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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 

Ra 226( a, 4n)Th 226 • Pb208( a, 2n)Po210, Prl41( Cl2 • 4n)Tbl49, 

Te130(c12 , 5n)Ce137m, and Pb
207

(a, n)Po 210 . The experimental angular 

distributions were compared with distributions calculated by a Monte 

Carlo method based upon the compound-nucleus and statistical models. 
226 141 12 . . 

The results from the Ra (a, 4n) and Pr ( C , 4n) reactlons are 1n 
130 12 

agreement with the simple theory. The Te , ( C , Sn) data can be 

explained by formation of a compound nucleus which de-excites with 
208 

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

Pb 2 0 7( ) . . b . 1 t . b . f d. t a, n experiments require su stantla con r1 utlons rom Irec -

interaction mechanisms. 
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I. INTRODUCTION 

Studies of nuclear reactions have been most .commonly made by 
., ) . ·' 

either of two general techniques: (a) The energy and angular-spectra 

of the emitted light particles having been examined, total cross sections 

for producing the particles are then determined by integrating over the 

entire solid angle; and (b) The cross se.ctions for for!l)ation ofspecific 

radioactive products have been 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 determin~d by summing the cross sections 

for all possible products. 

When the chief interest is in the reaction mode leading to one 

particular product, the energy and angular distributions of the emitted 

light products may not give adequate 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. l- 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 

of the reactions Bi209(u, xn), Bi209(d, xn) and Cm
244

(u, 2n). l, 
2 

These 

workers also developed a Monte Carlo method for calculating the 

angular 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 Ra 
226

(a, 4n)Th
226

, 

Pb
208

(a, 2n)Po 210 , P1}
4

\ c12
, 4n)Tb149 , Pb

207
( a, n)Po 210 , and 

Te
130

(c
12

, 5n)Ce137m. These reactions were selected because good 

cross-section data are available, and because they involve nuclei both 

near and distant from closed nuclear shells, in that part of the heavy

·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 
130 

Te was chosen because of some unusual features noted by Choppin and 

co-workers in the study of the excitation functions. 
4

• 5 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. 
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II. EXPERIMENTAL PROCEDURES. 
A. Angular Distribution Studies 

Preparation of Targets 
226 

a. Ra targets. 
226 

The Ra targets were prepared by vacuum 

vaporization of radium chloride onto 0. 001-in. aluminum foiL A drop 

of RaC1 2 solution w.as 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 foil suspended above. Thickness of the radium 

deposit was controlled by the length of the heating period, and was 

determined by direct alpha count of a known area of the aluminum foil in 

a low- geometry ( 0. 12%) alpha scintillation counter. Thickness of the 

radium on the foil was found to beL 2±0. 2 iJ.g/cm
2

. 

b. Pb
208 

targets. The composition of the enriched isotope used 
208 207 206 

was Ph , 96. 0±0. 1%; Pb . , 2. 8±0. 1%; Pb , 1. 2±0. 1%; and 
204 6 

Pb , < 0. 1%. The targets were prepared by vacuum evaporation of 

lead metal from a graphite crucible onto 0. 001-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 mp.. The lead concentration was determined by 

comparison with 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 f9und to be 1. 0±0. 2 r~-g/cm2 . 
c. Pb

207 
targets. The composition of the enriched isotope used 

207 . 208 206 
was Pb , 71. 5± 0. 2%; Pb , 25±0. 2%; Pb , 3. 5±0. 1%; and 

204 6 
Pb , < 0. 2%. 

208 
Pb targets. 

jJ.g/ cm
2

. 

These targets were prepared in the same way as the 

The thickness of the .deposit in this case was 0. 50±0. 08 

d. ~e130 targets. These targets were prepared by electroplating 

enriched Te
130 

onto gold foils 10-
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 
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3 cc of 3M perchloric acid containing 0. 2 mg/ml of Te
130

. The anode· 

was positioned approximately 0. 5 em above the cathode. A current of 

0 .. 4 to 0 .. 5 ma, at 1 .. 8 to 1., 9 v , was allowed to flow for abOut 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 i+g/ cm
2

. ·. The error in target thickness 
2 

was about ±5 jJ.g/ em . Plating yields attainable by this procedure were 

about 30%. 
141 

e. Pr 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 jJ.g/ cm
2 

Pr
141

. 

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 Walton 9 , which are also consistent with the published data of 
. 10 
Northcliffe. 

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. 001-in. aluminum foil 4. 6 em 

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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FARADAY CUP 
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He COOLING 

MU-13709 

Fig. 1. Recoil target assembly 
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was either 4. 0 or 6. 0 em, 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 pres sure 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 collecte9. 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 iJ.amp for helium-ion bombardments and 

0. 2 to 0. 4 iJ.amp 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, 
226 226 ll 

a. Ra (a., 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 Th
226 

( 30.9 min)
12 

and its short-lived decay daughters 
222 12 218 12 214 -4 13 

Ra ( 38 sec) , Rn ( 0. 019 sec) , and Po (1. 6xl0 sec). 

This is shown in Fig. 2. This mixture decayed effectively with the 

half life of Th 
226

; therefore, at these energies a gross alpha count was 

sufficient for measuring the relative yields of Th 
226

. 
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T h226 Ra222 

6.33 6.55 

30 

Channel number 

40 50 

7.00 

E 
(Mev) 

6.00 

MU-23025 

Fig. 2. Pulse-height analysis of Ring 2, 8 = 5. 9 7 deg (solid line) and 
erierty vs channe{; number (dashed line) for products of the reaction 
Ra22 (a, 4n)Th2 2 at 38. 2 Mev bombarding energy. The activities 
with symbols underscored are decay products of Th226. 
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It is also possible to obtain some Po
214 

from the decay of 

Rn222 ( 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 under 

an infrared lamp prior to bombardment; the heating removed the 

emanations in equilibrium with the radium on the target surface. 

At helium-ion energies less than about 37 Mev, yields of the 

(a, 3n) product (Th
227

) and its decay series became significant. It then 
226 became necessary to resolve the Th products on the alpha pulse-

height analyzer. 

b. Pb
208

(i:t; 2n)Po
210

; Q = - 19. 52 Mev. 
11 

Puise-height analysis 

and gross alpha decay counts indicated that the only significant product 
. 210 . 16 

of this reactwn was Po (138. 4 d) ; co~sequently, only gross alpha 

counts of each ring were required. Figur,e 3 shows a typical pulse

height analysis. 

In these bombardments, 5 to 15% of the total Po
210 

activity 

observed in the center ring of the catcher was due to activation of 

trace impurities of lead in the catcher foil itself. This impurity 

effect was measured by bombarding a blank 11target 11 foil and catcher 

foil under normal experimental conditions at an energy corresponding 

to the highest cross section for this reaction. Assuming>the primary 

· · b Pb208 11 h t' . . . h f' . f h 1mpur1ty to e . , a t e gross ac 1v1t1es 1n t e 1rst r1ng or t e 

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 Po
210 

activity to be the difference between the two counts, and was 

based upon the assumption that the induced activities 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. 1/ 
207 210 11 

c. Pb (a, n) Po ; Q = - 12. 15 Mev. Alpha pulse-height 
210 

analysis showed Po 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 Pb
208 

in these targets, 

the yield of Po
210 

from the Pb
208

(a., 2n) reaction was substantial for 
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·' I I I I 

- 7.00 
5.30 

IOOOr E (Mev) 

800- s.oo 

~· 

c: 600-
::J 

-~ 4oor- 5·00 -tJ 

1 1 I 
10 20 •30 40 50 

Channel number 

MU-23026 

Fig. 3. Pulse-height analysis of Ring 3, · 8,;, 8. 71 deg (solid line) and 
·· enet:JZ.V vs ·channel number (dashed line) for products of the reaction 

Pb2 UCf(a, 2n)Po210 at 31. 7 Mev bombarding energy. 
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practically every bombardment. 
17 

This contribution was corrected in 
208 . 207 

the following way: The amount of Pb m the Pb targets was 

precisely determined by measuring the yield of Po
210 

produced at 

29.7 Mev, which is near the maximum Pb
208

(a., 2n) cross section. At 
. 210 208 207 

that energy the total y1eld of Po comes from Pb ; the Pb · (a., 2n) 

product, Po 209 (103 yr)
18

, was not produced in sufficient quantity to 

interfere. The experimental recoil angular distributions for the 

Pb
207

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

the Pb
208

( a.,.Zn) angular distributions taken at corresponding bombarding 

energies; these Pb
208

(a., 2n) angular distributions had been adjusted in 

yield corresponding to the Pb
208 

content of the Pb
207 

targets and the 

conditions of the particular experiment. 
141 12 . 149 19 

d. Pr ( C , 4n)Tb ; Q = - 44. 9 Mev. Alpha pulse-

height analysis and gross alpha-decay counts showed the major alpha

emitting produc~ to be Tb149 ( 4. 1 hr)
20

. Fig1.1re 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 6 5 

Mev, lOo/o to 20o/o 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 

Te
130

( c12
, 5n)Ce

137
m; Q = .,. 40. 8 Mev. 

21 
For this system, the 

probable yield. of numerous beta- and gamma-emitting 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 oxalate
23 

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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MU.,-23027 

Fig. 4. Pulse-height analysis of Ring 2, 8 = 3. 99 deg (solid line) and 
enerr,y vs channel number (dashed line) for products of the reaction 

· Prl4 (cl2, 4n)Tbl49 at 61.5 Mev bombarding energy. 
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described by Bayhurst and Prestwood
24 

and Blann. 
25

, The relative 

content of Ce137m ( 34. 5 hr)
26 

was conveniently determined by 

counting the 230-kev conversion electrons
27 

from the 255-kev 

. . t . t. 2 6 Th . f h. . . h 1somer1c rans1 10n. e mass ass1gnment or t .1s achv1ty as 
. 26 28 29 

been checked several hmes. ' ' Decays of the samples were 
137m followed for 5 to 7 days. The decay curve for the Ce was 

resolved graphically in each case. 

5. Treatment of Data 

For each experiment, the product activity in each ring was 

determined. Where necessary, corrections 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 
. 135m 

for 2 32- kev convers1on electrons from Ba . 

The activities in each ring were correqed for solid angle. Then 

plots were prepared of the logarithm of the relat~ve differential 

cross section as a function of the angle of the recoil with respect 

to the beam axis, in the laboratory system. 

In the Pb
208

( 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 Ra
226

(a., 4n) and Pb
208

(a., 2n) reactions, a triaL-and-error 

correctionwas made for scattering of the beam particles :i.n the foils, 

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. 

This correction was about 0. 5 deg at the angle for which the differential 

cross section was reduced to half its forward value; however, it was 

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

attempted in the carbon-ion bombardments. Unlike those with He 
4 

ions, these experiments showed practically no recoil events beyond 

.. 

,J 
~ 
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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 He 
4 

cases, and well within the limits of 

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

1. . 'Preparation of Ta.'rge'ts 
'.< 

' • i" 
',· •. 

a. Natura( telhirii.un targets. Natural tellurium was used for 

this purpose because 'of the requirement fo~ thicker target ·deposits 

supported on aluminum. The targets were prepared by vacuum 

evaporation of natural tellurium meta1
32 

from a hot tantalum strip 

onto 0, 00025-.in~ 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 tJ.g/ cm
2 

of tellurium. 

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

purpose for the same reason as given above. The targets were 
0 33 

prepared by vacuum evaporatiOn of natural lead metal, by the same 
208 

technique as for the Pb 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/ cm
2

. 

2. Bombardment Procedures 

The recoil range studies described here were of two general 

types: (a) The thick-target integral-range experiment of the type 

described 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 
Target surface 

density 

= 
Recoil activity in catcher foil.• 
Recoil activity m both target 

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 'J 

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. 
226 226 

a. Ra (a, 4n)Th . 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 cha,.mber 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. So 

Before bombardment, 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 ai'r; then the hydrogen pressure was adjusted 

to 2. 4 to 4. 0 em of rn~rcury. This range of pressure placed the 

average range of the recoils approximately half-way down the 

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

potential 600 v .negative wit~ 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~., 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 

4 7 Mev. The tar_get stack was not cooled, so it was necessary to 

·maintain the beam current at about 0. 05 f.Lamp to avoid damage to the 

lead coatings. Since the stack of foils was thick enough to stop the 

beam particles', the beam was measured by conn~cting the beam

integrating electrometer directly to the targets. 
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ZN-2746 

Fig. 5 . Recoil target assembly modified for range measurements 
of Th22 6 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. 
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These experiments used the 

differential range technique; the stopping medium was a stack of 

aluminum leaf. The aluminum foils used had surface densities of 

164 and 169 f.Lg/cm
2

. 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-cooled target 

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. Ra 226 (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 + He 
4

. After 2 weeks 1 decay, each target and 

catcher foil was counted for gross alpha activities. After 30 days 1 

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 

Pb(a., xn) reactions. A typical pulse-height analysis is shown in 

Fig. 6. The products observed in significant quantities were Po
208 

and Po
210

. Table I shows that this is not surprising. Another 

possible source of Po 
210 

was the 10-
4 

o/o bismuth impurity in the lead 

target material. The Bi209(a., 3n)At
210 

reaction product decays to 
210 35 210 . 

Po by K-electron capture; the total Po produced by th1s 

mechanism should have contributed less than 1 a. count per minute 

(< 0. 7o/o) at the most favorable energy for the (a., 3n) reactions. Any 
209 36 211 37 

amounts of At (5. 5 hr) and At (7. 2 hr) produced would have 

completely decayed before the alpha counting was done. 
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MU- 23028 

Fig. 6. Alpha pulse-height analysis of the catcher foil containing the 
gross recoil products from the reactions of natural Pb+He4 at 
30.1 Mev. Broken line is a plot of energy vs channel number. 

I 

';) 



:\, 1<(, • 

Table I. Products from natural Pb +He 4 

Pb204 Pb206 Pb207 Pb208 

Abundance (1. 4o/o) { 25. 1%) (21. 7%) '(52. 3%) 

Reaction: 

(a, n) 207 Po ( 5. 7h, a, EC) 209 Po (103y, a) Po
210

(138d, a) 211 
Po (25s,a) 

(a, 2n) 
206. . 

Po ( 8. 8d, a, EC) Po
208

( 2. 9 3y, a) 209 Po (103y, a) Po
210

( 138d, a) 

(a, 3n) 
205 

Po (L 8h, a, EC) 
207 . 

Po ( 5. 7h, a, EC) 
208 

Po (2.93y,a) 209 Po (103y, a) 

I 

204 . 206 . 207 208 N 

(a, 4n) Po ( 3. 8h, a, EC) Po ( 8. 8d, a, EC) Po ( 5. 7h, a, EC) Po ( 2. 9 3y, a) l.V 
I 
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4. Counting Procedures for Reactions Producing Gamma-Emitting 
Radioactive Products 

Natural Te + c12
. In order to count these reaction products it 

was necessary to separat·e them chemically from the aluminum foils. 

Because of the large number of foils used in a given bombardment, the 

chemical procedure 
2 3 

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 ( c12
, xn) and (c12

, pxn) reactions . 
. 

The bombarding energies for these experiments were 70, 80. 3, 

90, and 99. 5 Mev. From Choppin 1s excitation functions, 
4 

only the 

( c12
, 4n-6n) reactions would be expected. Presumably the 

(C12 , p3n-p5n) 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 were 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 Ce
134

. The very short-lived and very long-lived 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. 

I' .. 
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Table II. 
. 12 

Products from natural Te + C 

Tel26 Tel28 Tel30 

Abundances ( 18. 7o/o) ( 31. 8o/o) (34. 5%) 

Reactions: 

( c12
' 4n) 

134 
Ce ( 72hr, E. C.) 

136 
Ce (stable) 

138 
Ce (stable) 

134 . + 
La (6. Smm, 13 ) 

134 
Ba (stable) 

( c12 , Sn) Ce133(6. 3hr, 13+) Ce135(22hr, 13+) 137m · -
C ~ ( 34. 5 h r, I. T. ) 

L} 33(4hr, 13+) 135 - 137{6 4 c ) La (19. Shr, E. C.) La - xlO yr,.E. , . _ 
133m Ba135m( 28. 7hr, E. G.) 

-·...,-.·. .......... _ . 

Ba (38.8hr,I.T.) 

( c12
' 6n) Ce132(4. 2hr, 13+) 134 

Ce ( 72hr, E. C.) 
136 

Ce (stable) 

La132( 4. Shr, 13 +) 134 . + 
La ( 6. Smm, 13 ) I 

132 134 N 

Ba (stable) Ba (stable) \.J1 

' 
12 134 . + 136 . + La138(I011y~, 13"") ( C , p3n) La (6. Smm, 13 ) La (9. Smm, 13 ) 

134 136 Ba (stable) Ba (stable) 

12 
( C , p4n) La13 \ 4hr, 13 +) 135 

La (19. Shr, E. C) 
137 . - 4 -

La (6xl0 yr, E. C. ) 
133m 

Ba (38. 8hr,I. T.) 
135m -

Ba (28. 7hr, I. T.) 

12 ( C , p5n) La132(4. Shr, 13+) 134 . + La (6. Smm, 13 ) La136(9.5min, 13+) 
132 

Ba (stable) 
134 Ba · (stable) 

136 Ba (stable) 
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5. Treatment of Data. 

a. Ra 226(a, 4n)Th
226

. 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. Probability plots were constructed 

from the recoil data, from which were determined the mean ranges and 

the .range straggling. 

b. Natural Pb +He 
4
. From the product yields in the targets 

and catchers the mean range was calculated for each target ... A plot 

was then constructed of recoil rang=vs bombarding energy. 

c. Natural Te + c12
. '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 

determined from these. 

, 

' 
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IlL MONTE CARLO CALCULATIONS, 

The application of Monte Carlo methods to nuclear reaction 
.. ·. . . . 38 

studies was originally suggested by Ulam and von Neumann. The 

technique was initially used by Gold'berger for a. nuclear cascade 
. I 

model. 39 Qualitative success has been reported by a number of other 
40-52 44 

authors in treatments of nuclear cascade processes. Meadows , 
53 47 

Jackson, and Rudstam have used the Monte Carlo approach to 

discuss experimental cross sections in terms of the evaporation model. 

Dostrovsky and collaborators have made very elaborate Monte Carlo 

calculations in treatment of various details of nuclear evaporation 

h f .. 11. t•t• 54 ·. 52,55 processes sue as 1Ss1on-spa ation compe 1 1on, cross sections, 

d . t f h . 1 •t d 52' 55' 56 an energy spec ra o t e partie es em1 te . 

The Monte Carlo technique was originally applied to the 

calculation of the angular distribution of the recoiling residual nuclei 

from nuclear reactions to permit a comparison of experimental recoil-
' angular distributions with the compound-nucleus and statistical models. 

The Monte Carlo calculation described below for the case of isotropic 
. . 1 

neutron evaporation is essentially that developed by Donovan; it has 

been reprogrammed for use with the IBM 704 computer. 
' . . 

The calculation is based upon the "evaporation" of neutrons 

from a compound nucleus formed by amalga:J,nation of the projectile 
. . • 57-59 . 

particle into the target nucleus. 

A. The Isotropic Case 

A number of simplifying assumptions were incorporated in the 

calculation: 

(a) De-ex-citation of the compound nucleus proceeds solely by 

neutron emission as long as the available excitation energy exceeds. the 

binding energy of the last neutron. 

(b) The energy spectrum of the evapor~ted neutrons has the 

form, following Jackson
60 

-En/T P(E ) dE = E .e dE , ( 3. 1) n n· n n 

where P(E )"is the probability of emitting a neutron of energy between . n 

E andE +dE . n n n 
T is a parameter commonly called the "nuclear 

temperature. 11 Application of this form of spectrum has been discussed 
l by Donovan and co-workers. 



-28-

(c) The neutrons are evaporated 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 Jackson
60 

to obtain the 

best dE<tailed fit to the experimental excitation function for the reaction 

of interest. The 11temperature 11 obtained in this way can be cons ide red 

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 evaporated. 

(e) The recoiling nucleus is .considered to move a negligible 

distance in the laboratory system while the neutrons are evaporating 

during the<< 10-lS -sec lifetime of the compound nucleus. 57 

(f) The mass of the recoiling nucleus is unchanged during the 

evaporation process. This assumption gives an error of about 2o/o for 
. 130 12 137 . 

the react10n Te ( C , Sn)Ce ; the error 1s 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 evaporate. The error in the angle 
130 12 137 . . 

of recoil for the Te · ( C , Sn)Ce reactwn 1s about 2. So/o, and is 

correspondingly reduced for heavier target nuclei. 

(h) The maximum excitation energy available as kinetic energy 

to the neutrons is given by E + Q - E , where E is the energy 
pcm n y pcm 

of the projectile particle in the center-of-mass system, Q is the Q for 
n 

the reaction in which n neutrons are emitted, and E represents some 
y 

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 E used. The degree of this sensitivity 
y 

is shown in Fig. 8. 

The neutron energies were randomly-selected 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 ( ~n + 1) ' 

which is shown graphically in Fig. 9. 

( 3. 2) 
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• Te 130 (c 1~5n) Ce 13
; Ey= 5.0 Mev 

A Bi 209 (a, 2n) At 211 

4 6 8 10 

W (I /2) degrees 

12 

MU-23029 

Fig. 7. Plot of the magnitude of the angle W(l/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(l/2) at which the relative f 
differential cross section is reduc~d to ralf the forward value as a 
function of E for the reaction Te1 0(c1 , 5n)Ce137. Ecl2 = 75 Mev, 
T = 2. S 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 E from a 
n 

given randomly chosen value for Z(N), a 2049-space table of 

Z[ (n-1) .t£] was used in the computation, where .t£ is defined by 
E :!;>Q " E pcm . 1 y 

.t£ = 2048 ( 3. 3) 

where {Epcm + 0 1 - 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 selection 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: E . = E + 0 1 - E is the maximum 
a1 pcm y 

energy available for kinetic energy to the ith neutron to be evaporated; 

E . is the energy removed as kinetic energy the the ith neutron; 
r1 -

L:.E is the energy removed as kinetic energy by all the neutrons 
1 r 

evaporated, previous to the ith one. 

The range of excitation energy available as kinetic energy to the 

ith neutron is defined by 

E . - L:.E 
J = a1 1 r 

.t£ 
{ 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 [ l. 0 - Z(J + 1)] by a random 

number between 0 and 1, then adding Z{J + 1) again 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) .t£ . r1 
( 3. 5) 

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 8 which the 

recoiling nucleus makes with the axis of the projectile particle beam 

in the laboratory system is 

-1 e =tan 
J 1 - cos

2 e. 
1 

p 
cos ei + pa 

n 

( 3. 6) 

where P and P are respectively the momentum of the projectile a n 
particle and the resultant momentum for i neutrons, and 8 is the 

angle between P and the beam axis in the system of the recoiling n 
nucleus. The P n 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 FORTRAN61 • 62 language is given 

ih 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 discussed in terms of W(l/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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MU- 23032 

.. Fig .. 10, A typical calculated recoil angular distribution: WC(;/ 2} and 
8-max are indicated. For the reaction Ra 2 26(a, 4n}Th 22 , 
Ea:::: 42.2 Mev and T = LO Mev. • 
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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 case it is assumed that tl}.e neutrons are 

evaporated from the recoiling nucleus in a distribution of the form 

W( e) dn::: (A + B cos 2 e) dn, ( 3. 7) 

where W(8) is the probability of having a polar angle between 8 and 

8 + de, and A and B are parameters. W(l/ 2) 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 e, 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::: (A case+ B/3 cos
3

e) + 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 e 

from a random-chosen value for R, so a 2049- sp<3:c.e: table was set up 

for R[(N- 1) .6.8], where .c:..e is 'TT/2048. We can then associate a randomly 

selected value for R with a value for e. 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 

e for the ith neutron is 

e.::: (N-1).6.8 
1 

( 3. 9) 

The azimuthal angles <P· are obtained by multiplying 21T by a 
1 

random number between 0 and 1. Random values for 8 and <P 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 

p 
1 

• ::: p . l + P. sin e. cos <P
1
· .. , x, 1 .x, 1- 1 1 

( 3. 10) 
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to f 
B/A= 104 • Tel30 (C12, 5n) Cel37 

E cl2 = 75 Mev,T= 2.5Mev 

Ey= 5.0 Mev 
ABj209 (a, 2n)At211 

1----6----1 
Ea=31.2 Mev, T= 1.4 Mev 

9 

W ( 1/2) degrees 

MU-23033 

Fig. 11. The variation of W(l/2) as a function of the ratio B/ A. 
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R ( N) 

0 7T /2 (N-I)t-8 N t-8 · 7T $(Radians) 

MU-23034 

Fig. 12. The integral probability function for sel_ection: of the polar 
angle 8. The scales are greatly expanded. 
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p 
y, i = p 

y, i-1 
+ P. sin a. sin <j>i 

1 1 

and p 
z, i = p 

z, i-1 + P. cos 9. 
1 1 

The final resultant momentum is 

p =JP 2 + p 2 + p 2 
r X y Z 

and its polar angle in the system of the recoiling nucleus is 

a = P /P . r z r 

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

laboratory system is given by Eq. ( 3. 6). 

( 3. 11) 

( 3. 12) 

( 3. 13) 

( 3. 14) 

The nonisotropic Monte Carlo calculation was performed on the 

IBM 704 computer. A program listing in FORTRAN language is given 

in Appenqix B. The table- searching subroutines are 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 in the system of the 

recoiling nucleus in angular intervals of 1T /10 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. Representative 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. 
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Fig. 13. Plot of the neutron angular distribution W( 8) = A + B (cos 2 e) 
in the system of the recoiling nucleus for B/ A = 100. The dotted 
line is the actual distribution; the solid lines are the histogram 
from the mesh size; the dashed line is oi:::tai:ned by integrating 
the histograms; points are from the cornpu.tations. 
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Fig. 14. Plot of the neutron angu1ar distributions for various values 
of B/A: {1) 10-10, {2) 1,. (3) 10, (4) 100. . 



· .• 

(a) 

I st neutron 

(/) -~ .. -c •• -::J .. 
Q) ...... 
> - • 
0 
Q) • 2nd neutron 

0::: • -
c "' • w • 

a... 

0 2 4 

-41-

( b ) 
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. 208 210 Fig. 15. Calculated neutron energy spectra for the reactwn Pb (a, 2n)Po , 
T=l.45MevandE ( )+0-=(a)S.lMev, (b)8.7Mev, and 
(c) 12.9 Mev. a c. m. t. 
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Fig. 16. Cj~culated neutron energy spectra for the reaction 
Tel30(C , 5n)Cel37, T = 2. 5 Mev, Ey = 5.-0 Mev, and 
Ecl2 + 0 5 = (a) 18 Mev, (b) 28 Mev, and (c) 39 Mev. 
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C. Discuss i9n of Monte Carlo Calculations 

The information above suggests several conclusions about the 

various parameters of the Monte Carlo calculations: 

l. Anisotropy 

Figure ll 

the value of B/ A. 

shows that the calculations are fairly insensitive to 

Up to B/ A z 0. 2 for c12 
reactions and B/ A ~ l. 0 

for alpha-induced reactions; the W{l/2) values do not depart 

appreciably from those expected from an isotropi~ distribution for 

evaporated neutrons. Hence it is apparent that agreement of 

experimental distributions with a calculation of this type is not 

necessarily indicative of neutronemission 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 cos
2 9 is incapable of representing strong forward-backward 

. t . F h th f < . a·) -1 . . 6 3, 64 an1so rop1es. or sue cases, e orm s1n 1s more appropnate; 

however, the {sinS)-l distribution is not considered to be applicable in 
. 63 65 th1s case. · ' 

2. Nucleat:" Tempere~.ture 

Figure 7 shows that the assumption of constant nuclear 

temperature is not unreasonable for this purpose, although in general, 

such an assumption is not believed to be valid. 
66

-
68 

Consider as an 
130 12 

example the Te + C 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 _ J 10. 5 E 
- . A '' 

where E and A are the excitation energy and mass number of the 

residual nucleus. 
68 

As five neutrons are 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 appear: 
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(a) For a g~ven excitation 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 

by the restrictions on the energy available to the lastneutron. 

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

general shift in the peaks of all the spectra to sor:newhat.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 given calculation. This was 

done arbitrarily to avoid undue complexity. It is believed that this 

assumption may cause the calculated recoil angular distributions to be 

unrealistically narrowed near ~,.max; however, at angles from 0 deg 

to the neighborhood of W(l/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 byuse 

of a very coars.e angular mesh size for the neutron 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. ' Calculatwns were performed for target-to-catcher 

spacings of 4. 0 and 10. 0 em with other conditions unchanged; this 

corresponds to a reduction in the angular mesh by a factor 6f 2. 5. 

This change produced improvement in angular resolution at small 

angles, but the recoil angular distributions defined by each set of 

points 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 experiment. Agreement 

between calculations and experiment lends support 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. 71 

The range of the recoils is known to be an increasing function of their 
3 

energy. 

Comparisons of calculated and the experimental recoil angular 

distributions are summarized below in plots of W(l/2) vs E + Q, 
pcm 

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(l/2) values, but by a 

detailed comparison of the two distributions from 0 deg to angles m 

the neighborhood of W(l/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 experimental recoil ranges are examined in terms of the 

theoretical treatment, which considers the mean recoil range to be 
72 

proportional to its energy, E , for A >>A : 

2 
R 0 (JJ.g/ em ) = 602 E 

r 

r r s 

( 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 
r 

in the case of compound-nucleus formation is defined by73 

E A A = p p r 

(Ap + At)2 ' 
E 

r 
( 4. 2) 

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

and target. Theoretically, the distribution about the mean range R
0 
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30 35 

Blab degrees 

MU-23039 

Fig. 17. Cpmparison of experimental and Monte Carlo recoil angular 
distributions for Ra2 2 6(a., 4n)Th2 26. The curve is .drawn to fit the 
Monte Carlo calculation for E = 43. 2 Mev, T = 1. 0 Mev, E = 0. 
Experimental points are showR for the same bombarding en~rgy. 

• 
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1s expected to be of Gaussian form with the standard deviation 
74 

parameter, 0 , expressed by pR
0

. The "straggling parameter" 

p is expected to have a value given by 
75 

p o~;A:S+ ::)~ 1/Z (4. 3) 

This theoretical framework is well supported by experiment. 
3 

A comprehensive discussion of recoil ranges is presented in 

Ref. 73. 

The recoil angular distribution and range results follow, 

grouped together for each particular set of reactions. The results 

of Monte Carlo calculations for the recoil angular distributions are 

tabulated in Appendix E. 

The experimental and calculated recoil angular distributions 

are compared in Figure 18. The general features of this curve ha:.ve 

been interpreted
1 

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 a:.n additional neutron to be evaporated. The experimental 

recoil angular distributions are summarized 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 R
0 

and the standard 

deviation 0 could be determined. 
76 

Such a plot is shown in Figure 20. 

The measurements of the Th 226 recoil ranges in hydrogen are . 

based on summarized in Figure 21 and Table IV. The E values are 
r 

the assumption that a compound nucleus is formed. 
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8 10 
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c.m. 
MU-23040 

Fig. 18. Plot of W(l/ 2) as a function of E + Q, the energy 
available as kinetic energy of the emitCf~'d- m·Jtrons, for 
Ra226(a., 4n)Th226. 

·• 
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TABLE III. Summary of experimental recoil angular distribution data a~ Ra226
(a., 4n)ThZZ6 

E W(lj2)b Relative da/ dr.!, for angles in degrees 69 
a. 

Mev Degrees 2.31 5.97 8.71 11.47 14.24 16.88 19.38 21-:-ff5-~ 23 

32.9 6.7 89 5lr 27 4.0 . 
35.5 8.6 35 29 19 12 ,. 7-5 4.0 2.7 

36.1 8.0 88 6S 42 29 16 10 5.6 1.3 

37.2 8.3 62 46 32 20 9.0 7.0 3.7 2.8 

38.2 8.6 58 44 31 20 11 8.0 5.1 4.8 

39-3 8.6 90 66 47 31 16.5 10 5-3 3.3 

40.2 8.6 45 34 24 15 8.5 6.0 3.9 3.3 

41.9 8.7 98 74 51 34 19 11.5 /' .r 
5-5 0.0 

42.2 9.8 64 52 39 28 11.5 10.5 5.8 3.4 2.2 . 

43.2 9·7 44 36 26 18 10 6.B 3.3 3.2 2.7 

44.5 10.5 66 59 44 31 17 13 7.6 5.1 4.1 

46.2 11.5 39 32 27 20 14 9 .• 5 9_.0 4.0 3.1 

--
a Errors due to counting statistics are~ ± 2o/o. 

b The overall error in W(l/2) is estimated to be ~ ± 0. 5 deg. 

26.57 

3.5 

2.2 

I 

~-
"-' 
I 

r 
i 
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Fig. 19. Differential range curve for Th226 recoils in hydrogen; 
E = 41. .6 M,ev. 
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Fig. 20. Probability plot of Th
226 

recoil ranges in hydrogen for 
E = 41. 6 Mev. The points -a, + a, arid R 0 are indicated on " 
th~ plot. In this case, R 0 = 18. 2 t-Lg/ cm2 and a= 3. 92 t-Lg/ em.::;. 
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Fig. 21. Range of Th
226 

recoils in hydrogen as a function of the 
energy of the recoil (solid line). The broken line is the 
theoretical range-energy curve. 
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TABLE IV. 
226 226 . 

Summary of Ra (a, 4n)Th recoil range data 

E E R 0 , Exptl. R 0 , Th~oretical p p 0 exptl. 
a r 

r~-g/ cm
2 

Hz 2. 
Mev Mev ~g/cm H 2 ExptL Theor. ,J.g/ em 

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 24.9· 0.195 0.0542 4.45 I 

' iJ1 
w 
I 
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B. Pb
208

(a, 2n)Po
210 

Comparison between the ~xperimental and Monte Carlo recoil 

angular distributions is shown in Figure 22. The experimental recoil 

distributions are summarized in Table V. 

The experimental data from the thick-targ~t recoil range 

studies with natural Pb +He 
4 

are presented in Figure 23 and Table VI. 

C. Pb
207

(a, n)Po
210 

The recoil angular distribution data for this system cannot be 

compared conveniently in terms of W(l/2) because of the structure in 

the curves. Representative experimental and calculated curves are 
I 

compared in Figure 24. The experimental distributions are summarized 

in Table VIJ. M'onte Carlo distributions for several values for T are 

given in Appendix E. 

D. Tel30(Cl2' Sri)Cel37m 

In Figttre 25 the W(l/2) values for experiment are compared 

with calculated ones for the isotropic case, and for the nonisotr.opic 

case where best fits are obtained by using B/ A = l. 2 and various 

combinations ofT and· E , listed in Table 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 + c12 
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 

recoils by adjusting the published V!alues for Tb149 for differences in Z 

and A. 
73 

TheE values are calculated by assuming formation of a 
r 

compound nucleus. The experimental recoil range data are summarized 

in Table X. 

· E. Pr
14

\ c12
, 4n)Tb

149 

The experimental and Monte Carlo recoil angular distributions 

are compared in Figure 29. The experimental data are summarized in 

Table XI. 

Excellent recoil range data for this reaction have been 

published by Winsberg and Alexa.nder. 73 

·• 
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Fig. 22. Plot of WH( 2} as a function of E + Q for 
Pb208( a, 2.n}Po2 . The solid line is d~~\v-JI\1lrough the 
experimental points; the dashed line is drawn through the 
calculated points. 



TABLE V. Summary of experimental recoil angular distribution dataa - Pb208
(a., 2n)Po 210 

E W(l/2)b 
Relative da/ dQ, for angles in degrees 69 

a. 
Mev Degrees 2.31 5.97 8.71 11.47 14.24 16.88 19.38 21.85 24.23 

21.7 8.3 89 72 42 13 

23.1 10.5 91 80 62 36 12 1.2 
·-

24.0 10.7 90 82 66 41 7 

25.1 9.7 96 83 59 27 

26.2 10.2 96 86 63 34 

27.2 9.6 98 85 6o 30 2.5 

28.4 9.2 96 82 55 11 I 

u·· 
0' 

29.7 8.8 97 80 50 16 I 

31.7 8.7 94 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 54 4o 24 16 8.0 4.0 1.9 

a Errors due to counting statistics are -~ ± 2%. 

b The overall error in W(l/2.) is believed to be ,::;; ± 0. 5 de g. 
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Fig. 23. .Plot of mean recoil range a.s a function of bombar~ing energy 
-for natural ;f>b+He4. The ,solic1_line is ,drawn throug:Q_·.the points 
representing probable: products from the (a, 2n) r,eac#on.' The 
broken line crudely repre·sents the range curve that might be 
expected for a compound-nucleus mechanism. 



TABLE VI. 
·4 

Summary of natural Pb +He recoil range data 

(Run 1) (Run 2) 

E Catcher-Activitya 
b 

Catcher-Activitya Rb Ro a . 2 0 2 
Mev Total Activity r.J.g/cm Pb Total Activity r.J.g/cm · Pb 

19.0 0.0089 . 50 0.0095 53.2 

22.3 0.0128 72 ·0~0110 61.5 

26d 0.0169 95 .0.0130 73 

30.1 0 .Ol76 99 0.0173 97 

33.6 0.0165 92 0.0168 94 

36.8 0.0176 99 0.0172 96 

39-7 0.0158 88.5 (c) -· I 

U1 

(c) 
00 

42.3 0.0191 107 I 

44.9 0.0192 108 (c) 

47.4 0.0239 134 0.0220 128 

a 
Counting errors wer:e ~ 4%. 

b The uncertainty due to variations in target thickness is estimated to < 5%. 
c 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 
Pb207( a., n)Po~lO at E = 22. 3 Mev. Calculation uses T = 1. 4 Mev. 
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TABLE VII. Swnmary of experimental recoil angular distribution data- Pb207(a., n)Po 210 

E Relative d 0 /_d.f2, for angles in degrees 
a. 

2.3269 Mev 5-97 8.71 11~47 14.24 16.88 19.38 21.85 24.23 26.57 

19.7 
·a. ,. 

.17' .0.22 0~13 0.09 0.05 0.03 0.05 0.02 0.0 0.02 
'" ·'b., ·:·:·: 

21.7 1. 71· ' .. 1.50 1.08 :: .: :,0_ .• 60 '' 0 .. 28.,. 0.13 0.03 
. 

-· 

.... ~ .. 

l. 54 7~ ; '3 • 99 5.84 7.70 9.61 11.44 
,. . .. 

13.20 14.97. l6.71 18.44 
'. 

22.3 o.66c ·o.8o 0. 73 - - 0.52 0.33 0.30 0.18 0.10 0;05 0•03 

24.0 0.59d 0.64 0.51 0.39 0.13 0.15 0.03 
-

a Total e~ror estimated ~ 15% to 14. 24 deg. 

b Total error:. estimated _.- &%· t~ ll.-4 7 de g. ' 
' .;;;;. 

c Total e~r.or estimated to be 21% for first point, ~ 8% for other points to 9. 61 de g. 
d ,. ' ' " ' 

Total err()r'.estimated to be .:(, 19% to 7. 70 deg . 

.. · . .,., 

,, 

I 

0' 
0 
I 



61 

10~--------~---------,----------,-----~--~----~ 

8 

0' 6 
Q) 

"'t:l 

~4 -
~ 

2 

10 

•·Experimental 
<>-Monte Corio- best fit 
A-Monte Carlo- isotropic 

20 30 40 

Ec12(c.m.) + Q (Mev) 
MU-23454 

130 17 137r.n 
Fig. 25. ~lot of W(l/2) vs Ecl2 + Q for Te ( C ~, 5n)Ce . 

Solid line is fitted to expericl~nfih )points. Dotted line fits the case 
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TABLE VIII. Summary of parameters for best fit of calculated recoil 

1 d . "b · t . , T 130(Cl2 5 )C 137m angu ar 1str1 utlons o exper1ment ~ · e . , n e . 

Eclz T = 2. 5 Mev T = 1. 5 Mev 
E '(Mev):. E (Mev) 

Mev y .. y 

59.0 5 . 5 

64.5 6 6 

69.0 7 8 
' 

75-0 8 8 
I 
0" 

81.0 11 8 N 
I 

87.5 . 15 11 

; ,,. 

· .. ! 

.. 

! ,'f•f, .• 

~ 



TABLE IX. Summary of experimental recoil angular distribution data - Te130( c 12 , 5n)Ce~37m 

Ecl2 W(l/2)a Relative dcr/ dr.l, for angles in degrees 

Mev Degrees 1.5470 3.99 5.84 7.70 9.61 11.44 13.20 14.97 16.71 18.44 
59.0 4.5 59b 23 14.5 9.5 4.1 2.6 1.4 1.0 0.78 0.52 

64.5 5.6 67c 49 36 14 6.8 4.0 1.7 0.78 0.38 

69.0 5.2 17d 12.5 7.2 4.5 2.4 1.5 1.1 0.65 0.40 0.39 

81.0 6.0 64d 48 36 24 12.5 8.5 5.0 4.2 4.8 

87.5 6.2 52(1 37 29 21 11 11 8.5 4.5 6.7 5-2 

2.3169 5.97 8.71 11.47 14.24 16.88 19.38 21.85 24.23 

74-5- 5.8 51e 27 14 9.5 3.5 2.5 2.0 1.3 
I 

0" 
a vu 

The overall error in W(l/2) is estimated to be~± 0. 5%. I 

b 
Overall errors are estimated to be~ 5% to 9. 61 deg. 

c 
Overall errors are estimated to be .:::;. 3% to 9. 61 deg. 

d Overall errors are estimated to be~ 6% to 7. 70 deg. 
e 

Overall errors are estimated to be.:::;. 4%. 
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Fig. 26. Histogram for the ranges of the recoiling Ce and La 
products of-nafural Te+cl2 at Ecl2 = 90 Mev. ·The solid lines 
indicate the long-lived group; the dashed lines indicate the 
short-lived group. 
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Fig. 27. Probability plot of Ce and La recoil ranges in aluminum for 
Ecl2 = 90 Mev. The points - cr, +cr, and R 0 are indicated. In 
th1s case R 0 = 580 f.J.g/cm 2 and cr = 162 iJ.g/cm2. 
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Fig. 28. · Range-energy curve for the recoiling Ce and La products 
from the reactions of natural-Te + cl2 . The experimental points 
are compared with a solid curve calculated from the Tbl49 range 
of Reference 73. 
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TABLE X. Summary of natural Te +C
12 

recoil range data 

R from Tb149 
0 

Ecl2 E Expt. R 0 Data Exptl. a r 2 2 p p 
2 Mev Mev Group j.J.g/ em Al ( j.J.g/ em Al) Exptl. Theor. p.g/cm 

70 5.40 Long-lived 428 493 0.339 0.304 145 

Short-lived 435 493 0.333 0.304 145 

80.3 6.20 Long-lived 475 554 0.280 0.304 133 

Short-lived 482 55lt- 0. 276 0.304 133 

90 6.95 Long-lived 580 610 o. 279 0.304 162 
I 

Short-lived 580 610 o. 279 0.304 162 0' 
-J 
I 

99.5 7.70 Long-lived 580 660 0.283 0.304 164 

Short-lived 590 660 0. 276 0.304 163 
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TABLE XI. Summary of experimental recoil angular distribution data "'":"' Pr14\ c12 , 4n)Tb149 

~-- _ Relative da/d~_,_ for angles in degrees 
70 

w(l/2)a Ecl2 

Mev Degrees 1.54 3.99 5.84 7·70 9.61 11.44 13.20 14.97 16.71 . 

58.0 4.8 92b 61 36 16 5.4 1.9 0.8 0.27 

61.5 5.0 9{ 66 39 19 6.2 2.3 0.9 0.43 

64.5 5.1 94b 70 38 20 6.4 2.8 0.7 0.3 

69.5 5.2 95c 68 42: 22 6.2 2.7 0.9 0.4 
I 
0' 
...0 

71.5 5.8 b 94 70 49 29 . 10 5~7 1.8 • 1.1 0.5 

a The_ overall error in W(l/2) is estimated to be-~± 0. So/o. 
. . "' 

b ·Errors due to counting statistics are ~ 6o/o to 7. 70 deg. 
. "" . 

c:· Errors due to counting statictics are< 3o/o to 7. 70 deg. 
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V. DISCUSSION 

The recoil angular distribution and ran.ge data listed in the 

preceding section, together with the experimental excitation functions, 

furnish fairly direct information about many features of the nuclear 

reaction mechanisms. 

In the following discussion the reactions studied are classified 

into two general groups: those which can be fitted by the simple 

isotropic Monte Carlo calculation and those which either require 

special treatment or cannot be fitted at all. 

A., Reactions That Can Be Fitted By the 
Calculations . 

1. P.:tl41( Cl2, 4n)Tbl49 

Figure 29 shows that the experimental recoil angular 

distrl.butions agree quite closely with the simple isotropic Monte Carlo 

calculation using E' = 0 and T = 1. 5 Mev. This value for T was 

obtained by JacksoJ fit to Alexander's experimental excitation function. 
77 

It was shown in Figure 7 that the precise choicedor T should not be 

critical for the-,result of the Monte Carlo calculation. 

The maximum measured cross section:for thl.s reaction is 

about 35 mb. 
77 

~-

Recoil range data for Tb149 from this and a number of other 
0 , I 73 

reactions nave recently been publishedby Winsberg and_Alexander. 

Their analysis sho'Ys that the recoil range results for this reaction are 
, . 

consistent with compound-nucleus formation. 

Agreement of the recoil angular distribution data with the 

calculations reinforces the conclusions about compound-nucleus 

formation, and further indicates that the compound system de-excites 

primarily by evaporation of neutrons having energy spectra similar to 

the form of Eq. ( 3.1) .. The agreement.betwe(m the experimental and 

calculated distributions also suggests that there is no very great 

angular anisotropy in the neutron evaporation. 

2. Ra
226

(a, 4n)Th226 

Figure 18 shows that the experimental recoil angular 

distributions agree quite well with the isotropic Monte Carlo 
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calculation with E. = 0 and T = 1. 0 Mev. The value of T was obtained 

by Jackson fit to t~e excitation function of Vandenbosch. 
78 

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 

U$ed here is comparable to the value of 0. 9 Mev obtained by using the 

theoretical treatment of Cameron. 79 . 

The maximum experimental cross section for.this reaction 
78 

was reported by Vandenbosch to be about 500mb. . 

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, occ::;urs is indicative of 

compound-nucleus formation. 

Vandenbosch suggested that th,is reaction proceeds through a 

compound-nucleus mechanism based upon the magnitude of the 

experimental cross section. The recoil ranges and angular 

distributions appear to support this conclusion. 

Of subsidiary interest here is the remarkably large range 

straggling of the Th
226 

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 V~lyocsik observed comparable range straggling in other 

'1 . 80 reco1 range measurements 1n gases; 

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

L Te130( c 12, 5n)Ce137m 

Figure 28 shows that the recoil ranges from the natural Te 

agree reasonably well with the ranges calculated-from the Tb149 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 bomba:r;ding ion were to continue forward without 

transferring its momentum to the compound system, 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

• 
5 

this magnitude of temperature agrees reasonably with 

d t f 'tt d f . h . . 82 
measure emperatures or neutrons em1 e rom eavy-1on reactlons. 

The value B/ A = 1. 2 was selected by using the semiclassical theory of 

Ericson and Strutinski. 
6 3 

This choice was in reasonable agreement with 

h . . . 1 . 1 f K 83 .· d B k 82 s· h . . 1 t e exper1menta resu ts o nox an roe . 1nce t e1r exper1menta 

studies were made at much higher bombarding energies than used in this 

work, B/ A = 1. 2 is considered a maximum value. Figure 11 shows that 

if this value were reduced by a factor of 2 or 3, the q.ngular distribution 

would broaden by about 0. 3 degree. 

Figure 25 shows that the recoil angular distributions diverge 

markedly from the calculated case for isotropic neutron emission and 

E = 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 calculation is used, with B/ A and T fixed as already discus sed, 

·a fit to the experiments can be obtained by varying E . 

" The values required to obtain fits are shown in Table VIII. 

They show a gradual increase with excitation energy. Use of E in 

" this way is equivalent to saying that the Q of the reaction is larger 

than its calculated ground-.~tate value. ·If these Q values adjusted by 

E are introduced into the Jackson calculation, the fit to the experi-
'1 . 

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 E by about 5 Mev. 

" 
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The remarkable feature about the excitation-function data of 

Choppin and collaborators is that the maximum 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 

. h f 3 4 M H . 84 h . d h w1t an average energy o to ev. u1zenga as po1nte out t at 

such neutron energies are to be expected. 
4 5 

The measured excitation functions. were relative ones. ' 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 Pr141( c12 , 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 discrepancy in the excitation curves. Although it is known that 

closed shells appreciably alter the ·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 He 
4

, large 

quantities of angular momentum can be involved. In fact, angular

momentum effects in nuclear- reactions have been a subject of great 
5,63-65,82-95 

interest in the past several years, 

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 
60 binding energy. 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 E . The enhanced gamma emission 
'Y 

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 shell 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, 

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 approximately to the maximum reaction cross section. At 

higher energies the experimental distributions become much more 

peaked forward than the calculations predict. 

The maximum experimental cross section for this r'eaction was 
. 17 

found by.John to be 1. 0 barn . 

. The recoil- range data from ~atural Pb +He 4 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 proportional to their energies. 

Such behavior is illustrated for the Bi( a, 2n) reaction in Figure 7 of 

Ref. 2. These le.ad experiments do not define a linear range-energy 

curve for compound-nucleus products; the dashed· curve of Figure 2 3 

was drawn rather arbitra-rily. The major difficulties in making 

comparisons with the bismuth data were that, with the-natural ~ 

isotopic mixture of lead, each reaction produced severql .produCts 

which could not be conveniently removed from the thick targets for 
' 

resolution by pulse-height analysis,, as could be done in·the bismuth 

experiments.·_. Despite these obstacles, at about 28 Mev there is a 

reproducible departure fro·m the trend of increasing recoil range with 

increasing bombarding energy. Although the points are .displaced 

compared with the bismuth data of ReL 2, • there is a great similarity 

in the behavior of the recoil ra·nges for the high-energy side of the 
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(a, 2n) excitation function. This levelltng off in the recoil- range curve 

occurs in the energy range in which the observed product activities are 
' 208 210 

predominantly Po and Po 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 lOo/o to 20o/o 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 lO~to 200-mb cross section for such a mechanism. 

The direct mechanism 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 toE . 

" 
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 

the results obtained by Harvey et al. for Bi
209

( a, 2n)At
2
ll;

2 
however, 

in this work the recoil angular distributions appear to differ drastically 

from the calculated ones. 

Brown and Muirhead96 had some success in fitting the 

experimental Bi+n neutron angular distribution data of Rosen and 

Stewart97 by use of a nuclear cascade calculation, assuming that the 

mean free path for the incident neutron in a nuelear Ferrrii 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 is !lightly more 

attractive. 98 This classification includes so"-called "optical-type" and 

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

pair of protons into a nucleus. For the Pb
208

(a, 2n)Po 210 reaction 

treated here and the Bi209(a, 2n)At211 reaction studied by Harvey
2

, 

both the target and product nuclei lie on the N :: 126 closed shell; 
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Pb
208 

is also located at the Z = 82 shell closure. The abnormally large 

spacing of the neutron resonance levels in Pb
208 

has been known for some 

time. 99 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 "simila-rity" in the configurations of the 

. . . 1 d f' 1 9 8 I h . 1 t' th . 1n1tla an 1na · states. · · . n t ese partlcu ar reac 1ons at requlre-

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 eros s ·section for heavy 

elements of about 300 mb;
101 

the a particle; being much more tightly 

bound than a deuteron; shouid be more difficult to break apart. Silva's 
. . h . 1 . . . . . f B. 2 09 ( d) exper1ments w1t a-partlc e str1pp1ng reactlons o 1. gave an a, 

cross section of 2 to 3mb. afid an {a, pn) cross section of 18 to 20mb. 
102 

The largest of these cross sections is less by a ·factor of 5 to 10 than 

would give agreement with the (a, Zn) results. · 

Additional 'interesting information about ·this type of reaction 

would probably be obtained by applying these techniques to other (a, Zn) 

reactions, particularly those involving nuclei away frOm closed shells. 

3. Pb20 ~a, n)Po 210 

Figure 24 shows the poor agreemeht between typical 

experimental and calculated recoil angular distributions for this 

t • J h I . • 1 't . f t' 17 d t 't reac 1on. o n s exper1menta exc1 atlon unc 1on . oe·s no perm1 

a precise choice of.nuclear temperature by the Jackson· procedure; 

however, the experiments disagr.eed 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. 
17 

; 

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 ~ '· · 

From these· studies it is conCluded that the experimental 

techniques described here are useful for obtaining information about 

cert'ain features ·~r nuciear reactions .1nvolving the emission of several 

neutrons. 

The method for calculating the. recoil angular distributions by 

Monte Carlo methods appears to be useful for detecting major 

1 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 He 
4 

-induced 

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 Jrom 

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 da,ta cards 

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

Appendix B. The cards are interchangeable between the programs.) 

Card 1 

Card 2 

Card 3 

Card 4 

Card 5 

Card 6 

Month, day, ye'ar- -2 ·digits each. 

R(I)-- radii of catcher rings (ern). 
. . . . 

MOFP,· ZOFP, MOFT, ZOFT--rnass and charge numbers 

of projectile and target. 

T- -Nuclear temperature (Mev). 

D--Target-catcher distance (ern). 

NRXN- -number of neutrons evaporated in this reaction. 

REX = E (Mev). 
' . y . . ' 

Fj S;arne as A and B in neutron angular distribution 

]
(·these numbers are read but not used in the · 

G isotropic calculation). . 

NS- -PararnetE;!r to determine number of each kind of 
reaction oc'curring; when zero, 'the number of 
reactions occurring up·to (x + l)n is recorded. · 

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

ELAB--Bornbarding energy (Mev). 

·N--Nurnb'er of cases to be run. 
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4 FORMAT(66H 

XR MOFP = I2,9H ZOFP = I2,9H MOFT 

6 FORMAT(2H1 I2,2H /•I2•2H /I2/l 

8 FORMAT(3I10) 

9 READ8,MONTH,DAY,Y~AR 

11 READ 21•(R(Il•I=1,11l 

12 FORMAT(4I10) 

14 READ12,MOFP,ZOFP•MOFT,zOFT 

10 PRINT6,MONTH,DAY,YEAR 

16 PRINT4,MOFP,ZOFP•MOFT•ZOFT 

18 FORMAT(2F10.2,I10,F10.2•2E10o4,I10) 

MONTE cARLO CALCULATION FO 

I3•9H ZOFT = 13///). 

19 FORMAT(28X7H REX = F8•2•10X5H T = F8o2//) 

20 READ18•T•D,NRXN,REX•F•G•NS 

21 FORMAT(11F6.3) 

22 FORMAT(13F10o2) 

23 PRINT 19• REX, T 

24 DIMENSfON Q(13h EX(13h PHI(1ll• SAC(ll), EN(13l• V(12l• P(12l 

25 DIMENSION R(11l•AA(ll),ti8(11l•PSI(11l•ENSU~~(l3l•Z(2049l•NA(12l 

26 M = NRXN + NS + 1 

27 READ 22,(Q(I), 1=1•Ml 

28 FORMAT(F10.2ti10) 

29 FORMAT(47H ELAB F8 .21!) 

30 READ28tELAB,N 

31 PRINT 29,ELAB 

32 AOFT MOFT 

34 AOFP MOFP 

36 ECM = ((ELAB*AOFT)/(AOFT+AOFPl) - REX 

37 PA = SQRTF(2o*AOFP*(ECM + REX l l 

39 DO 40 I=1•M 



40 EX(!)= ECM + Qfl) 

41 ENSUMfl) = O. 

45 ENN = N 

47 FORMAT f9H SUMAA 

52 DO 54 !=loll 

F10.1) 

54 PH!fl)= ATANFf Rfi)/D) 

57SACfl)=l. 

58 DO 60 I=2tll 
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60 SAC! I )=f 1.-COSF!PHI f 1))) /fCOSF!PHJ f I-1) )-COSFfPHI f I))) 

71 FORMATf5H Q = l3F&.2///) 

73 PRINT 7l•fQfi), I=l•M) 

7 4 DO 7 5 I= 1, 11 

75 AA! 1
1

) = o. 

204 DELTAE = EXfl)/2048. 

206 Zfl) = 1. 

207 DO 210 N=2•2049 

208 E =· N-1 

209 PAR = fE*DELTAE)/T 

210 ZfN) = EXPF!-PAR)*fl.+PAR) 

78 F,ORMAT f 5H N 

79 FORMATf5H J 

8 0 DO 81 I = 1 , M 

81 NA f I) l) 

83 SUMAA o. 

86 DO 102 I=ltM 

13F8.5) 

15t7H ZEX F8o5t6H ZR 

214 j !EX! I )-ENSUMf I) )/DELTAE 

216 N J+l 

218 ZEX = ZfN) 

220 ZR = fRANFfX))*fl.-ZEX)+ZEX 

221 CALL SCAN f.ZR ,z ,FN) 

F8.5t6H FN F7ol) 
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2L4 EN!!) = !FN*DELTAEl-DcLTAE 

92 IF!SENSE SWITCH 2l94o95 

94 PRINT 78o!EN!Klo K=loM 

PRINT 79oJoZEXoZRoFN 

95 ENSUM!l+ll EN ( I ) + EN SUM (I l 

96 IF!EX!l+ll- ENSUM!l+lll97o97ol01 

97 NA ( I ) = NA ( I ) + 1 

99 GO TO 103 

101 !F(l-13) 102o83o83 

102 CONTINUE 

lU3 IF!NRXN-l l83ol05o83 

105 DO 106 l=loNRXN 

lv6 Pill SQRTF(2.*EN( !) ) 

lv7 V!ll Pill 

lU8 IF( I-1 ) 120.120.110 

110 DO 118 I = 2oNRXN 

114 RN 2.*RANF!Xl - 1• 

116 VIII= SQRTF!!V!l-111**2 +!P!Ill**2 +Z.*V(l-ll*P!Il*RNl 

117 !F(l-NRXN) 118ol20ol20 

118 CONTINUE 

120 RN = 2•*RANF!Xl - 1. 

124 THETA= ATANF((SQRTF(l.-RN**2ll/!RN+PA/V(llll 

126 DO 130 !=loll 

128 IF! THETA- PHI(! l) 132o132o129 

129 IF!l-lll 130ol32ol32 

130 CONTINUE 

13 2 AA ( I ) = AA ( I ) + 1. 

421 ,DO 422 !=loll 

422 SUMAA = SUMAA + AA!Il 

423 IF!SENSE SWITCH 3) 424o425 



424 PRINT 47, SUMAA 

425 IF!SENSE SWITCH 4) 428,426 

426 IF!ENN - SUMAAl 428•428•83 

428 DO 429 1=1tl1 

429 BB! I l=AA( I l*S1\C! I) 

430 PSI!1l=57.296*PHI!ll/2. 

431 DO 432 !=2t1l 
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432 PSI! ll = 28.648*(PHI!l-1l+PHI! Ill 

435 FORMAT! llOH PSI! ll PSI! 2 l 

XSI ( 6 l PSI ( 7 l PSI! 8 l 

436 PRINT 435 

437 FORMAT !11F10o3//l 

438 PRINT 437• !PSI!!), 1=1tlll 

440 PRINT 437t!eB! I l tl=1•11l 

444 FORMAT!107H N1 N2 

X N7 N8 N9 

446 PRINT 444 

448 FORMAT !1219 ///) 

450 PRINT 448• !NA!l ),J=1•Ml 

451 IF!SENSE SWITCH 1l453t452 

452 GO TO 30 

453 GO TO 14 

456 END!Ot1tG,Q,Ol 

PSI! 9 l 

N10 

PSI ( 3 l' PSI (4 l PSI ( 5 l 

PSI!10l PSI ! 11 l l 

N3 N4 N5 

N12 Ill N11 

p 

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 

XR MOFP = J2,9H ZOFP = J2,9H MOFT 

6 FORMAT(2H1 J2,2H ;,J2,2H /12/J 

MONTE CARLO CAL(i;.ULAT ION FO 

I3•9H ZOFT = 13///J 

8 FORMAT(3!10J 

9 READB,MONTH,DAY,YEAR 

11 READ 2l,(R(IJ,I=1,11J 

12 FORMAT(4!10J 

14 READl2•MOFP,ZOFP,MOFT,zOFT 

10 PR!NT6,MONTH,DAY•YEAR 

16 PRINT4•MOFP,ZOFP•MOFT•ZOFT 

18 FORMAT(2F10.2,!10,F10.z,zE10o4,I10J 

19 FORMAT(28X7H REX = F8o2•10X5H T = F8o2/28X5H F 

X:J.4//J 

El0.4•8X5H G 

20 READ18•T•D,NRXN,REX•F•G•NS 

21 FORMAT(11F6.3J 

22 FORMAT(l3Fl0o2J 

23 PRINT 19• REX, T•F•G 

24 DIMENSION Q(13J, EX(13J. PHJ(lll• SAC(llJ, EN(13J, p ( 12) 

25 DIMENSION R(l1J•AA( 11l,66(11l•PSI(1ll•ENSUM(13l•Z(2049l•NA( 12J 

DIMENSION CH!(l2J,TN(10J, ANGLE(10), W(2049J 

DIMENSION SACA(lOJ• TAN(10J 

26 M = NRXN + NS + 1 

27 READ 22dQ(IJ, 1=1•Ml 

28 FORMAT(F10.2,!10J 

29 FORMAT(47H 

30 READ28,ELAB,N 

31 PRINT 29,ELAB 

32 AOFT MOFT 

34 AOFP MOFP 

ELAB F8.2//J 

E1 
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36 ECM = I I ELAB*AOF T) I I AOFT+AOFP) ) - f<EX 

37 PA = SQRTFI2o*AOFP*IECM + REXl) 

39 DO 40 l=l•M 

40 EX(!)= ECM + Q(]) 

41 ENSUM(l) = u. 

45 ENN = N 

47 FORMAT !9H SUMAA FlOoll 

52 DO 54 !=loll 

54 PH I (I)= ATANF! R (I) ID) 

57 SAC ( 1 l =1. 

58 DO 60 I =2 .I 1 

60 SAC ( I l = ( l• -COSF (PH I ( 1 l ) ) I ( COSF I PH I ( 1-1 l ) -COS F (PH I ( I l l ) 

71 FORMAT!5H Q = 13F8o2111) 

73 PRINT 7l,(Q( !) , I=1oM) 

74 DO 75 I=l•ll 

75 AA (I) = O. 

2U4 DELTAE = EX!ll12048o 

206 Zlll = 1. 

207 DO 210 N=2,2049 

208 E = N-1 

209 PAR = IE*DELTAEliT 

210 Z!Nl = EXPF(-PARl*l1o+PAR) 

150 DELCHI = 3.1415912048. 

151 Will= 2. *IF+ G/3o) 

152 TRM = Wllll2o 

153 DO 156 N 2•2049 

154 GE = N - 1 

155 ANG = GE * DELCHI 

156 WIN) = F * COSF!ANG) + Gl3o* ICOSFIANG) l**3 + TRM 

550 DO 554 N 1•10 
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552 B = N 

554 ANGLE(Nl = 6*.314159 

400 SACA!1l = 1• 

402 DO 404 I = 2t10 

-~88-

404 SACA( I l=( 1·-COSF!ANGLE(l)) )!{COSF!ANGLE( l-1) )-COSF(ANGLE( I) l) 

650 IF!SENSE SWITCH 1 ) 652t80 

DIMENSION SE(65)• NN(65t12l 

652 DO 656 j =1.65 

654 DO 656 l=1tNRXN 

656 NN(Jtl.l = 0 

658 DELN = 0.20 

660 DO 664 J=2t65 

662 FT = j - 1 

664 SE!Jl FT* DELN 

666 SE!ll o. 

80 DO 81 l=1tM 

81 NA (I l 0 

83 SUMAA o. 

86 DO 102 1=1tM 

214 j !EX( ll-ENSUM!Il l/DELTAE 

216 N J+l 

218 ZEX = Z!Nl 

220 ZR = !RANF!Xll*(1.-ZEXl+ZEX 

221 CALL SCAN !ZRtZtFN) 

224 EN (I l = !FN*DELTAEl-DELTAE 

95 ENSUM( !+1) EN(!)+ ENSUM(!) 

96 !F(EX( l+ll ~ ENSUM( l+ll l97t97tl01 

97 NA ( I ) = NA ( I ) + 1 

99 GO TO 103 
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101 IF( I-13 l 102,83.83 

102 CONTINUE 

103 IF(NRXN-I )83,105,83 

105 DO 106 I=1•NRXN 

106 P! I l = SQRTF!2.*EN! I) l 

670 IF(SENSE SWITCH 1) 672,499 

672 DO 676 1=1•NRXN 

674 CALL LOOKUP !EN,sE,J, ll 

676 NN!Jd) = NN!J.I) + 1 

499 PX O. 

sue PY o. 

501 PZ O. 

502 DO 528 1=1,NRXN 

503 WR W!1) * RANF!Xl 

504 CALL SCAN !WR, w, FNl 

505 CHI!Il = !FN * DELCH!l- DELCHI 

108 IF !SENSE SWITCH 5) 110•512 

110 DO 116 N=1,10 

112 IF (CHI( I l - ANGLE!Nl) 118d18.i14 

114 IF!N-10) 116•118•118 

116 CONTINUE 

118 TN!N) = TN!Nl + 1. 

512 !F(!-ll 514,514,520 

514 CHIR = COSF!CHI(!)) 

515 V = P(ll 

516 IF(NRXN - 1) 531•531,520 

520 RAZIM = 6.2831854 * RANF<Xl 

521 PX PX + P(!) * SINF(CHI(i)) * CciSF<RAZIMl 

522 py 

523 PZ 

PY + P! I) * SINF<CHI (I)) * SINF!RAZ!Ml 

PZ + P!!) * COSF(CH!(I)l 



526 IF( 1-NRXNJ 528t529t529 

528 CONTINUE 
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529 V = SQRTF(PX**2 + PY**2 + PZ**2l 

530 CH!R = PZ/V 

531 THETA= ATANF( (SQRTF(l.- CHIR**2JJ/(CHIR + PA/VJ) 

126 DO 130 l=ltll 

128 IF (THETA -PHI(!)) 132tl32tl29 

129 IF( 1-lll 130tl32tl32 

130 CONTINUE 

132 AA (I) = AA( I) + 1 • 

421 DO 422 I=ltll 

422 SUM AA = SUMAA + AA( I) 

423 IF(SENSE SWITCH 3) 424.425 

424 PRINT 47. SUMAA 

425 IF(SENSE SWITCH 4) 428,426 

426 !F(ENN - SUMAAJ 428t428t83 

428 DO 429 I=l•ll 

429 BB( I J=AA( I l*SAC( I) 

430 PS!(ll=57.296*PHI(l)f2o 

431 DO 432 1=2tll 

432 PSI(!)= 28o648*(PHI(i-ll+PHI!J)) 

435 FORMATillOH PSI I 1 J PSI ( 2) 

XSI I 6) PSI!7) PSI I~; J PSI ( 9 J 

436 PRINT 435 

437 FORMAT I 11Fl0o3//) 

438 PRINT 437. IPS I I I J , I=ltll) 

440 PRINT 437t!BB(I) t!=ltll) 

444 FORMAT!l07H Nl N2 

X N7 N8 N9 NlO 

445 FORMAT !IX 10Ello3///) 

PSI ( 3) PSI ( 4) PSI ( 5) 

PSI ( 10) PSI!llJJ 

N3 N4 N5 

Nl2 I!) Nll 

N6 



446 PRINT 444 

447 FORMAT (1X10F11o5//) 

448 FORMAT !12I9 ///) 
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449 FORMAT!26H NEUTRON ANGULAR SP~CTRUM /7X3H A1t8X3H A2t8X6H A3t8X3H 

XA4,8X3H A5t8X3H A6,8X3H A7t8X3H A8t8X3H A9,8X4H A10 ) 

450 PRINT 448, INA(! ),I=1tMl 

570 IF ,!SENSE SWITCH 5) 572t453 

572 PRINT 449 

574 PRINT 447• !ANGLE(Nl• N=1•10l 

408 DO 410 1t10 

N = I 

410 TAN!!)= TN!Nl*SACA!Il 

576 PRINT 445, !TAN!!), I=1tl0) 

680 IF!SENSE SWITCH 1) 682,453 

682 PRINT 690 

684 DO 688 J=1t65 

688 PRINT 692t SE!Jlt!NN!J.I), l=1tNRXNl 

6~0 FORMAT!24H NEUTRON ENERGY SPECTRA /8H ENERGY 5X4H N1 4X4H N2 4X4H 

X N3 4X4H N4 4X4H N5 4X4H N6 4X4H N7 4X4H N8 4X4H N9 4X5H N10 4X5H 

XN11 4X5H N12 //) 

692 FORMAT (F6.1t 2X1218) 

453 GO TO 14 

456 END !Ot1tO,o,O) 
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C. FORTRAN Program Subroutines for the 
Monte Carlo Calculations 

Subroutine SCAN searches the 2049-spa:ce tables of Z and R. 

Subroutine LOOKUP locates the neutron energies in the neutron energy 

spect.ra. 
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300 SUBROUTINE SCAN !ZRtZtFNl 

DIMENSION Zt2049l 

301 N = 1025 

3U2 IF!ZR-Z(Nl l303t222.305 

3U3 N=N+512 

3U4 GO TO 307 

305 N=N-512 

306 GO TO 307 

307 IF!ZR-Z!Nl )308,222.310 

308 N=N+256 

309 GO TO 312 

310 N=N-256 

311 GO TO 312 

312 IF!ZR-Z!Nll313o222o315 

313 N=N+128 

314 GO TO 317 

315 N=N-128 

316 GO TO 317 

317 IF!ZR-Z!N) l318o222o320 

318 N=N+64 

319 GO TO 322 

320 N=N-64 

321 GO TO 322 

322 IF!ZR-Z!Nl l323o222o325 

323 N=N+32 

324 GO TO 327 

325 N=N-32 

326 GO TO 327 

327 IF!ZR-Z!Nll328,222t330 
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328 N=N+16 

329 GO TO 332 

330 N=N-16 

331 GO TO 332 

332 IFfZR-ZfNJJ333.222•335 

333 N=N+8 

334 GO TO 337 

335 N=N-8 

336 GO TO 337 

337 IF{ZR-ZfN) )338,222.340 

338 N=N+4 

339 GO TO 342 

340 N=N-4 

341 GO TO 342 ' 

342 IF{ZR-ZfN) l343t222.345 

343 N=N+2 

344 GO TO 347 

345 N=N-2 

346 GO TO 347 

347 IF{ZR-ZfN) )348>222.350 

348 N=N+1 

349 GO TO 226 

350 N=N-1 

351 GO TO 226 

226 IFfZR-Z{N)J 222t222•228 

228 N = N + 1 

222 FN = N 

223 RETURN 

352 END f0•1•0t0t1l 
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600 SUBROUTINE LOOKUP !EN• SE, j, I l 

DIMENSION EN ( 13 l ' SE!65l 

601 j = 33 

602 IF (EN (I l - SE ( J l l 605. 627. 603 

603 j = j + 16 

604 GO TO 607 

605 j = j - 16 

606 GO TO 607 

6iJ7 IF!EN!Il - SE ( J l l 610•627·608 

608 j = j + 8 

609 GO TO 612 

610 j = j - 8 

611 GO TO 612 

612 IF (EN (I l - SE ( J l l 615•627.613 

613 j = j + 4 

614 GO TO 617 

615 j = j - 4 

616 GO TO 617 

617 IF (EN( I l - SE ( J l l 620•627•618 

618 j = j + 2 

ol9 GO TO 622 

620 j = j - 2 

621 GO TO 622 

622 IF (EN (I l - SE ( J l l 625·6z'7.623 

623 j = j + 1 

624 GO TO 629 

625 j = j - 1 

626 GO TO 629 
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629 IF(EN(Il-SE(J)) 627o627o630 

630 j = j + 1 

627 RETURN 

628 END(OoloOoOoO) 
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D. Derivations of the Integral Probability 
Functions Used in the Calculations 

1. Derivation of the integral energy probability function 

In Sec.Ill-1 we assume the neutron-energy spectrum to l:r·ave the 

form 
= E exp( -E /T). 

n n 

Integrating gives 
E 

Then, 

and 

and 

2 
n = - T exp{ - E / T) 

n 
(~ + 1) +c. 

T 

applying the boundary conditions: 

(a) n = OforEJ./T=0 1 -

0 = 
2 n 2 

-T + C, C = T ; 

{b) n = 1 for En/T = 10, 

1 = T 2 [1- e-lO {ll)] ~ T2; 

and substituting in ( D- 2): E 

n = 1- e:xp(-En/T) ( ; + 1). 

The distribution is then inverted by defining 
En 

Z = 1-n = exp( -En/T). ( T + 1), 

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 

where 

so 

dR 2 
W( 8) = d!J = A + B cos e, 

dR =(A + B cos
2

8) d!J; but d!J = 2rr sin0d8, 

dR = 2rr sin8 (A + B cos 2 e) d8. 

(D-1) 

(D-2) 

(D- 3) 

(D-4) 

(D- 5) 

Integrating this from 0 to rr and absorbing 2rr into the constants gives 
B 3 

R = A cos8 + 3 cos 8, {D-6) 

for G -+ 0, R -+A cos8, 
B 3 

R- 3 cos e. 
the condition for isotropy; and for G -+ 

B 
The limits are, for 8 = 0, R =A + -, 

3 B 
and for 8 = rr, R = -{A + 3 ). 

oo, 

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 

B 3 B 
R=(Acos8+ 3 cos 8)+A+ 3 , {D-7) 

which is the energy probability function illustrated in Figure 12. 
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APPENDIX-E 

A sul'!lmary of the. recoil angular distributions calculated by the 

Monte Carlo method follows in Tables E-1 through E- V. 



' 

TABLE E-I 

Summary of Monte Carlo recoil angular distribution data_- Ra
226

(a, 4n)Th226 , T = 1. 0 Mev 

Relative d 0 jdn, for angles in degrees a 
E W(l/2)c 

a 
Mev 2.31 5.97 8.72 11.47 14.24 16.88 19.37 21.85 24.23 26.57 28.75 Degrees 

c c 

b 32·.9 850 529 263 84.1 8.00 0 7.0 
34.1 1319 957 572 240 64.2 6.64 0 8.6 

35·5 1114 817 540 302 116 30.8 4.40 0 8.2 

36.1 1100 790 543 294 127 37.4 6.38 0 8.3 
37.2 925 760 549 314 143 49.7 13.9 1.27 0.19 0 9.5 
38 0 2 890 768 512 318 151 62.9 16.3 1.90 0 9.4 

39.3 906 733 514 298 159 65.6 25.1 4.64 0.38 0 9.2 
40.2 865 728 528 286 159 70.1 24.6 8.44 3.05 0 9.8 
41.6 853 723 489 308 156 74.1 32.8 8.87 1.90 1.29 0 9.3 I 

....0 

42.2 839 687 499 300 168 81.8 30.4 9.29 3.05 0.37 0 9.5 
-.o 
I 

43.2 752 668 478 302 192 82.8 39.6 11.8 5.71 0.37 0.19 10.0 
44.5 737 620 477 317 187 94.0 40.9 15.0 4.95 1.29 0 10.3 
46.2 656 535 ~60 330 188 116 56.8 23.6 5.71 1.11 0.56 11.3 

a 
See reference 69. c Overall error estimated to be-

b . 
2568 cases for 32.9 Mev; all others, 5000 cases. < ± 0. 5 degrees. 



TABLE E-II 

Summary of Mor1te Carlo recoil angular distribution data ·~ Pb208(a., 2n)Po210' T = 1. 45 Mev 

Relative da/ d~, for angles in degrees 
a 

W{l/2)b E ' 
a. 

Mev 2.31 5.97 8.72 11.47 14.24 16.88 19.38 21.85 24.23 26.57 Degrees 

21.7 1642 1272 597 . 36.3 0 7·7 
22.3 1339 1114 684 154 1.06. 0 8.8· 
23.1 i130 926 . 657 304 33.6 0 9.2 
24.0 974 830 606 359 96.2 5.04 0 10.0 
25 .. 1 878 759 570 345 160 26.6 o.lflf 0 10.0 
26.2 886 726 535 337 172 53·1 5.06 0 10.0 
27.2 849 706 506 322 188 64.5 16.5 0 9.8 
28.7 816 691 508 315 181 80.2 22.9 2.11 0 10.2 
29.7c 493 432 330 208 116 45.9 13.9 2.53 0.19 0 10.6 ; ... ~ 
31.7 666 616 488 348 202 87.9 36.8 0.76 

C.? 
10.5 0 11.0 0 

I 

33.0 615 525 455 341 232 129 36.3 13.1 0.76 0 12.5 
35.2 498 478 386 316 241 173 69~1 23.9 4.00 0.18 14.0 

37,. 2 464 376 383 315 223 166 114 37.6 6.28 1.48 14.2 
a 

See reference 69. 

b Overall error is estimat~d to be < ± 0 .. 5 degree. 

c Case for 29. 7 Mev was 3168 cases; all others were 5000 cases. 
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TABLE E-III 

Summary of Monte Carlo recoil angular distribution dataa - Pb
207

(a., n)Po
210 

T = 0, 5 Mev 

E Relative do/ dr.l, for angles in degrees 
b 

a. 
Mev 1.5l+ 3.99 5.84 7.70 9.b1 11.l+l+ 13.20 1l+.97 1b.71 18".l+l+ 20.09 

19.7 1219 1022 565 230 53.6 9.91 1.61 0 

20-5 998 1089 618 227 58.1 7,68 1.81 0 

21 ~7 c 304 342 414 600 196 33.4 2.81 0.56 0.16 0 

22.3 d 90 110 114 159 148 26~5 3.61 0.38 0 

T = 2. 00 Mev 

19.7 350 345 357 278 228 159 104 56.5 19.4 0.31 0 

20-5 3.32 357 356 284 223 154 99-7 54.8 25.9 2.94 0 ... I 

21.7 218 209 .. 246 319 261 178 . 120 58.9 36.1 11.3 0 
f-~ 

0 ...... 

169 ·~ -194 .. 298 208 36.2 13.8 
I 

. 22.3 ... 170 271 125 70·9 0.15 

2~ .. 1 154- 153 172 198 269 236 160 78.8 44.5 19.0 1.82 

24.0 113 135 135. 162 185 280 . 195 . 106 56.2 19.7 4.70 

T = 1. 40 Mev 
-

. 19.7 456 457.. 408 325 . 224 125 68.8 30.4 9.72 0.16 0 
.. 21.7 237 246 280 423 298 163 76.5 34.0. 13.5 3.56 0 

20 ·5 421 498 416 321 219 128 66.0 27.4 9.06 2.17 0 
·-.-.. 

-continued next page-



TABLE E-III (continued) 

T =1.40 Mev 

E Relative do/ dQ,. for angles in degrees e 
a. 

Mev 2.32 5-97 8.72 1l.l+7 1l+. 2l+ 1b.88 19.38 21.85 
22.3 434 543 802 438 138 35.0 5.50 0 

23.1 358 446 579 604 193 48.3 4.4o 0 
24.0 305 345 431 661 268 67.2 10.3 0 

. a These data represent 5000 cases except where indicated. 
b 

See reference 70. 
c 4478 cases. 
d 

1700 cases . 

. e See reference 69. 

i' 

I ... ~ 
0 
N 
I 



TABLE E-IV 

Summary of Monte Carlo recoil angular distribution data a -::-- Pr14\c12 , 4n)Tb149, T = 1. 5 Mev 

Eclz Relative do/ dn, for angles in degrees 
b W(lj 2) c 

Mev 1.54 3.99 5.84 7.70 9.61 11.44 13.20 14.97 16.71 18.44 Degrees 

55-0 1425 898 4o5 89.6 6.64 0 4.2 

58.0 1098 816 434 176 35.8 2.97 0 5.0 

61.5 965 724 446 207 68.8 8.42 0 5·5 

64:.5 919 ... 710 420 219 72.8 23.0 3:21 0.19 0 5.5 

69.5 ~20 603 404 238 111 36.2 8.83 1.69 0 5·7 

71.5 693 6o4 410 250 118 45.8 10.4 2.06 0 6.4 

.75.0 683 506 391 252 141 57.0 21.0 2.82 0.33 0 6.3 1--' 
0 
\.IV 
I 

a . 
4000 cases for each energy. 

b 
See reference 70. 

c Overall error is estimated to be < ± 0. 5 degree. 



TABLE E-V 

Summary of Monte Carlo recoil. angular distribution data ...;. Te
130

( c
12

, 4n)Ce
137 

T = 2. 5 Mev, B/ A = 1. 2 

Relative dcr/Mi, for angles in degrees 
a 

W(lj2)b 
Ecl2 . No. 
Mev Cases 1.54 3-99 5.84 7.70 9.61 11.44 13.20 14.97 16.71 Degrees 

59.0 2023 68f 394 208 70.4 13.7 1.98 0 4.2 
64.5 4819 1215 850 516 245 86.3 15.6 1.40 0 5.3 

... 

69.0 7018 1579 1122 744 399 153 48.8 10.6 0.56 0 5.4 
75.0 2000 383 319 196 123 53.8 19.1 5.42 1.13 0 5.7 

I 

81.0 8641 1616 1256 907 515 241 91.6 30.7 6.94 0.99 6.1 

87.5 9652 1762 1415 977 579 294 107 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 4.7 '-"' 
~· 
I 

64.5 10000 2641 1870 1045 490 137 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 . ],68 62.4 14.4 3.00 0.33 5·7 
81.0 10000 1798 1486 992 599 303 117 37.7 7.69 1.65 6.2 

87 ·5 3580 97() 521 330 204 111 49.3 17.9 5.63 0.66 5·7 

-continued next page-
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TABLE E-V (continued) 

T = 2. 5 Mev, isotropic 

. Ecl2 Relative dcr/dfl, for angles in degrees 
a 

No. 
Mev Cases 1.54 3-99 5.84 7. 70 . 9.61 11.44 13.20 
59.0 2000 389 289 . 2.21 117 54.3 20.1 4.42 

64.5 2000 323 235 204 133 62 •. 4 30.0 13.0 
69.0 2000 270 192 126 74.1 37.1 13.6 5.44 

. 75.0 2000 239 210 170 126 82.0 45.8 20.7 
'81.0 2000 218 187 .164 112 82~0 52.5 27.9 
87.5 2000 177 184 148 107 86.o 55-7 33.1 

a 
See reference 70. 

b Overall error is estimated to be<± 0. 5 degree. 

14.97 16. 71 

0.75 0 

4.50 0.66 

1.15 0.31 
8.44 2 •. 64 

14 ... 1 5.76 

19.3 6.42· 

) 

W(l/2) b 
Degrees 

6.2 
6.6 

7-5 
7.6 
8.7 
8 .. 7 

I 
1-' 
0 
Ln 
I 
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