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We have studied the angular and energy distributions of the recoil nuclei Ag!%, Ag

103,104

Nb¥, zr®, Rp882 and se™ produced when silver is bombarded by 480-Mev protons.
These isotopes were separated from the reaction products radiochemically. The energy
distribution of the recoil nuclei is shown to be exponential, and the parameters of the
distribution are determined at an angle of 90°. We give a qualitative explanation of the
observed distribution. The results confirm that Se’®, Rb%+%2 Zr% and Nb® are formed
by evaporation of @ particles, protons, and neutrons.

INTRODUCTION

A number of recent papers!~® deal with recoil
nuclei produced in reactions where high energy
particles interact with complex nuclei. These
papers give data on the kinetic energies of the
reaction products, on their angular distributions,
and on the excitation energy of the initial nucleus.
The fundamental method used has been to deter-
mine an effective range in the target material for
nuclei recoiling in the forward, backward, and
perpendicular directions relative to the bombard-
ing particles. Conclusions about the mechanisms
of the reactions are made on the basis of the val-
ues obtained for these effective ranges. However,
in our view there is a fundamental drawback to a
study of the disintegration process through such
experiments; that is, the effective range in the
target material gives no information about the
distribution of ranges of the recoil nuclei.

In the following we describe briefly some ex-
periments to measure directly the ranges and
angular distributions of some of the recoil nuclei
from a thin silver target. The experiments were
carried out in 1951-52, and are described in detail
in reference 7. Particular attention was paid to
reaction products appearing when many nucleons
leave the initial nucleus. The statistical theory
is, to some extent, suitable for describing the
production of such reaction products, and, as will
be shown below, these nuclei are formed by the
evaporation of neutrons, protons and « particles.
Our results on reaction products where only a few
nucleons leave the initial nucleus (i.e., the radio-
active isotopes of silver) are only preliminary.
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METHOD

The problem reduced to determining the activ-
ity of a given isotope captured on a thin organic
film placed near the silver target. Polystyrene
was used to make the films. These were fitted into
special containers, as shown in Fig. 1. The con-
tainers were made of very pure graphite and had
thick walls (1 cm) to attenuate the protons bom-
barding the films. Container a was used to study
the recoil nuclei at 90°, while container b was
used to measure angular distributions. The target
was a silver foil 0.5 mg/cm? thick. Spectral anal-
ysis of the foil showed admixtures of Mg, Si, Fe,
Al, and traces of Pb (< 1073%) and Au (< 1073%).

The target was irradiated in the internal proton
beam for an hour at a current of ~0.1ua. After
the bombardment, the reaction products of interest
were extracted chemically from the films and the
foil.

The following isotopes were studied: Agl®+
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FIG. 1. Diagrams of
the foil holders used to
study the energy distri-
bution of recoil nuclei
(a) and their angular dis-
tribution (b). 1-silver
target; 2 — polystyrene
films; 3 — celluloid
frames.
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Ag'® (8*, K) T =170 min; Ag!% (K), T =8 days;
Zr® (8*, K), T =80 hrs; Nb¥ (8*,K), T =16
hrs; Rb8 + Rb® (8%, K), T =6 hrs; and Se™ (8%,
K), T =6.7hrs. Zr and Nb were not separated
chemically. Zr® and Nb® could easily be distin-
guished by their decay curves.

In the chemical separation of these isotopes,
the films were either burned in a muffle furnace
and the ash then dissolved (the films having been
first wrapped in filter paper), or dissolved in sul-
furic acid with a suitable carrier. The latter was
the method used with selenium. The chemical
method used in the separation and purification was
standard,® except for minor details connected with
the method for getting the active isotopes caught
on the film into solution. The isotopes were iden-
tified by their half-lives. An electromagnet was
used to determine the sign of the particle radia-
tion. Half-lives measured in weak activities some-
times differed from accepted values (by not more
than 20 or 25%).

The yield of an isotope was calculated with al-
lowance for the time of irradiation, the length of
time after cessation of the irradiation, the chem-
ical yield, and corrections for the geometry of
the experiment. The geometrical factors were
necessary because the first and last films did not
subtend the same solid angles «. The geometrical
factors were calculated only roughly, assuming an

isotropic angular distribution for the nuclei emitted.

For the films on the ends, the correction factor for
solid angle ‘at the foil varied from 1.5 to 3.5.

Since the measurements were all relative, it
was not necessary to introduce corrections for
absorption of particle radiation in the counter
walls, to take into account K capture, or to cor-
rect the results for self-absorption.

ANGULAR DISTRIBUTION OF THE REACTION
PRODUCTS

For the recoil nuclei Agme, Agm’m, Nb??,
Zr®, and Rb®:%2, the angular distributions were
determined in three directions: forward, 90° to
the proton beam, and backward. The target was
a strip of foil 5 mm wide and bent into a semi-
cylinder 40 mm long. Table I shows the angular

TABLE 1
Number of nuclei, %
Isotope . forward perpendicular backward
Foil (5°<6<58°) | (63°<H<117°) |(122°S6<175°
Aglos 90 6.0 2.0 2,0
Aglos+iod 90 6.0 3.0 1.0
Nb®® 70 21 7 2
Zr® 66 24 7.5 2.5
Rbe1+82 ~30 " =40 ~20 ~5.0
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FIG. 2. Ratio of the activity in the first foil to that in the
second as a function of the angle 6 with the direction of the
proton beam.

distribution obtained. The same table shows the
intervals of angle 6 covered at the three direc-
tions. The total measured activity associated
with a given isotope (i.e., the number of nuclei
emitted forward, backward and at 90°, plus half
the activity remaining in the foil) was taken to
be 100%. This sum, of course, underestimates
the total number of nuclei (some intermediate
parts of the film are discarded, some of the
nuclei do not hit the detector after leaving the
target, etc.). It was not possible to estimate
the number of nuclei lost in these ways, and this
reflected on the accuracy of the results. The ac-
curacies of the data in Table I are not greater
than 50%. The ratio of the number of nuclei
emitted forward to those emitted backward is

2 or 3 times greater for all the products than

it is for Agm.

We measured the kinetic energies of nuclei
emitted at various angles 6 to the proton beam.
This was done by exposing two films in container
b simultaneously and determining the ratio of the
activities at the corresponding places. The first
foil was 0.48 mg/cm? thick, while the second one
had a thickness of 0.59 mg/cm?. The ratios of
activities at corresponding places on the two foils
are shown in Fig. 2. From the figure it is clear
that nuclei emitted at small angles 6 have rela-
tively large kinetic energies.

A special experiment was carried out in an-
other geometry to study the anisotropy of the
emitted nuclei. In this experiment, a 1.7 X4 cm
strip of foil was oriented perpendicular to the,
proton beam. Aluminum collecting foils were
fastened in special graphite holders on each side
of the foil and parallel to it. These foils were
25pu thick and had an area 2.5 times greater than
that of the radiator. The distances between the
aluminum and silver foils were 2 — 3 mm; they
were arranged to minimize the number of nuclei
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TABLE II
Observed activity, % forward Yield* Relative
Isotope backward | relative to |thick-sample
forward foil | backward ratio Aglostios yield*

166 13.0 84.7 2.3 5.6 74,0 ~70.0
Aglos+1oe 17.0 81.0 2.0 8.5 100.0 100.0
Nb#° 49.0 45.0 6.0 8.2 93.0 80.0
Zr89 49.0 46.0 5.0 8.7 42.0 38
Se?3 67.0 21.0 12.0 5.6 1.5 ~2

*The relative yields are calculated without reference to the absolute number of counts

missing the aluminum foils. In such a geometry,
experimental errors were held to a minimum.

The whole package was irradiated with protons
having a mean energy 400 Mev. In this experi-
ment, we looked for selenium rather than rubidium.
The results are shown in Table II. For compari-
son, the table also gives the yields of the various
nuclei studied in this experiment relative to yields
found with thick silver samples.?

It is clear that the thick-target yields agree
with those found here, to within 25%. As in the
previous experiment, the fraction of nuclei emitted
from the foil increases as the number of nucleons
knocked out of the target nucleus increases. How-
ever, for Se’®, about 20% of the nuclei remain in
the foil, i.e., their energies are insufficient to
penetrate a layer of Ag 0.5u thick. It is difficult
to make a definite conclusion about the dependence
of the anisotropy on Z.

This experiment confirms that the forward/
backward ratio for Agl%® is less by a factor of
almost two than it is for Agl03+104,

ENERGY DISTRIBUTION OF THE REACTION
PRODUCTS

Using the geometry of Fig. la, the energy dis-
tribution of the recoil nuclei was studied for the
same isotopes as those above, and also for Se™
at an angle 90° + 40°. For each element, the re-
sults of direct measurements of the fraction of
nuclei having various ranges is shown in Fig. 3.
The error bars shown are due to the thicknesses
of the polystyrene films. The first point is half
the activity remaining in the silver foil. As is
evident from the figure, for each element the
number of recoil nuclei decreases with increas-
ing range. The range increases with decreasing
Z of the product nucleus. In the region of small
ranges and for light nuclei, the rate at which the
curve drops decreases somewhat, the effect being
more marked for smaller Z. In selenium, there
is an irregularity in the distribution near a range
0.25 mg/cm?. This irregularity is probably an
experimental error and upon changing to an en-

ergy scale one can see that it is within the as-
signed limits of error. The largest range shown
corresponds to an activity equal to or less than
the counter background, i.e., 16 counts/min. Some
indications of activities with longer ranges were
found, but these are not shown on the graph be-
cause the counting rate was so slow the half life
could not be determined. This made it difficult

to find the longest range nuclei emitted.

The reaction products considered appear also
as light fragments in the fission of uranium. This
makes it possible to go from ranges to energies
in our experiment by using the experimental
range-energy curve for light uranium fission
fra.gments.10 The curve used is shown in Fig. 4,
which also shows the range-energy relation for
fission fragments in silver.!® The curve for poly-
styrene was obtained using the atomic stopping
power of polystyrene (the mean atomic number
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FIG. 3. Range distribution of nuclei recoiling at an angle
90° + 40°.
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FIG. 4. Range-energy relation for the reaction products of
interest.

being taken to be 3).

The masses of the isotopes studied differ
from those of the light fission fragments of ura-
nium by 7 to 10 units. This difference might lead
to a slightly greater range (at a given energy)
for the isotopes we are considering. However,
this effect could not be taken into account and
was neglected.

Figure 5 shows the energy distribution of the
recoil nuclei. In going from ranges to energies,
we also made corrections for geometrical factors.
For all the curves, the first points correspond
to half the activity remaining in the foil. They
correspond to a range of 0.25 mg/cm? in silver,
or an energy loss of 2.0 Mev. Although such a
determination of the energy loss is somewhat
artificial, the first points agree well with the
remaining experimental points.

Figure 5 shows that, for all the reaction prod-
ucts, the number of nuclei decreases linearly with
increasing logarithm of their energy. The slopes
of the straight lines differ, the slope being steep-
est for silver and flattest for selenium.

DISCUSSION OF THE EXPERIMENTAL RESULTS

Energy can be imparted to a product nucleus
either through a direct interaction, or after the
formation of a compound nucleus. The energy
and angular distributions of the recoil nuclei are
obtained by combining the momenta obtained di-
rectly from thé bombarding particle with the mean
momentum possessed by the recoil nucleus after
all particles have been emitted.

The momentum given a nucleus by the bom-
barding particle usually lies in the direction of
motion of the protons, while the momentum trans-
ferred in evaporation has an isotropic distribution.
The sum of these two momenta, one from direct
interaction and one from evaporation, will be a
minimum in the backward direction. Hence nuclei
emitted backward must have less energy than
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FIG. 5. Energy distribution of nuclei recoiling at an angle
of 90° + 40°.
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those emitted at 90° or forward. This conclusion
is supported by Fig. 2, which shows the ratio of
activities in the first and second foils grows with
increasing 6. From this it follows also that the
energy distribution of the reaction products at 90°
to the proton beam should be essentially deter-
mined by the mean energy transferred to the
emitted particles. We note that in our case we
can neglect cascade particles since they will have
little effect on the distribution at 90°. Strictly
speaking, one should take into account not only
cascade processes, but also interactions where
the momentum transferred by the bombarding
particle does not lie in the direction of motion
of the bombarding particle. The existence of
high energy tails is presumably due to these two
processes. The curve for Agl®+14 j, Fig. 5
shows that such events are rare, but do take
place (about 1:10%). We neglect such details
because of the computational difficulties involved.
Let us look at the average momentum a recoil
nucleus has after all particles have evaporated.
The problem of finding the mean momentum after
a number of nucleons have been ejected independ-
ently and isotropically is analogous to the problem
of finding the mean angle of multiple scattering
when a fast particle traverses a layer of thick-
ness d.* In multiple scattering,!!»!2 the mean-
square angle of scattering is given by

*The method described below was proposed by B. T. Gei-

likman. We obtained similar results by considering the statis-
tical equilibrium between the product nucleus and the emitted
particles.’
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TABLE III
E, Mev, | _ _ Mean number Mean energy Total energy
Isotope | experi- E, Mev, | E, Mev, of particles carried off carried off
mental (n,p) |(n,p, Q) a:p:n a | p n (@, p, n)
Agls+ioa | 2.6 | 0.4 0.4 0:0:4—3 | —| —| — -
(0:1:4— 5)
Nb#0 6 1.7 3.8 1.1:3.8:9.8 | 21| 63 108 192
(200—210)
Zrss 6 1.9 4.1 1.3:4.4:9.4 [ 24| 73 103 200
(200—210)
Rbs81+82 9 2.6 6.4 1.8:6.4: 33 (106 | 136—147| 275—286
12,4134 (230—250)
Se™s 14 4.3 9.7 2.5:9:16 | 46 |148] 176 370
@2 = ($)2d/X, (1) periments with photoemulsions, are 14 and 8 Mev

where A is the mean free path, (J)2 is the mean-
square angle of scattering in one collision, and

d/A =n is the number of collisions. In our case,
this is the number of nucleons evaporated. The
size of the angle corresponds to momentum.
Assuming, then, that when a definite kind of par-
ticle is emitted, the recoil nucleus gets a momen-
tum of a certain fixed magnitude, the mean-square
momentum of the recoil nucleus can be written

V5 =paV 1. @)

The momentum distribution of the nuclei must
be Gaussian, i.e.,

®3)

The constants 8 and w, are determined by nor-
malization and evaluation of the mean, so that

w (p?) = wee—F*",

e —
g w(p?) p* do= p?,

—00

g w(p?do =1,
oo
- where dw = 4mp?dp is the volume element in mo-
mentum space. Finally, the momentum distribution
can be written

w(p®) = 0.165 (p*) " exp {— 1.5 p*/ p*}.  (5)

Upon changing from momentum to energy, one
can compare this distribution with the experimen-
tal one. The comparison was made in the follow-
ing way. For each element in Fig. 5, we found the
value E,;/y at which the number of nuclei in the
distribution decreased by a factor 2. From the
value of E;/, we found the mean energy E =
1.5E;/,/0.693. On the other hand, E can be ob-
tained from the mean momentum R = pg *

\/; + «/z given a nucleus when it ejects a known
number of particles. The calculation was made on
the following assumptions: a) the nucleus evaporated
only neutrons and protons (n, p); b) the nucleus
evaporated alpha particles, neutrons, and protons
(o, n, p). The mean energies carried away by
alpha particles and protons, as obtained from ex-

)

respectively.!31® The numbers of alpha particles
and protons were chosen to satisfy the relation*
a/p = 0.3;'617 the mean energy of the evaporating
neutrons was taken to be 2.5 Mev.!® The experi-
mental and calculated quantities are shown in
Table III.

The table shows that for four nuclei (Nb, Zr,
Rb, and Se) the agreement between experimental
and calculated values of E is improved by taking
into account the evaporation of o particles. Even
in these cases, however, the calculated values of
E are 30 or 40% less than the experimental ones.
The difference is presumably due to our neglect of
cascade processes, though it is also possible that
errors in the range-energy relation and approxi-
mation in the calculations played a role. Rough
estimates show, for example, that if one were to
assume that in the formation of Nb?® there is
emitted one cascade particle with an energy of
~ 30 Mev and travelling at 90° to the proton beam,
then the discrepancy between the values of E is
decreased to almost one-half. Unfortunately, lack
of experimental data precludes a more exact treat-
ment of cascade processes. We propose to fill in
this gap in subsequent work.

For Ag!®*1% the value of E calculated assum-
ing that 4 to 6 nucleons evaporate is about 6 times
smaller than the experimental one. Such a dis-
crepancy can be removed only if we assume that
each neutron emitted carries off an energy ~ 30
Mev. In this case most of the ejected neutrons
must be formed in cascade processes, the ob-
served radioactive silver isotope remaining after
a sequence of knock-on events.

In spite of the limitations mentioned above, the
energy spectrum of the recoil nuclei gives some
information on the numbers of « particles, pro-
tons, and neutrons emitted and on their energies.

*The values of E calculated under the assumptions

a/p = 0.5 and 0.4 differed but little from the value calculated
with o/p = 0.3.
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One can then compute the excitation energy and
what fractions of it are due to the various par-
ticles. In computing the excitation energy of the
compound nucleus, one must take into account the
binding energies of the particles ejected. The
binding energy of an « particle was taken to be
4.5 Mev, while that of neutrons and protons was
taken to be 8.5 Mev.!®"# The results of such cal-
culations are shown in the last columns of Table
III. The numbers in parentheses are the excita-
tion energies calculated from the momentum
given the compound nucleus by the incident pro-
ton.” These excitation energies were obtained
from the angular distributions of the correspond-
ing reaction products, as shown in Table I. It is
clear that the excitation energies agree satisfac-
torily with one another. The energy used to evapo-
rate neutrons is almost one half of the total exci-
tation energy.

We should like to express our sincere thanks
to B. V. Kurchatov and to Prof. B. T. Geilikman
for their help and valuable suggestions.
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