PSI(1)s I=1911)

440 PRINT 4379(BB(T1)sI=1s11)

444 FORMAT(107H N1 N2 N3 N& N5 N6&
X N7 N8 N9 N10 N11 N12 )/)

445 FORMAT (1X 10E11e3//7)
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446 PRINT 444

447 FORMAT (1X10F1145//)

448 FORMAT (1219 ///) ’

449 FORMAT(26H NEUTRON ANGULAR SPECTRUM /7X3H Al»8X3H A2»8X6H A3,8X3H
XA4 y8X3H A5,8X3H A6»8X3H A7,8X3H A8sB8X3H A9,8X4H Al0 )

450 PRINT 4485 (NA(I)sIz1sM)

570 IF (SENSE SWITCH 5) 572,453

572 PRINT 449

574 PRINT 447s (ANGLE(N)s N=1510)

408 DO 410 1= 1,10

N =1

410 TAN(I} = TN(N)*SACA(I)

576 PRINT 445, (TAN(I)s I=1510)

680 IF (SENSE SWITCH 1) 6825453

682 PRINT 690

684 DO 688 J=1565

688 PRINT 692s SE(J}s(NN(Jsl)s I=1sNRXN)

690 FORMAT(24H NEUTRON ENERGY SPECTRA /8H ENERGY 5X4H N1 4X4H N2 4X4H
X N3 4X4H N& 4X4H NS5 4X4H N6 4X4H N7 4X4H N8 4X4H N9 4X5H N10 4XS5H
XN11 4X5H N12 //)

692 FORMAT (F6els 2X1218)

453 GO TO 14

456 END (09190504+0)
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C. FORTRAN Program Subroutines for the
Monte Carlo Calculations

Subroutine SCAN searches the 2049-space tables of Z and R.
Subroutine LOOKURP locates the neutron energies in the neutron energy

spectra.



300

301
302
303
304
305
306
307
308
309

310

312
313

314

316
317
318
319
320
321
322
323
324
325
326

327
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SUBROUTINE SCAN (ZRsZsFN)

DIMENSION Z(2049)

N = 1025

IF(ZR=Z(N) 130352225305
N=N+512

GO TO 307

N=N-512

GO TO 307
IF(ZR=Z(N))30852225310
N=N+256

GO TO 312

N=N-256

GO TO 312

IF(ZR-Z(N)) 31352225315
N=N+128

GO TO 317

N=N-128

GO TO 317

IF(ZR=Z(N) 131852225320
NEN+64

GO TO 322

N=N-64

GO TO 322
IF(ZR-Z(N))323,2225325
N=N+32

GO TO 327

N=N-32

GO TO 327

IF(ZR-2{(N})328+222+330



328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

351

226 -

228
222
223

352
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N=N+16 .
GO TO 332

N=N-16

GO TO 332

IF(ZR-Z(N) 133342225335
N=N+8

GO TO 337

N=N-8

GO TO 337
IF(ZR-Z(N))3384222+340
N=N+4

GO TO 342

N=N=4

GO TO 342 -

IF(ZR-Z(N) 134352224345
N=N+2

GO TO 347

N=N-2

GO TO 347
IF(ZR=Z(N))3485222+350
N=N+1

GO TO 226

N=N-1

GO TO 226

IF(ZR-Z(N)) 22252225228

N =N+ 1
FN = N
RETURN

END (091509051



600

601
602
6U3
604
6U5
606
6U7
608
609

610

612
613
614
615
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SUBROUTINE LOOKUP (ENs SEs Js 1)
DIMENSION EN(13) s SE(65)

J = 33

IF(ENCT)Y = SE(J)) 6059+ 627, 603
J=J + 16

GO TO. 607

J = J - 16

GO TO 607

IF(EN(I) - SE(J)) 61026279608

GO TO 612

IF{EN(T) = SE(J)) 61546274613

GO TO 617
IF(EN(I) = SE(J)) 62096275618
J="J+ 2
GO TO 622
J=J-2
GO TO 622
IF(EN(I) ~ SE(J)) 62556279623
J=J+1
GO TO 629
J=J =1

GO TO 629



629
630

627

628

;96_

IF(EN(I)I-SE(J)) 62796274630
J=J+1
RETURN

END(091+05050)
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D. Derivations of the Integral Probability
Functions Used in the Calculations

1. Derivation of the integral energy-pro.bability function .

In Sec.Ill-1 we assume the neutron-energy spectrum to have the

form dn
Integrating gives E
n = --T2 exp(—En/T) (—Ti +1) + C. - {(D-2)

Then, applying the boundary conditions:
(a) n = 0 for Eh/T =0,

and 0=-T?+cC, c=T%
(b) n=1for E /T = 10,
and 1=T[1-e10 1] ~ T
and substituting in (D-2):
n=1- exp(-Ey/T) (_T’i +1). (D-3)
The distribution is then inverted by d%fining
Z =1-n=exp(-E_/T). _TE +1), (D-4)

which is the energy probability function illustrated in Figure 9.

2. Derivation of the angular probability function

We wish to have anistropy with the form

W(0) = I = A + B cos’o, | (D-5)
where dR =(A + B cosze) dS2; but d2 = 2w sin0d8,
so dR = 27 sin6 (A + B cos>0) de.
Integrating this from 0 to m and absorbing 27 into the constants gives
R =A cosH + % cos36, (D-6)
for G -0, R > A cos6, the condition for isotropy; and for G > = ,
R —>B-§ cos39. The limits are, for 8 =0, R = A + E ,
and for 8=m, R= —(A+%).

To eliminate the need for changing the sign of R for second-
quadrant angles, the function is adjusted by shifting the ordinate to allow

all values of R to be positive, hence

R = (A cos6 + % cos36) + A+ %,
which is the energy probability function illustrated in Figure 12.

(D-7)
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. APPENDIX E

A summary of the recoil angular distributions calculated by the

Monte Carlo method follows in Tables E-I'through E-V,.



TABLE E-I _
Summary of Monte Carlo recoil angular distribution data — -RaZZ()(a, 4n)Th226, T =1.0 Mev

Relative d;/dR, for angles in degrees®

s — : . —, W(1/2)¢
Mev 2.31 5.97 8.72 11.47 1hk.24 16.88 19.37 21.85 2k.23 26.57 28.75 Degrees
32.9° 850 529 263  8h.1 8.00 0 - 7.0
34,1 1319 957 572 240 6h.2 6.6k 0 8.6
35.5 111k 817 540 302 116 30.8 L.ho 0 8.2
%.1 1100 790  5h3 204 127 37.4 6.3 0 8.3
37.2 925 760 5&9" 314 143 49.7  13.9 1.27 - 0.19 O 9.5
38.2 890 768 512 318 151 62.9  16.3 1.90 0 9.4
39.3 906 733 514 208 159 65.6 25.1 L.k 0.38 0 9.2
40.2 865 728 528 286 159 70.1  24.6 8.k 3,05 9.8
k1.6 853 © 723 489 308 156 k.1 32.8 .8.87 1.90 1.29 9.3
he.2 839 687 499 300 168 81.8 30.k4 9.29 3.05 0.37 9.5
43. 2 752 668 478 302 192 82.8 39.6 1 .8 5.71 0.37 0.19 1o.o
uui.5 737 620 W7o 317 187 9&.0 - 40.9 15.0 4,95 1.29 0 10.3
46.2 '656' 535 460 330 | 188 116 '56.8 23.6 5.71 1.11 0.56 11.3
ta) See reference 69, - _ ¢ Overall error estimated to-be - o

2568 cases for 32.9 Mev; all others, 5000 caSes.‘ _ < :t 0.5 degrees.

_66_



TABLE E-II

Summafy of Monte Carlo recoil angular distribution data - szos(a, Zn)Pozm, T = 1. 45 Mev
E . _ Relative __<,io/dQ,. for angl(‘e.sv in de/greesa W(l/Z.)b
Mev  2.31  5.97 8.72 1l1.h7  1k.2k  16.88  19.38  21.85 2h.23  26.57  Degrees
2.7 16hke 1272 597 36.3 0 0 : | o o | 7.7
22.3 1339 11k 68k 15k 1.06. O f | 8.8
23.1 1130 926 657 304 3.6 0 o | | 9.2
2.0 974 830 606 359 9.2 5.0k 0 R | 10.0
25.1 878 759 570 345 160  26.6  ohk o | 10.0
26.2 886 726 535 337 172 53.1 5.06 o . 10.0
27.2 B9 706 506 322 188 C6h.5  16.5 o : 9.8
28.7 816 691 508 315 18 80.2  22.9 2.1 0 10.2
29.7° %93 k32 330 208 . 116 45.9 13.9 2.53  0.19 0 10.6
31.7 666 616 488 38 202  87.9  36.8  10.5 0.76 0 . 11.0
33.0 - 615 525 ' u55j » 341 232 129 : 36.3 13.1 0.76 0 12.5
35.2 498 478 386 Y b 173 69.1  23.9 4.00  0.18 14.0

37.2 beh 376 383 315 223 166 11k 37.6  6.28 1.48 1k.2

® See reference 69. .

Qverall_error is estimated to >be < 0 5, degx;ee. 7
€ Case for 29.7 Mev was 3168 cases; all others were 5000 cases.




TABLE E-II1

321

219

- 128 © 66,0

27 .4

9.06

2.17

Summary of Monte Carlo recoil angular distribution data® — Pb207(o., n)Po‘210
T = 0.5 Mev
Ea . Relative dg/dQ, for angles in degreesb
Mev 1.5  3.99 5.8% 7.70 9.61  I11.Lk 13.20 14,97 16.71 184k 20.09
19.7 1219 1022 565 230 53.6 9.91 1.61 0
20.5 998 1089 618 227 58.1. 7.686 1.8 o |
21;7é ’ 30k '342 'ulu 600 196 33.4 2.81 0.56 0.16 0
22.3d 90 110 114 159 148 26.5 3.61 0.38 0
R e = 2.00 Mev
19.7 . 350 . 345 357 278 228 159 10k 56.5  19.h 0.31
20.5 :332 . 357 356 284 223 154 99.7 54.8 25.9 2.94
1.7 218 209 L2k 319 261 178 - 120 58.9 36.1 11.3
. 22.3 .. 169. . 170 .19k . 271 . 298 .. 208 125 70.9 - 3b.2 3.8 0.15
23.1 154 . 153 172 198 269 236 . 160 - 78.8 4L .5 19.0 1.82
2k.0 113 135 135, 162 185 280 - 195 - 106  56.2 19.7 4. 70
L : T = 1. 40 Mev |
“19.7  bs6.  b57 . ko8 3250 22k 125 68.8 304 9.72 0.6
S21.7 237 246 280  Lhe3 298 .163'>‘ 76.5 34,0 13.5 . 3.56 0 . ..
20,5 k2 k98 116 '

-continued next page-

-0t~



TABLE E-III (continued)

T =1,40 Mev

E R_elati\}e dg/de, :‘for angles in degrees®

Mev 2,32 5.97 8.7z _11.ky  1bk.2h 1688 19.38  21.05

223 W3 sk3 8oz 8B 138 35.0 5.5 0
23.1 358 ) '446 | '579 60k 193 - U48.3 h.ho .0
2k.0 305 345 431 661 268 1 67.2 10.3 -0

—
b

[« TN o]

These data represent 5000 cases exc‘e_pt where indicated;
See referenc-é 70. | | '
4478 cases.

1700 cases.

€ See re_ference 69.}

-20%-



' TABLE E-1V

Summary of Monte Carlo recoil angular distribution data® ~ Pritict?, 4n) o1, T = 1.5 Mev
Ecl2 Relative dg/dR, for angles in degrees® w(1/2)¢
Mev 1.5 3.99 5.8% 7.0 9.61 11.4h 13,20 1k.97 16.71  18.44 Degrees
55.0 | k25 898 405 89.6 6.6k 0O | k.2
- 58.0 1098 - 816 L3y 176 35.8  2.97 0 5.0
61.5 | 965 7"2& W6 207 68.8  8.h2 0 5.5
| 6k.5 919 710 k20 © 219 72.8 23.0 3.21 0.19 o 5.5
69.5 820 603 - hoh 238 111 36.2 8.83 1.69 0 5.7
T1.5 693 6ok 410 250 118 145.8 10.4 2.06 0 6.4
~75".0 683 506 391 252 14 57.0 21.0 2.82 0.33 0 6.3 S
- ;

Overall error is estimated to be < * 0,5 degree.

See refe rence 70.

4000 cases for each e'nergy_.




TABLE E-V

130, .12

Summary of Monte Carlo recoil angular distribution data = Te ™ (C™7, 4n)Ce137

T =2.5Mev, B/A=1.2

Ech .‘No._ "‘.Rev‘lét-inv‘e dg/df?; for énglés in degréésa ' B W('l/z)’b
Mev  Cases 1.5k 3.99 5,84 7.70 - 9.61 11.44 13.20 14.97 16.71 Degrees
59.0 2023 681 39k 208  70.h  13.7  1.98 0 | b2
6L.5 4819 1215 850 516 2hs 86.3 15.6 1.40 0 5.3
69.0 7018 1579  1lze hh 399 153  L18.8  10.6  0.56 5.4
75.0 2000 383 319 . 196 123 53.8 19.1 5.42 1.13 5.7
81.0 8641 1616 1256 907 515 2k 91.6 30.7 6.9k 0.99 6.1
87.5 9652 1762 . 1415 977 579 29k 107 30.3 8.26 0.82 6.3
| . , T = 1.5 Mev, B/A =1.2 |
59.0 10000 3250 2086 993 344 69.8 6.93  0.20 0 k.7
64.5 10000 2641 1870 1045 k49O 137 30.0 5.02 0.38 : 5.2
69.0 9716 2479 1750 1040 470 160 36.2 7.63 0.56 0 5.7
75.0 7237 1548 1206 735 398 168 = 62.h4 k.4 3.00 0.33 5.7
81.0 10000 . 1798 = 1486 992 599 303 117 C37.7 7.69 1.65 6.2
87.5 3580 670 52 33 20k 111 49.3  17.9  5.63  0.66 5.7

-continued next page-



TABLE E-V (continued)

T = 2.5 Mev, isotropic

"En12 No. : Relative dg/dR, for angles in degrees® . W(1/2) b
Mev Cases 1.54 = 3,99 5.84 7.70 - 9.61 11.4% © 13.20° 14.97 16.71 Degrees
159.0 2000 389 289 2z - 117  54.3  20.1 kb2 0.75 0 6.2

. 6k.5 2000 323 235 20k 133 62.4 30.0 . 13.0 4 .50 0.66 6.6

T 69.0 2000 270 192 126 . Tha 37.1 13.6 5.4k 1.15 0.31 7.5
75.0 2000, 239 210 170 - 126 82.0 45.8 20.7 8.4 2.6h 7.6

- -81.0 2000 218 187 164 112 82,0  52.5 27.9  1ha 5.76 8.7
87.5 2000 177 184 148 107 860  55.7  33.1  19.3 6.k2" 8.7

See refe_rencé 70.

Overall error is estimated to be < = 0.5 degree.

-¢ot1-
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