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The energy dependences of the cross sections for the following reactions are measured:
CdllG(ArM), 7n)Dy149’ CdlIG(ArtiO’ 6n )Dy150, CdlIG(ArAO, 5n)Dy151, Cd“4(AI'40, 5n)Dyl49,
Cd''%(Ar%Y, 4n)Dy!?, and Cd!'4(Ar%, 3n)Dy!%!. The shape of the excitation functions is that
characteristic of evaporation reactions. The experimental data are analyzed on the basis of
the generalized Jackson model (at constant nuclear temperature ), taking into account rota-
tion and the limitation of possible spin values. The calculated excitation functions agree sat-
isfactorily with experiment for the parameters T = 3 MeV and Jgp = 750 (maximum angular
momentum ) and a rigid-body moment of inertia of the compound nucleus.

INTRODUCTION

IT has frequently been mentioned that heavy ions
possess great advantages over light bombarding
particles for the purpose of investigating the be-
havior of a compound nucleus in a broad range of
excitation energies and angular momenta. Com-
plete coalescence and the formation of a compound
nucleus is, of course, not the only process that oc-
curs when complex nuclei interact; direct interac-
tions can also occur. As a rule, however, it is
possible to distinguish the interactions associated
with compound nucleus formation and to investigate
the characteristics of their decay.

When an ion and target nucleus coalesce com-
pletely the excitation energy of the compound nu-
cleus is determined by the beam energy and the
‘‘unpacking’’ energy. The angular momentum is
determined less definitely, because the reaction
occurs with different collision parameters.

We have at present no experimental procedures
for distinguishing such nuclei with definite spins.
However, the same compound nucleus can be ob-
tained from different target-projectile combina-
tions, thus varying the spin distribution of the
nuclei. The different properties of compound nu-
clei produced in different ways but having identical
Z and A enable us to judge angular momentum
effects.

The ions from C!? to Ne??, which have thus far
been used, produce compound nuclei whose angular
momenta differ very little. The multiply -charged-
ion cyclotron of the Joint Institute for Nuclear Re-
search was used to accelerate the heavier argon

ions. A special operating regime of the ion source
yielded a 1.5-uA current of Ar'* ions and a 1-uA
current of Ar®*. Most of the experimental work
was done with the septuply-charged ions.

The Cd!® and Cd!' targets were selected on
the basis of the following considerations. In a con-
siderable fraction of the cases the Dy'%® and Dy!™
compound nuclei decay emitting only neutrons,
since these nuclei have a relatively high Coulomb
barrier. On the other hand, fission is extremely
unlikely in this nuclear region. (1] The principal
advantage of having the heavy Cd isotopes as tar-
gets is that (Ar*’, xn) reactions then yield «-active
rare earth isotopes. Because of the limited num-
ber of a emitters in the middle of the table of iso-
topes, they can be identified from their half-lives
without the use of chemical separation methods.

1. EXPERIMENT

Conditions of bombardment. The targets were
enriched isotopes: Cdl16 (Cd!16 —172.49, Cdli4 —
11.8%, cd!'® —s5%, cal? —e.5%, cdl'l —1.3%,
cdit —2.6%, Cdl® —o0.2%, cd!® —0.2%) and
cdt™ (cal* —91.6%, cdl® —1.5%, cdl®® —2.0%,
calt? —1.39%, calt —1.49, cd!'®—o0.9%, cdl®® —
0.6%, CA'% —0.7%).

Cadmium oxide targets were prepared by elec-
trodeposition of Cd(NO;),.from an organic me-
dium. The nitrate was converted into an oxide by
heating. The target backing was 0.7-mg/cm? alu-
minum foil. By weighing on a microbalance the
total amount of matter was determined to be 1
mg/cm?. By comparing the initial weight of the
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cadmium with the weight of the deposit and of
the matter remaining in solution it was shown that
the targets actually consisted of CdO.

The irradiation took place within a special sam-
ple holder in the internal cyclotron beam, which
impinged on the CdO layer. The recoil nuclei tra-
versed the target backing and were stopped in a
stack of thin aluminum collectors 0.6—0.7 mg/cm?
thick. The target and collectors were held in a
cooled cassette.

In preliminary runs the ranges of dysprosium
recoil nuclei were measured with a thin (80 ug/
cm?) target and thin (300 ug/cm?) collectors; the
depth of penetration in aluminum was found to obey
a strict Gaussian law. At the recoil energy ER
= 64 MeV (for 258-MeV incident-ion energy ) the
mean Dy range in Al was R =2.40 mg/ cm? with
the mean spread AR = 0.34 mg/cm?,

Figure 1 shows the range-energy curve for Dy
and Tb, based on [2J up to 30 MeV and on the pres-
ent work at higher energies. Energies were cal-
culated assuming total momentum transfer.

The argon ions traversed the target and the
stack of foils before reaching the collector. The
number of incident ions was determined from the
collector current taking into account the effective
(equilibrium ) charge of argon atoms calculated
from the data in [3J. Since the equilibrium charge
was not known with sufficient accuracy, the stack
of foils behind the target was made thick enough
so that in all runs the argon ions reached the col-
lector with approximately the same energy, the
effective charge being the fraction 0.6—0.7 of the
argon ionic charge. In this way good relative ac-
curacy was attained in measuring the number of
ions in experimental runs at different energies.
Inaccuracy in determining the effective charge
could be avoided in principle if the target could
be fastened to the collector; in this case the true
Ar™ or Ar®* current would be measured. In our
case, however, the measurements were distorted
by ions with charges < 7 accelerated at high-
frequency harmonics.

The argon ion energy was measured with a
semiconductor detector. A part of the beam passed
through a small aperture in the collector and was
scattered in gold foil 0.1y thick; ions scattered at
13° reached the detector. Pulses from the detec-
tor were fed through a preamplifier and amplifier
to a 100-channel analyzer. The energy was meas-
ured by comparing the amplitudes of Ar* ions and
a particles from a Th (C + C’) source. The half-
width of the ion lines was usually 6%, but it can be
stated that the beam itself was considerably more
monoenergetic. The experimental energy was
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FIG. 1. Mean range R of Dy in Al vs. recoil energy Eg.

varied by changing the radius at which the target
was placed.

Method of registration. After each bombardment
the stack of collectors was dismantled, and decay
curves were recorded using « counters with ZnS
crystals. After the short-lived activity had de-
cayed, each sample was placed in a gridded «
chamber for an absolute calibration of the count-
ers; corrections were introduced for the sample
thickness. The accuracy of the absolute count ex-
ceeded 5%. An electronic computer using the
method of least squares decomposed the decay
curves into components with the half-lives 17.9 min
(Dy'!), 7.4 min (Dy'®), and 4.1 hr (Tb!*®). The
statistical errors of the expansion coefficients
were usually under 5%; no activities with different
half-lives were observed. In calculating the cross
sections it was considered that o decay of Dy!%,
Dy15°, and Tb*? occurs in 6.2, 17.9, and 10% of all
cases respectively. [4]

In [4] it was noted that the cross sections for
reactions in which Tb'*? is formed from Tb com-
pound nuclei are negligibly small compared with
similar reactions for other nuclei. This results
from the fact that Tb'*® has an isomeric state, (%
which decays with a half-life of 4 min, emitting an
a particle. This isomer ‘‘screens’’ the ground-
state in the reactions. It can therefore be assumed
that all of the Tb!4® observed by us results from K
capture or 8* decay of Dy149. Regarding the prop-
erties of Dy149 decay it is only known that the life-
time is short. Unfortunately, there are no direct
measurements of the relative probability of Dy!4?
decay into the isomeric and ground states of Tb!4%.
However, an estimate can be obtained from the
yield of the respective reactions. We measured
the cross sections for the reactions Cd''®(Ar?’, 5n)
Dy! and Cd!*(Ar%, 5n)Dy!*? — Tb!*®. The ter-
bium yield in the second reaction was approxi-
mately 2.5 times smaller than the Dy!® yield in
the first reaction, but the excitation functions be-
have alike. Similar observations are given in (4],
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FIG. 2. Cross section vs. incident-ion energy (lab. sys-
tem) for the reactions: A — Cd*** (Ar*°, 7n) Dy***, © — Cd***
(Ar*, 5n)Dy**, o — Cd'** (Ar*°, 3n) Dy***, 0 — Cd'** (Ar*°, 6n)
Dylso’ o — Cdud (Al’“o, 4ﬂ) Dylso.

It can therefore be asserted that only about 40%
Dy!¥® is transformed into the ground state of Th!4%,
This was taken into account in calculating the Dy!4?
yield. The absolute cross sections for reactions in
which Dy!*? is formed are, of course, less accu-
rate than the other cross sections.

Experimental results. Figure 2 shows the meas-
urements of cross sections for different reactions
as functions of argon ion energy. Figure 3 gives
the excitation functions plotted from the data in
Fig. 2. The ordinate is the probability that x neu-
trons are emitted, which is Fx = oxp /0y, where
oxn is the cross section for a reaction with the
emission of x neutrons, o, is the total cross sec-
tion, and x = 3—7. The values of the total cross
sections were taken from the calculations in [¢J
based on a sharply bounded black nuclear model
of radius ry =1.45x% 10713 cm. These cross sec-
tions differ only slightly from the classical cross
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FIG. 3. Probability of neutron emission, Fyx = 0/0,. The
abscissa is the compound-nucleus excitation energy (with
the same notation as in Fig. 2). The dashed curve is the
excitation function for the reaction Nd'**(C'?, 6n) Dy‘5°.[°]
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sections calculated using the formula
oo = (R, + Ry)*(1 — V/E),

where R; and R, are the radii of the colliding
nuclei, V is the height of the Coulomb barrier,
and E is the projectile energy. The mass defect
(52 MeV) in the reaction was calculated using the
mass tables in 73,

It should be noted that as the energy decreases
below the maximum for any reaction the effect of
the light cadmium isotopes gradually becomes evi-
dent. Therefore the excitation functions in Fig. 3
are given only in the energy range where the effect
on the principal isotope could be distinguished re-
liably.

2. ANALYSIS OF EXPERIMENTAL DATA

A few qualitative remarks are in order before
we proceed to analyze the results. The experi-
ments furnish no direct proof that all neutrons
are emitted by evaporation from a uniformly heated
compound nucleus. The data on the ranges of recoil
nuclei are consistent with a total transfer of Ar
momentum to the compound system. However, the
measurements are not sufficiently accurate to per-
mit the observation of any reduction of the range
due to the ejection of some neutrons through direct
interactions. Experiments using other projectiles
(C2—Ne??) to study excitation functions for reac-
tions accompanied by neutron emission, (8] and in-
vestigations of spectra and neutron angular distri-
butions %] suggest that in reactions leading only to
neutron emission the dominant mechanism is the
decay of a compound nucleus.

The general picture of the decay of a rotating
compound nucleus has been discussed frequently
(see [19] for example). The excitation energy of
a rotating nucleus can be represented as consist-
ing of ‘‘thermal’’ and ‘‘collective’’ parts: E = ET
+ Ec. The collective energy is determined by the
rotational and deformation energies: Ec = ER
+ A(Eg + Eg). Neutron evaporation reduces mainly
the thermal portion of the excitation energy, since
each neutron carries away only a small fraction of
the total nuclear angular momentum. In (83 the
mean angular momentum of a neutron is estimated
to be not more than 3h. The remaining angular
momentum is removed through the emission of a
v-ray cascade, the existence of which has been
proved in several experimental papers.

Our calculation of the excitation functions for
(Ar*® xn) reactions was based on this picture, as-
suming that the evaporation of a given number of
neutrons depends on the magnitude of Ep. It is
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qualitatively clear how the excitation function
should vary as the angular momentum of a nucleus
increases. The presence of collective energy as-
sociated with rotation should shift the excitation
function maxima toward higher energies and in-
crease their half-widths. This results from the
fact that a given value of ET can be realized in

a broader range of excitation energies due to the
E¢ contribution. Figure 3 shows the excitation
functions for the evaporation of five neutrons, ob-
tained in reactions with ions lighter than Ar. These
functions are, indeed, narrower and located in a
lower range of excitation energies.

The calculation was based on the Jackson
model, [11] which was proposed to explain the
cross sections for (p,xn) reactions. The calcu-
lational scheme was extended to the case of a
compound nucleus with high angular momentum.
The main assumptions and the initial formulas
of the calculation follow.

A. It is assumed that the spins J of the com-
pound nuclei have a classical distribution repre-
sented by

2J

2
max

w (J) dJ = dJ fOI‘ J < Jmax

= (R + R») Vm

w((/)=0 for J>Jnu (1)
(u is the reduced mass). A comparison of (1) with
the distributions obtained from quantum-mechani-
cal calculations[®] in the case of such heavy par-
ticles as Ar%’ has shown that (1) is a good approx-
imation.

B. It is assumed that rotation does not seriously
deform a nucleus and does not change the sum of
Coulomb and surface energies, i.e., Eg = ER
= J%/2I, where I is the moment of inertia of a
rigid spherical nucleus. The J distribution for
a given excitation energy is easily converted into
an ER distribution:

w(E'R\dER=dER/ERmax, if ER<ERmax:-]12nax/21;
w(Eg) =0, if Er> Ermax (2)

C. We assume, as did Jackson, [11] that the nu-
clear temperature T is constant at all stages of
the neutron cascade. Then the probability that the
internal energy ET = E — ER is carried away by
X neutrons can be represented approximately by
x+1
P(Er, z) =1 (Ay, 22— 3) — I (Axyy, 22 —1) fOr D) B, < Eq,
x+1 =
for E; < D) B;.

i=1

P(Er, r)=0 (3)
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Here

Ae=(Er— é B) [T, Avo=(Ex —

i=1

x+1

S BT,

i=1
Bj is the binding energy of the i-th neutron, and

I(z,n)=—

xnl"xdx
n! .

S~

is an incomplete I" function. From (3) and (2) we
obtain the probability that x neutrons are emitted
at excitation energy E:

ERmax

F,— S w(Ep)P (E —Eg, z)dEg
0
E
S ! P(Er, z)dEz, 4)
Rmax E_ERmax

where P(ET,x) is determined from (3).

The integrals with respect to the first variable
of the incomplete I' functions were obtained nu-
merically by means of tables. (2] The probabili-
ties Fx calculated in this way were found to de-
crease very slowly at high energies (curve 2 of
Fig. 4). This result is associated with the fact
that the mean internal energy ET increases weakly
with increasing excitation energy due to the contri-
bution of the rotational energy.

D. In connection with the foregoing we introduce
a limitation on the possible spins of the compound
nuclei. It is assumed that the compound nuclei are
not formed with angular momentum above a cer-
tain critical amount J,.. There are several rea-
sons for this. It is known that in the case of graz-
ing collisions there is a high probability of nucleon
transfer and partial amalgamation. As a result,
states with angular momentum close to Jy,53%x are
not included in the process of compound nucleus
formation. Also, it follows from calculations based
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FIG. 4. Calculated probabilities of emitting seven neutrons.
Curve 1 — neglecting rotation; 2 — including rotation, with-
out spin cutoff; 3 — including rotation and spin cutoff at
Jeor = 100h; 4 — with spin cutoff at Jo;y = 75h, T = 3 MeV. The
nuclear moment of inertia is taken to be that of a rigid body.
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on the liquid-drop model 1] that compound nuclei
cannot be formed with angular momentum greater
than a critical amount because an equilibrium
shape does not then exist. In the calculations the
spin cutoff is taken into account simply by the fact
that at the lower boundary of the second integral
in (4] Emax cannot assume values greater than
Eor = J4/21. Therefore the probabilities Fy

= 0xpn /0y depend on three parameters—the tem-
perature T, the effective moment of inertia I, and
the critical angular momentum Jgy..

Figure 4 represents the probability F; of the
evaporation of seven neutrons as a function of the
excitation energy for several choices of the param-
eters. Curve 1 was calculated from Jackson’s for-
mula neglecting collective energy. When rotation
is taken into account the curves are shifted to the
right and become flatter and broader. Without the
introduction of spin cutoff (curve 2) the excitation
function declines only insignificantly at high ener-
gies. When cutoff is included there is a sharper
drop at high energies, and Jg, determines the
position of the upper limit (curves 3 and 4). The
left -hand limits of the curves depend on temper-
ature. The variation of the moment of inertia
changes mainly the vertical positions of the curves.

The closest agreement between the calculated
and measured probabilities of all reactions was
obtained using the following parameters: T = 3
MeV, rigid-sphere moment of inertia I = %; R*M
(R is the radius of the compound nucleus ), and
Jop = 76h. Figure 5 shows curves calculated using
these parameters.

The calculated and experimental excitation func-
tions are in satisfactory agreement with regard to
the shapes of the curves and the absolute probabil-
ities of the reactions. The proposed simple model
for calculating the probabilities of neutron evapo-
ration from rotating compound nuclei is obviously
correct in general. It is absolutely necessary to
introduce a spin cutoff in this type of calculation,
without claiming any great accuracy in determin-
ing Jop. A comparison of curves 3 and 4 in Fig. 4
shows how sensitive the curve shape is to the value
of Jop. A comparison of the calculations with ex-
periment does not yield J,,. with greater than 20%
accuracy. Also, the considered model does not
take into account the deformation of a rotating nu-
cleus, which makes the collective energy deviate
from quadratic dependence on the spin. J,,. is ob-
viously increased somewhat when the nuclear de-
formation is taken into account.

The authors consider it their pleasant obliga-
tion to thank G. N. Flerov for encouragement in
the course of the experimental work. Professor
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FIG. 5. Calculated probabilities with T = 3 MeV and J¢;
= 75k (for a rigid-body nuclear moment of inertia). The ex-
perimental points are given for the same reactions as in
Fig. 2.
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