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NUCLEAR REACTION MECHANISMS IN THE !IEAVY-ELEMENT REGION 

Paul F. Donovan 

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

.June 1958 

ABSTRACT 

Angular distributions of the heavy recoils produced in the (a,2n), 

(a,3n), (a,4n), (a,t), (d,n), (d,2n), (d,3n), and (d,p) reactions of 

Bi209 have been measured at various incident-particle energies. The 

mechanisms of the (o:,2n), (o:,3n), and (d,3n) reactions have been inter

preted by comparison of these angular distributions with theoretical 

angular distributions resulting from Monte Carlo calculations based on 

a simple evaporation model. Flirtl:J.er information concerning the reaction 
' 

mechanisms of the (o:,2n), (o:,3n) / and (o:,4n) reactions is derived from 

the results of experimental recoil range measurements. Probable mechani

sms are suggested for several of the other reactions. 
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In general, background problemf? ar~ .. of:ten largely eliminated by heavy

recoil teclmiques. Also, if severaL particles are emitted in the course 

of the reaction, it is usually not possible to determine by study of 

the light particles which ones were associated.with a particular nuclear 

event, unless nuclear emulsion .or track-chamber teclmiques are used, in v 

which case one is restricted to the study of charged-particle emission. 

On the other hand, in studying low-energy recoils, one is restricted to 

the use of very thin i:largets in ord•=r not to seriously change· the energy 

and trajectory of the recoils. The effe.cts under invest.igation are 

usually small; that is, the angle through which a heavy recoil is de

flected when a light particle is.emitted is usually not very great. 

Ranges of heavy recoils in the energy region under investigation are 

very short. If a differential range curve is to be measured, extremely 

thin absorbers must be used. Also, angular distribution results are 

often difficult to interpret. The relation between .laboratory and 

center-of-mass coordinates may be double-valued, and in reactions in 

which several particles are emitted, complex problems in dynamics are 

.enco'lintered. In this work, results of Monte Carl,o calculations based 

on a .simple evaporation model are used to' interpret the angular distri

butions obtained for some reactions in which several particles were 

emitted. 

\.. 
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II . EXPERIMENTAL PROCEDURES 

A. ·· Angular Distribution Studies 

1. Preparation of targets 

The bismuth targets were preparedby vaporizing reagent grade 

bismuth meta114 o~ to 0. 001 in :• thick aluminum foil. The bismuth was 

vaporized from a heated tantalum filament in an evacuated bell jar; the 

thickness of the deposited bismuth was dontrolled by varying the time of 

passage of electric current through the filament. The .aluminum foil was 

taped to the top of the bell jar in such a.way that the distance from 

the hot bismuth to all parts of the aluminum foil was nearly constant. 

The thickness of the depos_ited bismuth was determined in the 

following way. A measured area was cut from the bismuth-coated aluminum 

foil. The bismuth was dissolved in a .few drops of concentrated nitric 

acid, and the solution transferred to a 5-ml volumetric flask. This 

procedure was repeated with a few more drops of nitric acid, and the 

foil and transfer pipette were rinsed with distilled water, which was 

then added to the volumetric flask. T.hen 2.0 ml of a 10% aqueous 

thiourea .solution was added, producing the ;yellow bismuth-thiourea 

complex. 15 The solution was diluted to volume, and the absorption in 

the region' of minimum transmission (440 m~) was measured with a Beckman 

Model B spectrophotometer. The concentration of bismuth in the solution 

was read from a curve giving percent transmission as a function of 

bismuth concentration } 6 The number of micrograms of bismuth per square 

.centimeter of aluminum foil was then calculated. Targets of thicknesses 
. . 6 2 2 

varying from 0. r/cm bismuth to 37 r/cm were prepared in order to 

study the effect of target thickness' _: on the angular distribution. 

Thickness determinations were_ made near the center and edge of each 

bismuth-coated foil in order to determine whether the bismuth was being 

deposited uniformly. In every case the variation in bismuth thickness 

from center to edge was found to be small. 

2. Cyclotron bombardment procedures 

All bombardments were done on. the Crocker Laboratory 60-inch 
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cyclotron. The bismuth- target is' mounted 'in a .recoil target assembly 

previously pictured by Vandenbosch .• l7 The target chamber is evacuated 

to 50 to 100 microns pressure during the bombardment, and the noh- 1!'-

bismuth side of' the target, which faces the incoming beam, is co~led 

by helium gas circulating between the target·and. the ·aluminum degrading 

f'oils that are used to vary the energy of' the incident particle beam, 

In the recoil assembly a catcher 'f'oil, consisting of a circular piece 

of' 0 .001-in·. -thick aluminum f'oil 4.6 em in diameter, is positioned 

behind the target at a distance determined by the angle it is desired 

to intercept. The position of' the beam as it passes through the target 

is f'ixed by placing a graphite collimator with a 1/8-in. circular hole 

in f'ront of the target assembly. Af'ter passing through the aluminum 

catcher f'oil, the beam is stopped in an elect:dcally insulated water-

cooled· Faraday cup at the back of the target chamber. The beam current 

at the Faraday cup is measured by an electrometer. In these studies, 

beam currents of' about 0.25 microampere were usua1ly used. With much 

larger currehts, there is a tendency for a film of foreign material to 

·deposit .on the target, which causes scattering of the recoils. Also, 

with high beam current there is the danger of vaporizing the bismuth 

target material f'rom the aluminum foil. 

3. Counting procedures 

After bombardment, the aluminum catcher foil is removed from the 

target·ch~ber and cut into 11 concentric rings. This is done by press

ing the catcher f'oil against a steel cutter-in a hydraulic press at 5000 

.psi. The range of' angles that each ring subtends with respect to the 

target is .calculated f'rom the dimensions of the catcher foil and weight 

.of the ring and the distance of' the catcher· foil f'rom the target. In 

most experiments, the catcher was 3.0 to 6.0 em from the target. A 

gross alpha-particle count is then made on each ring,· and --when neces-

saryf'or identification of the products the alpha activities are re-

solved on an alpha-particle pulse-height analyzer. In deuteron bombard

ments, pulse analysis may be delayed 2 to 3 days until short-lived beta 
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and gamma activities induced in the aluminum catcher foil have substan

tially decayed, since the presence of large amounts of 13-r activity 

leads to poor resolution in the pulse-height analysi,s: 

The foll~Ming procedures are used for identifying and counting 

the various products produced by the reactions investigated. 

a. Bi209(a,2n)At211; Q = -20.6 Mev. 18 At helium ion,energies 

below about 39 Mev, pulse-height analysis shows that substantially all 
. , At211 ( 5 hr ).19, 20, 21, 8 d the alpha actJ. vi ty produced is, due to -7 • , a an 

Po211 (0.52 sec, a).
22 

The Po
211 

is formed by the electron-capture 

decay of At
211 

(59.1% E.C.).
1

9 Since the Po
211 

is .in equilibrium with 

the At211 , at these energies the production of (a,2n) recoils as a 

function of angle may be studied by simply gross alpha-counting the 

. rings. 
. . 209 210 . 210 ( 21,23 

b. BJ. (a,3n)At ; Q=:= -27.9 Mev. SJ.nce At 8.3 hr,E.C.) 

decays mostly by electron capture, this reaction is studied by allowing 

the rings to decay for several days af-t;;er counting the (a,2n) and (a,4n) 
. 211 .· ·209 . . 210 

recoils. ThJ.s allows the At and At ,to decay away, and the Po 
. 24 210 210 
(138.3 d,a) daughter of the At is gross alpha counted. Some Po 

is undoubtedly formed directly by the Bi 209(a, t )Po
210 

reaction, and by 

· ·decay of Bi210 formed by the Bi209(a,He3)Bi
210 reactioi:~:, but cross

section measurements of these reactions in the heavy-element region25, 26 

210 
indicat~ that the amount of Po formed in this way should be small 

2W . 8 
compared with that formed by decay of At at the energies studied • 

. c. Bi209(a,4n)At209; Q = -35.6 Mev. The fraction of At209 (5.5 

hr, 51~) 27 pt~sent in the rings is determined by alpha-particle pulse

height analysis (Fig. 1) of each ring. The rings are also gross alpha 

counted to determine the absolute counting rate. 

d~ Bi209(a,t)Po210; Q = =14.8 Mev. This reaction was studied at 

28.0 Mev. At this energy no At210 is formed. Therefore the only other 
210 source of Po would be expected to be that formed.from the decay of 

Bi210 produced by the Bi209(a,He3)Bi210 reaction. Since the cross 

section for (a,He3) reactions at these energies is found to be much less 

than that for the (a,t) reaction, 25 , 26 all the Po210 was assumed to be 
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Fig. 1." Pulse-height analysis of ring 2, Q ~ 8°, 
(~olid line) and energy versus channel number 

(dashed line) for the reaction 'products of the 

system Bi 
209 + He 4 (E = 46.5 Mev). 
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formed directly by the (a, t) reaction J 
210 The Po was measured by gross 

alpha counting after the short-lived alpha emitters had decayed away~ 

OWing to the low cross-section bf the (a,t) reaction at this energy, a 

long bombardment ( 10 hrs) at a high beam current ( 1 microampei:;e) was 

required to produce enough Po210 to be counted easily. This high total 

beam led to the production of some Po~10 from trace impurities (probably 

lead) in the innermost rings of the aluminum foil used as the catcher. 

Since this activity w:ould be produced:"throughout the thickness of the 

aluminum foil, and the Po210 coming from the (a,t) reaction is only on 

the front surface, the Po210 coming from (a,t) was determined by gross 

alpha counting both sides of the rings and taking the difference. 

(Po210 alpha particles do not penetrate through the thickness of the 

rings.) 

e. 

At deuteron energies below 13 Mev, substantially all the alpha activity 
210 . 210 is due to Po produced by the ( d,n) ,react~on and to Po coming from 

decay of the short-lived isomer of Bi210(5.02 d, 99+% ~-). 28 , 29 The 

rings are gross alpha counted shortly after the bombardment and again 
. 210 

after most of the Bi has decayed. From these data the amoPllts of 

i
210 . d' 2l 0 ' b b dm t' 1 1 t. d . f B · an Po produced by the om ar . en are ca cu a e • Because o . 

the. low counting rates involved, it proved impractical to apply this 
208 . . 

procedure at higher energies, at which Po is .formed by the (d,3n) 

reaction and pulse analysis is required to observe the Po210 , which 
208 usually has a low counting rate compared with that .of the Po . 

f. Bi
209

(d,2n)Po209; Q = ~4.9 Mev. Bi209(d,3n)Po208; 

Q = -11.5 Mev. Because of the long half life of Po209 (100 yr, a)
8 

it 

was possible to study this reaction only at one energy, near the peak of 
208 30 31 ~ 

the excitation function. Po (2.93 yr, a) ' recoils were obs~rved 

at deuteron energies ranging from 14.5 Mev to 23.5 Mev. These products 

were identified by pulse analysis of tll.e rings (Fig. 2). Absolute 

counting pates were determined by gross alpha counting. 
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50. 

MU-15701 

Fig. 2~ Pulse-height anal;ysis of ring 5, g ~ 19°, 

(solid line) and energy versus channel number 

(dashed line) for the reaction products of the 

system Bi209 + H2 (E = 15.1 Mev). 
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4. Treatment of data 

For each ring, the relative solid angle subtended was calculated. 

from the ring dimensions. Counting rates were tabulated on a relative 

basis as counts per minute per unit solid angle. Plots of this quantity 

versus the laboratory angle in degrees were constructed. Where neces

sary, corrections for growth and decay during the counting period and 

for decay during bombardment were made. 

B. Range Studies 

1. Preparation of targets and absorber films 

The recoil range -measurement technique described belciw was de-
·. 32 

veloped by Harvey and Wade. Bismuth targets were prepared in the 

mannet:r: described above for the angular distribution studies. Tl:lJ:'gets of 

about one microgram of bismuth per square c7ntimeter were usually used 

in the recoil range studies. The absorber films used in making the dif

ferential range measurements were made of VYNS.33 plastic. The films 

were prepared by stretching on a water surface in the manner described 

by Pate and Yaffe.34 The films, which were 1 inch in diameter, were 

mounted on aluminum frames which were .spaced in slots 0.030 inch apart. 

The film thicknesses were usually in the range of 5 to 15 micrograms per 

square centimeter. Depending on the film thicknesses, a stack of 15 to 

.20 films was used to stop the recoils. Film thicknesses were measured 

by the optical-absorption method described by Pate and Yaff~,34 by use 

of a Beckman Model DU spectrophotometer at a wave length of 600 m~. The 

. transmission-thickness. calibration curve given by Pate and Yaffe was 

used. Results of successive measurements made on the same film are 

quite reproducible, and measurements made at different areas of the same 

film are usually in good agreement. Three of the films were weighed on 

a microbalance, and the weights given by this method were in good 

agreement with those calculated from the transmission measurements. 

The film thicknesses as measured before the bombardment are probably 

accurate to within about 0.5 ~gjcm2 . 
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III . MONTE CARLO CALCULATIONS 

The application of the Monte Carlo method to nuclear reaction 

problems was sUggested by Ulam and V:on Neumann. 35 The first calculations 
36 . of this type were done by Goldberger, and were based. on a nuclear 

_cascade model. Calculations based on similar cascade models have since 
.· . . -~ 

been carried out by several authors. 37 The results have been in 

qualitative agreement with experimental data on yields and angular dis-
, , . 41 49 

tr.ibutions for fast cascade particleE~. Meadows, Jackson, and 
44 . . 

Rudst~ have used calculations of the Monte Carlo type based on an 

evaporation model to explain experimental cross-section data. 

The Monte Carlo calculations reported in this work are the re

sult of an effort to provide predictions based_ on a simple model for 

comparison with experimental angular distribution data on heavy recoil 

nuclei from react_ions in _which several light particles have b_een emit

ted. A simple evaporation model, based on the compound nucleus .can-

t 50-52 has b tak th t t• · t f th 1 ul t·-cep , een en as . e s ar 1ng po1n or e ca c a 1ons. 

In order to facilitate the calculatiom, several simplifying 

assumptions and approximations have been made. These are listed and 

discussed below. 

1. Neutrons are the .only particles emitted from the compound nuc

leus. 53 Competitive de-excitation by other modes, such as proton and 

gamma-ray emission, are neglected as long as the nucleus is excited 

above the bindi!tgenergy of the last neutron. 

2. The free evaporation energy sp~ctrum of the neutrons emitted -from 

the excited nucleus, unmodified by thermodynamic requirements, is given 

by the expression53 P (E) o: Ee-E/T, where P (E) is .the probability of 

evaporating a neutron of energy E, E is the energy of the evaporated 
I' neutron; and T is a parameter, usually referred to as the "nuclear 

temperature," used to adjust the shape of the evaporation ~nergy spec-

trum. The energy spectrum of the emitted neutrons leading to a parti

cular reaction at the excitation energies investigated is s.o drastically 

changed from the form given above by the imposition of thermodynamic 

requirements on the outgoing neutrons, and by competition from other 

neutron-out reactions, that the model is riot very sensitive to the exact 

form of the unmodified energy spectrum. 



! .. / 

3. The angular distribution of the outgoing neutrons is isotropic in 

the system of the recoiling nucleus. Th.is provides a simple model with 

which experimental angular distributions may be compared. 

4. .The. para.meter T is constant througho~t the evaporation chain. 53 

The model does not seem to be sensitive to this assumption. Monte Carlo 

calcUlations have been carried out in which T was varied by several -· ' ' 

tenths Mev without any appreciable effect on the angular distributions~' 

The following approximations have been mad~ in order to simplify 

the equation that predicts the angle of the recoil nucleus in the lab

oratory system. 

5. The distanc~: traveled by the' recoiling nucleus in the laboratory 

system during the ·evaporation process is negligible·coi:npared with the 

distance from the target to the catcher foil. This approximation in

troduces rio measurable error in the calculation if the total time for 

neutron evaporation is less than about 10-9 second. 

E?. The mass of the nucleus does not change during the evaporation 
209 . .. 

process. For Bi · , this introduces an error of less than lojo in the 

angle of the recoil if not more than fqur neutrons are evaporated. 

7. The change~ in momenta of the recoiling nucleus due to loss of 

mass during the evaporation process is negligible. This allows the 

momentum of the recoil nucleus in the system of the struck nucleus to 

be calculated without taking into account the alteration of the system 

of the recoiling nucleus by the loss of neutrons. The error in the 

angle of the recoil nucleus due to this approximation is less than 2% 
in the least favorable case, where the errors add for the several 

neutrons. 

Within the limits of the above approximations, the relation 

giving the angle of the recoil nucleus in the laboratory system for 

the case of three emitted neutrons is 

tan¢ = 

2 cos e 
3 

. Pa: 
cos. e 

3 
__ ; +- p

.n 

where ¢ is the angle of the recoil nucleus in the laboratory system 

(1) 
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· with respect to the incident particle beam; Pa. is the mqmentum of the 

incident particle; and.pn is given by the. expression 

p n = { 2 m E1 + 2' m E2 + 2 m E
3 

+ 4 im E1 i~ E2 cos e l 

+ 2 -{2m E
3 

cos · e2 ( 2 m El + 2 m E2 

+ 4 _,-;-i; -{m E2 cos e1 )
1

1
2 

]
112

, (2) 

where e1 is the angle between the momentum vectors of the first and 

second neutrons in the system of the strrl;ck nucleus; e 2 is the angle 

between the resultant of the first two neutrons and the momentum 

vector of the third neutron;. e3 is .the angle between the resultant 

o:f all three neutrons and the direction of the incident particle beam; 

Ei, E2 , and E
3 

are the kinetic energies .qf the first, second, and 

third neutrons respectively.in the system of the recoiling nucleus; 

aiid .m is the neutron mass, taken as one amu. Energies were calculated 

in Mev:; and masses in amu. 

Similarly, for the case o,f two emitted neutrons, we have 

tan ¢ = 

. where p is given by 
n 

-' 1 2 e · 
" - cos 2 

Pa 
cos e2. + -

Pn 

( 4 -r . )1/2 . pn = 2 m E1 + 2 m E2 + . m E1 -1 m E2 cos e l • 

(3) 

( 4) 

All q'uantit.ies are as defined above, except that here e 2 is the angle 

between the resultant of the two neutrons and the direction of the 

incident particle beam. 

In order to produce an isotropic neutron distribution, the 

cosines of the above angles . are selected rand6hlly in the range -1 to 1. 

The neutron energies are selected according t6 the following scheme: 
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First, neutrons are selected in a r~dom fashion to fit the 

distribution ·, 

P (E) = E e-E/T . (5) 

This is done in the case of the first neutron by selecting a neutron 

energy at random in the range .from zero to E + Q1 by multiplying E + Q1 a . a 
by a random number in the range zero to one. (E is the energy of the 

a 
incident particle (a) in the center-of-mass system, and Q1 is the Q value 

for the (a,n) reaction.) The ma.Ximum possible value of P (E) at the 

particular T selected is then ca],culated from E:q. ( 6), 

P (E) ' = M Tje • . ( 6) 
max 

p (E) is then multiplied by a .random number in the range zero to one. 
max 

If the number thus obtained is greater than P (E) for the neutron energy 

selected, this neutron is rejected. The energy spectrum of neutrons 

surviving this operation is that of Eq. (5). The energies of subsequent 

neutrons are limited in.the selection process to the energy available at 

that stage of the evaporation. 

The next operation is_ the selection of neutrons from the above 

spectrum that lead to the reaction under investigation. As an example, 

let us consider a reaction in which three neutrons are emitted. A flow 

· diagram of this selection process is shown in Fig. 3. 
All the above neutron selection operations, as well as the re

coil-anglE! calculations, were .performed on an IBM type 701 digital com

puter. One_ thousand cases of the reaction under investigation were 

tabulated at each incident-particle energy studied. The time required 

for the calculation varied from about 2 minutes at the most favorabl-e 

energies to much longer times at energies where most of the neutrons··· 

were used up by competing reactions. 

The following information was recorded for each reaction~ 

1. The number of recoil events in 1-degree intervals in the labora-· 

tory system. 

2. The above number modified by solid-angle corrections. (For com

parison with .experiments, the angular distributions were integrated 



.-19-

select . E3 1------. 

. (a,4n) 
reactions 

Fig. 3. ·Flow diagram of Monte Carlo neutron-energy 

selection scheme. Here E is the energy of.the 
a 

incident particle in the center-of-mass systemj 

~' Q2, and ~'are 
the (a:, n) , (a:, 2n ) , 

+ Q_ • E < E +'Q · J..' 2 · a ' 2 

the Q 'Values respectively for 

and (a:,3ri) reactionsj E1 < Ea 

- E1 j and E
3 

< Ea+~ - E1 - E2• 

MU-15702 
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over intervals corresponding to the range of angles subtended by the 

rings cut from the catcher foils.) 

3. The energies .of the neutrons used in the calculation of the re

coil ~gles, tabulated separately for the first, second, and third 

neutrons emitted, as the number of neutrons per 0.1 Mev interval. 

(See Fig. 4.) 
4. The number and type of other reactions per thousand cases of the 

reaction under investigation. 

The relative frequency of occurrence of the various competing 

reactions as given by the .Monte Carlo calculations was found to be 

quite sensitive to the value of the parameter T used in the calculation. 

Although the angular distributions are not much affected by changes in 

this par~eter, an effort was made to use the. valJte of T which gave the 

best fit to experimental cross-section data.8 For th~ system Bi 209 + He 4 , 

it was found that experimental values of the ratio of the (a:,2n) and 

(a:,3n) cross sections were matched quite nicely by the Monte Carlo 

results using aT of 1.4 Mev (Fig. 5). For the system Bi209 + H2, 

however, no single value of T yields cross-section ratios that are in 

agreement with the experimental data, as may be seen in Fig. 6. By 

cross-plott:lng, values of T that fit the experimental data at various 

energies are dbtained (Fig. 7). For this system, values ofT read 

from this graph, and extrapolated values, were used in the Monte Carlo 

calculations. Calculations were also done based on assumption of a 

constant T of 1.75 Mev, and these gave angular distributions which 

agreed with those using.values ofT from Fig. 7 within the statistics 

of the 1000 cases tabulated. 
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Fig. 5. Ratio of cross sections for the reactions 

Bi
20

9(a,2n)At
211 

and Bi209(a,3n)At210 as a func

tion of incident particle energy (A= Monte Carlo, 

T = 1.2; ~·Monte Carlo, T = +.4; 0 ~· Monte 
. . . 8 

.carlo, T = 1.5; and e = experiment ). 
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Fig. 6. Ratio of cross sections for the reactions 

Bi
20

9(d)2n)Po209 and Bi 209(d,3n)Po 208 as a func

tion of incident particle energy (Monte Carlo 

and experimental results). 
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IW. RESULTS AND CONCLUSIONS 

A. Reactions of the System Bi209 + He4 

l. The (a,2n), (a,3n), and (a,4n) reactions of Bi
20

9. 

The heavy-recoil angular distributions for the (a,2n), (a,3n)ani " 

(a,4n) reactions of Bi209 have the general shape shown for the reaction 

Bi209(a,4n)At209 in Fig. 8. The angle marked on the abcissa as e max 
is the maximum angle .in the laboratory system to which the recoil may 

be deflected. This is c~lculated by assuming that all the neutrons 

are emitted at the optimum angle and energy for deflecting the nucleus 

by the maximum amount. All recoils observed at greater angles must 

therefore be due to scattering cause.d by the interaction of the recoil 

atoms with the target material and with the gas molecules in the space 

between .the target and the catcher foil. The deviation of the ex

perimental points in the range of emax from a .smooth curve dropping 

to zero at e is, then, a measure of the scattering. The variation max 
of the scattering with target thickness was investigated. It was 

found that for target thicknesses of l ~gjcm2 bismuth or less, scatter

ing was negligible at angles in the region of the "half width11
• The 

half width (width of the angular distribution at half maximum, measured 

in degrees) was taken as a measure of the shape of the angular distri~ 

bution for the purpose of comparison with the Monte Carlo re~ults over 

a range of incident particle energies. 

For the reaction Bi209(a,3n)At210 , the experimental angular 

distributions and those resulting from the Monte Carlo calculations 

were found to be in excellent agreement, except for scattering in the 

region of e . , over the entire range of incident particle energies ·. max 
investigated. Experimental and Monte Carlo results for nearly identical 

incident particle energies are shown for the (a,3n) reaction in Fig. 9. ~ 

For comparison of the experimental and Monte Carlo results at the vari-

ous energies investigated, the half widths of the angular distributions 

were plotted as a function of the energy available for·neutron evapora

tion, Eacm + Q
3 

(Fig. lO). 

.. 
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Fig. 9• Monte C3rlo and experimental recoil angular 

distributions for the r.eaction Bi
20

9(a,3n)At
210

. 

Standard deviations are shmm for the Monte Carlo 

calculations. The solid curve is drawn through 

the experimental points (Ea + Q = 9.7 Mev for 
em. 

the experiment and 10.0 Mev for the Mont~ Carlo 

calculations; (0.88 yjcm2 Bi209). 
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The probable error in the half widths of the angular distributions 

of the (o:,xn) reactions depends somewhat on theincident energy and the 

particular reaction involved. In general, errors are less than ± 1/2 

degree for the experiments and less than ± l degree for the Monte Carlo 

calculations. 

The general features of the CUfVe shoWn in Fig. 10 are readily 

explainable on the basis of the.model assumed in the Monte Carlo calcu

lations. At the threshold of the reaction, no kinetic energy is available 

for the outgoing neutrons, so that the neutrons can give no momentum to 

the recoiling nucleus. Therefore all recoils are found at zero degrees, 

owing to the forward momentum of the incident particle. As the incident 

particle energy is increased, the neutrons start contributing to the 

nuclear recoil, and the half width increases, rapidly at first, then more 

slowly, until all the neutrons are leaving the nucleus with about the 

same kinetic energy distribution, as shown in Fig. 4. (The most probable 

energy under these conditions is about T Mev.) The half width then re

mains nearly constant with increasing energy, the extra energy remaining 

as excitation.energy of the residual nucleus. When the excitation energy 

of the residual nucleus begins-to exceed the binding energy of the next 

neutron, the. (o:,4n) reaction-begins to compete~ Under these conditions, 

the neutrons must leave with higher kinetic energies in order to give rise 

to an (o:,3n) reaction. This 'causes the half width to increase again, and 

this increase will continue ad infinitum, or until another mechanism takes 

.over. 

It is interesting that this reaction appears to be explained by 

an isotropic evaporation model. As has been pointed out by Thomas, 54 

Wolfenstein,55 .and Hauser and Feshbacb\', 56 it can be shown that particle 

emission from a compound nucleus will be isotropic if the level densities 

for both the compound and the residual nucleus are sufficiently high, and t 

the levels have a 2J + l spin dependence over the range of possible J 

values. Calculations by Bloch57 based on the individual-particle model 

indicate that this dependence is not found at excitation energies less than 

about 12 Mev. In the reactions studied in this work, excitation energies 
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much less than this were common. At bombarding energies near the Q, the 

residual nucleus must be left in or near the ground state. However, it 

is quite possible that the necessary conditions for isotropy are much 

less stringent than the sufficient conditions described above. 

A typical angular distribution for recoils coming from the 

Bi209(a;4n)At209 reaction is shown in Fig. 8 .. Monte Carlo calculations 

were not done for this reaction because of the complexity of the equa

tions involved, and because the experimental data. do not cover avery 

wide range of incident particle energies. A plot of half width versus 

energy is shown for this reaction in Fig. 11. This reaction could not 

be studied at lower energies because the pr:esence of largeamounts of 

At211 alpha activity makes the At209 alpha particles difficult to detect 

at energies at which the (a,4n) cross section becomes small. The high

est energy studied was determined by the maximum energy of the cyclotron. 

The general magnitude of half widths for the (cx,4n) reaction 

appears to be about the same as for the (a,3.n) reaction at comparable 

energies. The (a,4n) half widths are slightly greater at low energies. 

Since there are four particles emitted instead of three, the cancella

tion of neutron momenta should be more nearly complete, which would give 

a smaller half/width. On the other hand, because the energy is .shared 

among more particles, the absolute value of the total neutron momentum 

yill be greater for the (a,4n) reaction, which tends to increase the 

half width. It is diff~cult to say which of these effects would be ex

pected to predominate. 

Angular distributions for the (a,2n), (a,3n), and (a,4n) re

actions measured at the same energy (45.5 Mev) are shown in Fig. 12. 

The large differences in the h~lf widths are due primarily to the dif

ferences in the Q values of the various reactions. 

A plot of the half width of the angular distribution versus 
. . ·. 209 . 211 

energy is shown in Fig. 13 for the reaction Bi (a,2n)At . Both 

Monte Carlo and experimental results are shown. Here it is seen that 

at values of E . + Q2 greater than about 10 Mev the experimental . a c.m, 
half widths lie considerably below those given by the Monte Carlo cal-

culations. Since one could expect the conP.itions for isotropic neutron 
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evaporation from a compound nucleus to be better met at high excitation 

energies, these results lead one to suspect that a mechanism other than 

compound-nucleus formation is starting to contribute to the (a,2n) re

action at this energy, which is at the peak of .the (a,2n) excitation 

function measured by Kelly and Segr~. 8 

Further evidence that a non-compound-nucleus mechanism begins to 

contribute to the (a,2n) reaction at energies above 30 Mev is supplied 

·' 

by the results of the recoil range measurements. Results of range measure

ments for the (a,2n), (a,3n), and (a,4n) reactions at 43.6 Mev are shown 

in Fig. 14. There is a striking similarity between the range curves of 

the (a,3n) and (a,4n) reactions. Since the angular distribution studies 

have indicated that the (a,3n) reaction proceeds by a compound-nucleus 

mechanism, the similarity in the range curves for these reactions is good 

, evidence that the (a,4n) reaction also proceeds by a compound-nucleus 

mechanism. The peak .of the range curve for either of these reactions 

may then be interpreted as the range corresponding to recoils having the 

full momentum of the incident helium ion. The rest of the curve is due 

to a combination of' range straggling and deviations from the most pro

bable recoil momentum caused by imperfect cancellation' of the momenta 

given to the recoils by the outgoing neutrons. As may be seen in Fig. 

14:, the:mo.st probable range for (a,2n) recoils at this energy is con

siderably less than that for the (a,3n) and (a,4n) reactions. This .can 

only mean that .many of· the {a, 2n) recoils have failed to absorb the full 

momentum of the incoming helium ion. In other words, a compound nucleus 

was not formed. 

According to the range-energy relation derived by Bobr58 and 

Lindhard ahd Scharff,59 the ranges of recoils of the mass and energy 

studied in this work should be proportional to their energies. This 

type of range-energy relation is also supported by calculations by 
60 . ' . 61 

Harvey based on experimental results of Baulch and Duncan, Leachman 

d 62 ' 63 an Atterling, and Sikkeland and Ghiorso. If, then, the recoil 

range is taken as proportional to its energy, this_ allows one to calcu

late the energy of the lower.range (a,2n) recoils from the ratio of the 
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ranges of the (a,2n) recoils to those of the (a,3n) or (a,4n) recoils, 

since these last two reactions must proceed by a cbmpound-nucleus 

mechanism on the basis of the results discussed above. 

Range curves for the (a,2n) and (a,4n) reactions measured at 

an incident helium ion energy of 46. 5 Mev are shown in Fig. 15 . The 

most probable recoil range for the (a,2n}\reaction is seen to be only 

half that for the (a,4n) reaction. From this result the (a,2n) recoil 

forward momentum is about 0.71 times the (ci,4n) forward momentum. The 

rest of the forward momentum must be taken by the two emitted neutrons. 

If we assume all of it is taken by the first neutron, and that this 

neutron is emitted at 0 degrees, the first neutron would then have a 

kinetic energy of about 15.6 Mev. In this case the second neutron 

would have to carry out at least 3 Mev in order not to be followed by. 

the emission of a third neutron. If, on the other hand, the forward 

momentum were shared equally between the' two outgoing neutrons, and 
• 

the first neutron were emitted near 0 degrees as assumed above, the 

second neutron would then have to carry out at least 10.8 Mev besides 

the energy due to its forward momentum. Since this is very unlikely, 

the first proposed mechanism, or something approximating it, would be 

• expected to predom'inate. If this is tl~e case, the only momentum- avail

able for deviating the path of the reeoil from 0 degrees .is that due 

to the second ("' 3-Mev) neutron. The ratio of this momentum to the 

forward momentum of the recoiling nucleus is in this case about 0.18. 

The same ratio for a compound-nucleus mechanism, where both neutrons 

could contribute to the deflection of the recoil, is about 0.32. There

fore, on the basis of the recoil range measurements, if the (a,2n) re

action proceeds at these energies by a "knock-on" type mechanism, where 

the first neutron is ejected with ahigh kinetic energy at a small angle, 

one would expect the angular-distribution h~lf widths for this reaction 

to be less than those predicted by the compound-nucleus (Monte Carlo) 

calculations. As is seen in Fig. 13, this is indeed the .case at 
'I' 

energies above about 30 Mev (E + Q2 = "' 10 .Mev). This .is further 
a c .m. 

evi-dence for a !'knock ... on" mechanism. 
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Results of range measurements at lower energies are shown in 

Figs. 14, 16, and 17. As may be seen from these figures, the range 

curve for the (a,2n) reaction gradu~lly approaches that for a compound-· 

nucleus reaction as the incident particle energy is lowered, as would 

be expected from the Monte Carlo calculations. 

2. 
. 209 . 210 

The Reaction Bi (a,t\)Po 

An experimental angular distribution for the heavy recoils com

ing from this reaction at an incident helium ion energy of 28 Mev is 

shown in Fig. 18. The limits of error shown are standard deviations 

calculated from the count·.ing statistics. 

From this experiment, the triton angular distribution has been 

calculated in center-of-mass coordinates on the basis of two assumptions. 

First, the triton leaves with high enough energy that the residual 

nucleus is left near the ground state. This seems reasonable, since the 

Q for this reaction is -14.8 Mev, leaving after momentum conservation 

about 12 to 13.Mev for the triton, which is not far above the coulombic 

potential barrier for bismuth. Second, in the·center-of-mass system the 

tritons are emitted in the great majority o:f cases at angles less than 

about 50 degrees. This assumption is necessary because of the double

valued relation between the laboratory and center-of-mass angles of the 

heavy recoil. (See Ref. 64; y = 1. 70 for the ground-state transition.) 

Experimental data .on triton angular distributions are in agreement with 

thi's t• 65 assump ~on. 

The results of the calculation are shown in Fig. 19. It is seen 

that the tritons are peaked strongly·toward small angles. This is con

sistent with the stripping mechanism that has been proposed for this re
action.25,65 

B. Reactions of the System Bi
20

9 + H2 

1. The (d,2n) and (d,3n) reactions of Bi209 

Because of the relatively long half lives of the products of the 
. . 209 

deuteron-induced reactions of Bi , it was desirable to use somewhat 
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Fig. 16 .. Recoil range curves for the reactions 

Bi
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Fig. 18. Recoil angular distribution for the reaction 

Bi209(a:t)Po210 (Ea = ~8.0 Mev). 
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Fig. 19. Triton angular distribution in center~of

mass coordinates for the reaction Bi209(a,t)Po210 

210 assuming transition to ground state of Po 

(E
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= 28.0 Mev). 



thicker targets in the angular-distribution studies of these reactions 

than were used in the helium ion bombardme:Q.ts. Because of .this factor·' 

and because of the lower momentum of the incident deuterons, it was 

suspected that scattering might be more extensive than in the case of 

the .helium..,ion-induced reactions. InFig. 20, the half width of the 

recoil angular distribution of.the (d,3n) reaction is shown as a funct

ion of target thickness. All these measurements were made at an in

cident deuteron energy of 23.5 Mev. At target thicknesses of about 

6 ~gjcm2 bismuth or less, the half width:.is well within the limits of 

error (experimental~± 1/2 degree, Monte Carlo~± 1 degree) of that 
' 2 for .an infinitely thin target. Consequently, targets of about 6 ~gjcm 

were used in the angular-distribution studies of the deuteron-induced 

reactions. 

In Fig. 21 are shown experimental and Monte Carlo angular distri

butions for the (d,3n) reaction at nearly identical incident particle 

energies. -'Figure22 shows the variation of half width with energy for 

the experiments and Monte Carlo calculations for this reaction. The 

Monte Carlo calculations are in agreement with the experimental data 

within the limits of error. It may therefore be concluded that .the 

(d,3n) reactiofi, like the (a,3n) reaction, proceeds by a compound..,nuc

leus iso}ropic evaporation mechanism. (See discussion of the (q,3n) re

~ction~) Apparently the fact that the deuteron ·is a loosely bound 

particle of relatively large radius does not .prevent its capture as an 

entity by the nucleus. 

The angular distribution of the ( d, 2n) reaction could be studied 

only at the energy corresponifing to the, peak of the excitation f:Unction 

for this reaction, (~ 15 Mev), owing to the long half life of Po209. 
The angular distribution is shown i~Fig. 23. No Monte Carlo calcu

lations were done for this reaction because of the sparsity of experi

mental data available for comparison. Little can be inferred about the 

reaction mechanism from the single angular distribution shown in Fig. 

23. The .curve has much the same shape as that for the (d,3n) reaction 

at the same energy above the Q. 
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reaction Bi209(d)2n)Po209 (Ea + Q = 10.0 Mev). 
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2. 
.. . 209 

The (d,n) and (d,p) reactions of Bi 

Recoil angular distributions for the reactions Bi209(d,n)Po210 

and Bi209(d,p)Bi
210 

are shown in Figs. 24, 25, and 26. The shapes of 

the angular distributions for these two reactions differ somewhat, and 

since the Q values for these two reactions are nearly the same:, this 

may be ·interpreted as evidence that they are proceeding by different 

reaction mechanisms. 

The angular distributions of some high-energy proton groups 

coming from the Bi209(d,p)Bi210 reaction have been measured by Gove66 

and by Wall67 at a somewhat higher deuteron e'nergy (14 Mev:) •. The angular 

distribution of these protons exhibits a broad maximum in the region 

of 60 degrees in the laboratory system. The angular distribution 

shows no symmetry about ·90 degrees and is probably explainable on the 

basis of a stripping mechanism, 68 although Wall67 was unable to fit 

the angular distribution with a Butler69 type calculation. 

Excitation functions for the (d,n) and (d,2n) reactions have 
. ' 8 

been measured by Kelly and Segre. If one makes the assumption that 

the neutron energy spectrum is of the form ~ (E) = Ee -E/T, and that 

the (d,2n) reaction prQceeds by a compound-nucleus mechanism at energies 

below about 15 Mev, it is then possible to calculate from the measured 

(d,2n) cross sections the cross section of the (d,n) reaction due to 

the compound-nucleus mechanism. The results of this calculation at 

several energies in the region studied, together with the corresponding 

experimental data, are shown b~low. For the purpose of this calcu

lation, T was .taken as 1, 75 Mev. 

Ed, 

(Mev) 

9.0 

10.5 

12.5 

14.5 

a(d,n) calc. 
(mb) 

12.2 

22.4 

26.5 

16.1 

O'(d,n) exp. 
(mb) 

9.5 

21.0 

30.5 

30.5 
( 

The eX"p~rimental (d,n) .cross sections are not in disagreement with those 

predicted by a compound-nucleus model at energies below about 13 Mev. At 

higher energies another mechanism must begin to contribute to the reaction. 
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Fig. 25. Recoil angular distributions for the 
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(Ed= 10.5 Mev). 
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Fig. 26. Recoil angular distributions for the 
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(Ed= 12.5 Mev). 
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