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1. INTRODUCTION

Study of the interaction products of accelerated heavy ions and
complex nuclei gives useful informatioh about nuclear systems with
high angular momentum, the competition between light particle emis-
sion and fission, and boundary interactions occuring without pro-

duction of a compound nucleus.

S50 far a number of papers have been published dealing with the
study of spectra and angular distributions of @g-particles and protons
produced in reactions between complex nuclei1_7), and also the study
of spectra and angular distributions of neutronsa). As 1s shown in
these papers the most essential role in such reactions is played by

two types of processes.

First, processes occuring with production of a compound nucleus
duc to the total fusion of two nuclei. Such processes predominate at
small impact parameters and the behaviour of the compound nucleus can
be satisfactorily described in terms of statistical theory. Secondly,
direct processes occuring with slightly larger impact parameters.

Such processcs are characterised by the strong interaction of the sur-
face of the colliding nuclei, both the incident nucleus and the target
nucleus apparently being excited. However, the excitation energy of
the target nuclcus is considerably lower than that of the compound
nucleus. The incident nucleus which can obtain an excitation energy
of 10 - 100 MeV then emits light charged particles mainly in the for-
ward semi-sphere, since it retains a considerable part of the initial
momentum. At such energies, relatively light C‘L and Oﬁ: incident

s
nuclei in the majority of cases disintegrate completely, into &~particles .

Therefore, there is a definite interest in sfudying such processes
s )

with heavier bombarding nuclei, e.g. Ne and Ar' which carnot be can-

gsidered as a combination of weakly connected &particles.

Analysis of the experimental data obtained shows that the contri-

bution of direct processes is incrcased in the region of the heaviest
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target nuclei, where the competing fission of the compound nucleus and
the high Coulomb barrier lead to reduction of the probability of evapo-

ration of the charged particles.

Experiments to study the spectra and angular distributions of light
charged particles in reactions between the heaviest nuclei are of
particular interest also in connection with the problem of obtaining
new transuranium elements, since they give information about the be-

haviour of compound nuclei with Z > 100.

2. EXPERIMENTAL TECHNIQUE

The experiments to study spectra and angular distributions of
light charged particles (Z < 2) from the interaction of accelerated

40 ions with Th nuclei, were

Ne22 ions with Au and Th nuclei and Ar
carried out on the internal beam of the JINR U=300 cyclotron. The

experimental layout used is shown in figure 1.

The accelerated ions pass through a 3-6 mu aluminium foil which

screens the ion collector from the effects of the RF field.

The ion collector directly behind the foil was used for adjust-~
ment and reference measurements of the ion flux. Internally, this

get-up is in free communication with the cyclotron vacuum.

In the centre of the collector, there was a gap with a diameter
of 3 mm through which the ions passed into the collimating system and
then hit the target of experimental material, mounted at an angle of

45o to the beam. The Th target was 1-2 mu thick and the Au 4.,5.mu.

200 and 400 mu, type Ya-2 nuclear emulsions were used as charged

particle detectors.

Since the angular distributions of light charged particles in

this type of reaction have a sharp maximum at small angles, the photo-
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sensitive layers in the forward semi-sphere werc placed at distances

of up to 65 mm and at an angle of 100 to the direction of the centrec

of the target (figure 1). In the rear semi-sphere the detectors were
placed at an angle of 150 to the direction of the centre of the tar-

get. OSuch a lay-out of the nuclear emulsions guaranteed that suffi-

ciently detailed information was obtzined about the spectra of light

charged particles at angles between 10 and 150o in each individual

experiment.

To decrease the background formed by X~rays and ¥-rays the nuc-

lear emulsion holder was protected by a 2 mu layer of lead.

Normal exposure of the target was carried out at an ion current

of 0.02-0.03 micro~-ampere and the exposure time was five minutes.

After irradiation in the U=-300 cyclotron the type Ya-2 nuclear
emulsions were developed in amidol developer using the under-develop-
ment technique. The composition of the developer used was : anhydrous
sulphate - 12 g., emidol - 3 g., citric acid - 2 g., distilled water -
up to 1 litre. The 400 mu nuclear emulsions werc first placed for one
hour in distilled water at SOC, then they were soaked for an hour in

amidol developer at 2-300 diluted with water in the proportion 1:2.

Warm developing in a 1:5 dilution of developer at 20°C lasted
for thirty minutes., After fixing and rinsing, the emulsions were
dried in a solution of alcohol and glycerine. The emulsion layers

were reduced to the original size and stuck on glass backing plates.

The development processes used guaranteed visual discrimination
of d-particle and proton tracks, for lengths between 50 and 1000 /4 .
Blastic and inelastic heavy ion scattering was also rccorded in the
nuclear emulsions. The ion tracks had a typical conical shape nar-

rowing at the end of the mean free path and werec easily distinguished

from the e~particle tracks.

For scanning 630-1350 x magnification was used. Tracks were
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chosen which began at the surface, coincided with the direction of the
particles scattered elastically within the limits t5°, and finished in

the emulsion layer,

The length of the horizontal projection and the penetration depths
of the track were measured, and the range and the angle at which the

particles entered the emulsion were determined by means of a nomograph.

Since it was in practice difficult to guarantee the exact arrange-
ment of the nuclear emulsions at angles of 10O or 150 t0 the direction
of the centre of the target, the distributions of the measured angles
at which the particles entered were plotted at intervals of 2°. By
such a process it was possible to determine the real angles at which
the photo-emulsions were arranged and consequently the geometrical

efficiency for each individual photographic plate.

The stopping power of type Ya-2 emulsion was calibrated according
to the mean free path of ThC and ThC' e(~-particles. and also according
to the recoil protons from 14.1 MeV neutrons, These experiments showed
that the stopping power of type Ya-2 emulsion and of Ilford emulsion
coincided to within 3%.

In the present experiments the energy of the accelerated ions
and the cross-section of the reactions with emission of light charged
particles were determined according to the elastically scattered heavy
ions. For this purpose the spectra of the elastically scattered ions
were measured and their number determined in units of area for several

emulsions placed at angles of 10-50o to the beam,

2
Figure 2 shows the spectrum of Ne 2 ions elastically scattered

in a Th target at an angle of 300.

As can be seen from this figure the spectrum of Ne22 ions has a

sharp maximum and its half-width does not exceed 8 MeV. DMeasurements

of ion energy carried out earlierﬂo)

showed a good agreement with the data obtained from semi~conducting

with the aid of nuclear emulsions



detectors.

3. RESULTS OF MEASUREMENTS

In the present experiments the spectra of light particles from
the interaction of Ne22 ions with Au at 110 and 120 MeV, with Th at
115 and 140 MeV and of Ar4o ions with Th nuclei at 240 MeV, were
studied. The energy of the bombarding ions was changed by moving the
arrangement inside the cyclotron along the radius. The number of a-
particles measured at cach angle was 100-300, The particle spectra
were converted for the centre of mass system of the compound nucleus,
and corrcctions wer: made for geometry and thc passage of short~range

particles.

The differential cross-section of reactions with e&-particle

emission was determined in the following way:

After finding the number of elastically scattercd ions in the
photographic plates arranged at small angles ranging from 20 to 500,
the elastic scattering cross-section of the ions was calculated accor-
ding to the Rutherford formula. The cross section of reactions with
~particle emission was calculated from the relationship fk::5k°’w&/ﬂﬁ’
where Nd and NR arc the number of é-particles and elasticully scat-
tered ions per unit of area in the centre-of~mass system. As pointed
out in (6) the accuracy of measurement of the cross-section by this
method is 107, however, since the geometrical precision of the arrange-
ment of our cameras was not more than t3° with relation to the ion

. v . N . . A
beam, the crror in the determination of the cross-section is 1300,

Figure 3 shows the angular distribution of &-particles measured

Is

2
in experiments exposing gold targets to He 2 ions at 110 and 120 ieV,

As shown in e, 3 the angular distributions of eé=particles have
a chepe similar to that obtained by Britt and Quinton6) by exposing

gold to carbon, nitrogen and oxygen ions.
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In the angular distributions components can be distinguished which
correspond to direct processes and to e~-particle emission from the com-

pound nucleus.

Figure 4 gives the results of experiments to determine the angular
distribution of o particle in the N022 + Th reaction at 115 and 140 MeV

and also in the Ar4o + Th reaction at 240 MeV,

As follows from Fig. 4 the angular distributions of &-particles
at small angles are similar for all reactions and have a much sharper

forward direction than in the case of the Ne22 + Au interaction.

At angles above 100o in the centre of mass system e-particles

emitted from the compound nucleus predominated.

The energy spectra of g-particles in the cms for the reactions
Ne22 + Au Ne22 + Th Ar4o + Th at various angles are given in figures
5 « 8¢ In these spectra components can be distinguished which corres-
pond to direct processes and to decay of the compound nucleus. At
angles below 100o shifting of the maxima of the e&~spectra with increasing
angles is characteristic. In practice this effect is missing in the
Ne2’ 4+ Au reaction but in the Ne2° + Th and especially the Ar'C + Th
interaction it is clearly expressed and has 2 regular character., At

o]
angles above 100 the e&~particle spectra in the Ne22 + Au, Ne22 + Th

and Ar40 + Th reactions have maximm at energies of 20, 22 - 23 and 24
MeV respectively. It was not possible to measure with a sufficient
degree of reliability but indications were obtained that the angular
distributions of protons for the reactions Ne22 + Au and Ne22 + Th are

gimilar to those of el~particles.

The proton spectra obtained for these reactions have a consider-
ably lower energy at the maxima at all angles than the proton spectra

from the Ar'0 + Ag reaction (Fig. 9).

As can be seen from figure 9 the ekparticle and proton spectra in

the Ar4o + Ag reaction have maxima at energies of 16-17 and 845 MeV,

which is in good agreement with the calculation of the Coulomb barriers
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in terms of the optical model 11).

However, since in the expcriments on the internal beam "here is
a large background of fast neutrons 1dading to the appearance of re-
coil protons in the nuclear emulsions, additional checking of the
experiments is necessary in order to obtain reliable measurements of

thesc spectra.

In conclusion, we would point out that none of the published

papers give proton spectra for compound nuclei with 7 2 £0.

4 CONSIDWRATION OF R=SULTS

A. g-particle emission from the compound nucleus.

In the spectra and angular distributions of g~particles from the
interaction of accelerated N922 ions with Au and Th, and of Ar40 with
Th, components can be clearly distinguished which correspond to dircct
processes and the decay of the compound nucleus. TFvidence for the

25
production of compound nuclei (A0219, Fm254 and 1082’2) in these reac-
tions is provided by the d-particle spectra at large angles, which have

maxima at energies of ~ 20, 22-23 and 24 MeV respectively.

These results satisfactorily agree with the barriers calculated
from the optical model11)'which arc equal to 21.5, 23.4 and 24.7 MeV

respectively.

For these compound nuclei, the main type of decay is fission, eva-
poration of charged particles being prevented by the largc Coulomb

barrier.

However, as follows from Fig. 4, evaporation of &-particles from
the compound nucleus corresponds to cross-sections exceeding 10 mb for
all nuclei considecred when the energy range of the particles bombarding
the nucleon is 5-6.5 MeV. The decrease in the »vaporation cross-section

254

of d~particles from Fm nucleus when the N022 encrgy is changed by
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the production cross-section of the compound nucleus. A similar cal-

25 MeV is much sharper than that resulting from calculations 1 for
culation was carried out for the 012 + Bi reaction6) for which the
evaporation cross-sections of &-particles at carbon ion energies of
126, 105 and 85 MeV are known. For this rcaction a much sharper de-
crease ofG‘a is also noticed compared with the production cross-section
of the compound nucleus. These results indicate that the evaporation
of departicles apparently occurs mainly at the initial stage of the de-
excitation process. According to calculations mentioned out in ref,
(12) the mean angular momentum of the ‘1082’72 nucleus is 110 - 115 h,
but anisotropy in the angular distribution of d-particles at large
angles could not be detected.

The large evaporation cross-section of el~particles from the com-

2 which has an excitation energy of around 75 MeV

pound nucleus 1082
is in contradiction with known systematics, which predict a sharp de-
crease in the probability of particle evaporation for 7 and N nuclei

in this region 13).

The extra number of a-particles at large angles, obtained in the
reaction may be due to the contribution from ternary fission provided
that it exceeds 5 -~ 6% of " . However, it would also be necessary to
agssume that the emergy spectrum from the compound nucleus, and that

their angular distribution is almost isotropic.

The temperature of the residual nucleus was calculated in a way
similar to that gé;7n in ref. (6) according to the formula
(}/{Eo(>k Eo‘?c(';d)e— T , where E& is the energy of the emitted é&-par-
ticle in the cms of the compound nucleus. The temperature of the
residual nucleusg, in this expression is represented in the form
T=‘[(E: "B(x)/a/] % where a is the density level, b& is the largest
energy of the g-particle cmission and Bd is the barrier preventing it
from penetrating into the residual nucleus.

For the nucleus produced in the Ne22 + Au reaction at a neon

energy 110 MeV, the temperature T = 1.45 MeV and the density level

a =19 Mev .
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22 :
In the Ne + Th reaction with 115 and 140 MeV incident particles
the two temperatures obtained were 1.5 and 2.1 MeV respectively.
- . -, .40
For the nucleus producted in the Ar + Th reaction the tempera~

ture was 2.3 MeV.

It should be noted that the density level obtained for the final

250

nuclei Cf and 10625b is considerably less than that derived from

the rclationship a = A/E, where € ~ 10 MeV6).

B. ©®-particle emission in direct processes.

The angular distributions of e~particles at angles of 100-100o
(figures 3-8) indicate that the contribution from direct process pre-

dominates.

According to calculations carried out in ref. 14, purely Coulomb
interaction may account for not more than a few percent of the effect

at small angles.

Apparently the main contribution is caused by &-particle emission
in pick-up, kncck-on and disintegration reactions of the incident par-

ticle which occur in long-range and grazing interactions.

In ref. 6 a dir:ct reaction mechenism was suggested as a basis
for the assumption of e-particle emission with energy roughly equal
to the mean energy of the e-particle in the incident nucleus.

15)

Lxperimental results and theoretical calculations support this

assumption for light bombarding particles, for example, carbon 012,

However, in our case this assumption is not confirmed. In fact
for the Ne22 + Th reaction at 115 MeV the maximum of the d-particle
spectrum (0 .= 30°) is at 26 WeV instead of ~ 21 MeV and for the
Ar40 + Th reaction at 240 MeV the d-pavticle encrgy maximun (elab =

20°%) is at 38 MeV instead of 24 MNeV.
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An important singularity of the &-particle spectra at small
angles is the smooth shift of the maximum of their energy distributions

in the Ne22 + Au reaction (figure 5).

In the case of the Ne22 + Th reaction the effect is clearly dis-
tinguishable and has a regular character, the cnergy decreases from
24 MeV (cms of the 20 %
(Figs. 6 and 7).

nucleus) to about 14 MeV at an angle of 80°

Purther decreases in energy at large angles cannot be traced,
since the &-particle energy is lower than their detection threshold
in the present experiments, which is equal to 8-10 MeV. It should be
noted that in spite of great differences in ion energies and reaction
cross-sections, in two experiments with Ne22 e~particle spectra have

maxima at the same energies.

The effect of decrease in energy with increase in angle © is most

clearly expressed in the Ar*® &+ Th reaction (figure 8). 1In spite of

the fact that the angular distributions of a-particles in Ne22 and Ar4o
interactions with Th are in good agrecment (figure 4), when the energics
of these ions are 140 and 240 MeV (6.3 and 6 MeV per nucleon), the

energy distributions of the d~particles differ sharply.

To obtain additional informotion about processes not connected
with the production of a compound nucleus, calculations were made on
the dependence of the probability of d~-particle production in direct
processes on the classical parameter of the greatest approximation
Tmin’

Such calculations are correct if the a-particles have an energy
much greater than the binding energy in the incident nucleus and if

they do not interact strongly with the target nucleu86’16).

Figure 10 shows the results of these calculations for the

Ne22 + Th, Ar4o + Th and N14 + Th reactions 7).
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As can be seen from the figure, the radii of the greatest approxi-
mation, at which maxima of d?‘/rmindr in for Ne22 + Th, and Ar4° + Th
reactions are observed are 15.0 x 10° % cm and 15.5 x 10-13 cn respec-

tively, i.e. they slightly exceed the sum of the radii of the inter-~

acting nuclei (ro = 1.5 x 10713 cm) which are equal to 13.4 x 10°13

and 14.4 x 10_13 cm respectively.

A similar result was obtained for the Nu22 + Au reaction. It

should be noted that for the N14 + Th resction the value rmin = 11.5
-13
x 10

thorium.

cem is slightly less than the sum of the radii of nitrogen and

’J’ /
In ref. 6 values of Tin$ To (A, + zg ) were also obtained for

the interaction of N14 and Oﬁl6 ions with Au and Bi nuclei, In C +
Au, Bi reactions the radius of the greatest approximation was equal
to the sum of the radii of the interacting nuclei.

In this way the following results obtained are in contradiction
to the hypothesis of Britt and Quinton6) concerning the emission of

an e-particle from the incident nucleus with mean energy and momentum

matching its contribution.

1. The energy spectra at small angles have maxima at energies higher

than the mean kinetic energy of the &~particle in the incident nucleus.

2. There is no shifting of the maxima of the s&~particle spectra when
the energy of the N€22 ion is altered by 25 MeV in the experiment with

thorium.

3, In experiments with ¥e?? and Ar?0 at 140 and 240 eV (corresponding
to 25 and 24 MeV per d-particle) the d-particle spectra at small angles
are shifted by almost 10 MeV.

4. According to calculations carried out as in refs. 6, 16, the pro-
bability of d-particle production in direct processes in the inter-
action of Ne22 and Ar40 ions with heavy nuclei reaches a maximum at

distances Toin which exceed the sum of the radii of the interacting
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nuclei, unlike the reactions N14 + Th, C12, N14, 016, + Au, Bi, where
the calculated Thin is less than or equal to the sum of the radii of

the nuclei.

To explain the emission mechanism of high energy light particles
in direct processes, the following hypothesis for the reaction pro-
cedure was put forward in reference 17. The incident particle (for
example the 016 nucleus) undergoes inelastic interaction with the
target nucleus and is excited up to an energy of 20-30 MeV,., Since
the 016 nucleus even at such excitation energies has a sufficiently
long life 18) it has time to withdraw from the target nucleus to a
distance where the Coulomb field is ~ 0.1 EB, i.e, it obtains the
energy < EB. If the charged particle is them emitted in the direction
of motion, then its energy will increase considerably owing to the

kinetic energy of the ion.

This hypothesis explains the appearance of 50 MeV protons in

the O16 + Au reaction at an ion energy of 167 MeV19).

However, in our case, the energy distributions of d-particles

cannot be fitted to this hypothesis.

In fact, if it is assumed that the argon nucleus excited as a
result of interaction with Th attains an energy of 150 MeV owing to
Coulomb repulsion, then the energy spectra of g-particles at small
angles must have a maximum in the region of 7~ 60 MeV., ith increase
of the angle 9 this maximum must be shifted very quickly into the

region of lower d-particle energies.

In our case, the spectra of &~particles at small angles (figure
6-8) have maxima at energies considerably lower than in that model
and they are characterised by a gradual shifting of the energy Emax
with increase of the angle ©. With regard to the aforementioned, it
can be assumed that d-particle emission occurs immediatcly after
interaction when the bombarding nucleus is in the region of the Coulomb
field of the target nucleus and its kinetic energy is much less than

EB'
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Fig. 1
Diagram of the experimental set-up in the internal beam of the

U-300 cyclotron.

1, Aluminium foil across the entrince
2 Tentalum ion collector

3. Collimator

4. Target

5 Nuclear emulsions

6o Lead shielding

T Copper body

B Jon beam
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Iinergy spectra of d-particles, measured in the Ne22 + Au reaction

when the energy of the neon ions is 110 MeV,
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Fnergy spectra of d-particles, measured in the Ne =~ + Th reaction

when the energy of the neon ions is 140 MeV,
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Fig. 8
40

knergy spectra of &-particles, obtained in the Ar = + Th reaction
when the energy of the argon ions is 240 MeV.
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The probability of a-particle production in direct processes as
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during interaction. The value of T, is assumed to be 1.5 x 10_1$cm.



