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Peakunu nepefadd HyK/JIOHOB Npu B3aunogeilc TBHU Ar

(220 MaB) ¢ !97Au

[IpoBeneno obnydeHue 19‘Au HOHAaMH 40Ar ¢ aHeprueit 220 MsB,
COOTBeTCTBYKOIWEH NpeBbllieHdI0 Haad Gapbepom B3aumoneiicreua B 1,15 paasa,
C nomomsio meronnku AE,E 3aperucrpupoeano ofpasopanue npoaykTos
Cc atomubiMu HOMepamu 11<Z < 35.

[Tokasauo, 4To Ona peaxluii MHOrOHYK/IOHHBIX Nepefad, peanudyOWHUXCH
B Ir'1y6OKOHeYNPYTrUX CTOJNKHOBEHHSX sidep, YI/IOBbie paclpefesleHds Hampap-—
NleHbl Brieped. B peakuusax MalOHYK/IOHHBIX Nepedad BHA YLJIOBLIX pacrpe-—
OefleHH# 3aBUCHT OT CTeNeHd IUCCUINAUMH HUCXOOHON KUHETUYECKON SHEepruu.
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Nucleon Transfer Reactions in the Bombardment
of ¥7au with 220 MeV 40ar Tons

A W7M;target was bombarded with 40Ar ions with an

energy of 220 MeV which exceeds the interaction barrier
by a factor of 1.15. By using the AELE technique the for-
mation of reaction products with atomic numbers il< Z<35
has been recorded. The angular distributions of the pro-
ducts of multinucleon transfer reactions involved in

deep inelastic nuclear collisions are found to be

forward peaked. In reactions involving the transfer of
few nucleons the shape of the angular distributions de-
pends on the extent of the dissipation of the initial
kinetic energy.

The investigation has been performed at the
Laboratory of Nuclear Reactions, JINR.
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1. INTRODUCTION

At present the study of deep inelastic
transfer reactions (DIT) is a rapidly deve-
loping trend of heavy ion physics/!=6/.These
reactions have been observed with a great
variety of targets bombarded with diffe-
rent projectiles ranging from carbon to
uranium.

Deep inelastic transfers are charac-
terized by a high extent of the dissipation
of the initial kinetic energy, and this
leads to the formation of products with
energies close to their exit Coulomb bar-.
riers. The angular distributions of the
DIT products are, as a rule, asymmetric
with respect to 90 in the c.m. system.
Maximum yields are observed for atomic
numbers Z and mass numbers A close to those
of the initial nuclei.

In the first investigations carried
out with relatively light bombarding par-
ticles such as ““Ne and %%Ar the products of
nuclear reactions were identified accord-
ing to their Z-values. It was established
that the products of multinucleon transfer
reactions are formed in deep inelastic pro-
cesses and have forward peaked angular dis-
tributions. The angular distributions of
the products of few-nucleon transfer reac-
tions, averaged over the entire energy,
range exhibited maxima in the vicinity
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of the Rutherford grazing angle, ®Rum .
However the analysis performed in ref,/8/
showed that with an increasing dissipation
of the initial kinetic energy the angular
distributions of few~-nucleon transfer pro-
ducts become forward peaked.

Initial studies/%Jl/using very heavy
ions, 8%Kr, did not involve the 7z -identifi-
cation of the products. Due to the coinci-
dent measurements of the correlated frag-
ment energies the reaction products were
classified as " Kr -1like" and " Bi -like"
ones’% The angular distributions of the
"Kr -1ike" products of energies close to
the exit Coulomb barrier showed maxima near
O®ruth -This factor was the reason why deep
inelastic reactions on Kr and heavier ions
were considered as a special type of reac-
tion - "quasifission".

Subsequent work /412/ using Kr and Xe
ions, in which reaction products were iden-
tified, showed that the shapes of the an-
gular distributions change with an increa-
sing number of transferred protons in the
same manner as observed in deep inelastic
transfers on Ar /8/, Thus it has been estab-
lished that deep inelastic transfers and
"quasifission" imply the same phenomenon,

An interesting problem involved in the
studies of the DIT is the dependence of
the angular distributions on the initial
kinetic energy. A number of investiga-
tors /4+13.14/ pelieve that the DIT occuring
at kinetic energy E; slightly higher than
the interaction barrier B;,i.e., at E;/B;<(1.2-1.5),
have angular distributions with maxima in
the region of @g,, »which disappear only
atEi/Bizlﬁ thus leading to forward peaked
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or nearly isotropic angular distribu-
tions.

In ref.M/ it was suggested to use as
a parameter defining the shape of the an-
gular distributions the parameter
Zp-Zi-Np - e
t-VvIESBY
where Z, and Z; are the atomic numbers of the
projectile and target nucleus, respecti-
vely; # 1is the reduced mass and e is the
electron charge. According to its physical
significance the parameter n” is proportio-
nal to the ratio between the Coulomb repul-
sion and nuclear friction forces. From
ref.’3 one may expect a forward peaking
in the angular distributions for »n’<150-200,
whereas for 5">250-300 a large part of the
angular distribution should be concentrated
in the vicinity of @g ..

The purpose of the present work is to
study the shape of the angular distribu-
tions of the DIT products as a function of
the number of transferred nucleons in the
system '°7Au+ *0Ar (220 MeV) with the Z-iden-
tification of the products. For this system
the n° value equals to 264, and E;/B;=1.15.
The B; value was calculated within the frame-
work of the energy density formalism/!5/,

In ref./16/ the DIT occuring in the system
Au+ *®Ar nave been investigated at 288 and
340 MeV with the Z-identification of reac-
tion products. The angular distributions
turned out to be peaked forward tending to
isotropy in the case of many-nucleon trans-
fers. In ref./14/ the DIT were studied in the
system 'TAu+40Ar at 220 MeV without the
Z -identification of the reaction products,

n’=

197



but with mass measurements at different
angles using the time-of-flight technique.
Evidence was provided that light reaction
products were concentrated near ®Rmh'

The Z-identification of the DIT products
performed in the present work makes it pos-
sible to consider the dependence of the
shape of the angular distributions of the
DIT products on the extent of the recon-
struction of the initial nuclei with
a small value of E;,/B; in more detail than
in ref./1%.

2. EXPERIMENTAL TECHNIQUE

The experiments were carried out at
the U-300 Heavy Ton Cyclotron of the JINR
Laboratory of Nuclear Reactions. The reac—
tion products were detected using a AE,E
telescope. To measure the specific energy
losses AE, an ionization chamber with
a Frisch grid was used, whereas the residual
energy E of the particles was measured by
a semiconductor detector.

The measuring equipment is shown schema-
tically in fig. 1. A !'"7Ay target 0.3 mg/cm?
thick was placed in the centre of the scat-
tering chamber 7O cm in diam. Before hitting
the target the 220 MeV *YAr ion beanm passed
through a collimator with a 6x6 mm?2 slit.
The beam intensity was measured by a Fara-
day cup and a monitor detector that recor-
ded elastically scattered ions. Some part
of the chamber side wall was made of a beryl-
lium bronze belt which could glide on a va-
cuum-tight rubber gasket without disturbing
the vacuum. The slit available in the belt
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Fig. 1. A schematic view of the experimental
arrangement: (1) beam, (2) collimator,

(3) target, (L) Faraday cup, (5) the body

of the scattering chamber, (6) the sliding
bronze belt, (7) monitor detectors, (8)

the body of the ionization chamber, (9) in-
sulators, (10) semiconductor detector,

(11) Frisch grid, (12) mylar entrance
window.

was connected with the body of the tele-
scope of the ionization chamber AE and semi-
conductor detector designed for measuring
the residual energy E. Owing to the drawing
of the belt it was possible to change the
angular position of the telescope within
10-1500 without disturbing the vacuum. The



angular resolution of the telescope was
$0.3° at a solid angle of 2x10~*% sr. The
particle trajectories in the ionization
chamber were parallel to.the Frisch grid.
The composition of the gas used was 95% Ar
and 5% CH,.The pressure was 100 torr which
corresponded to the gas effective layer
equivalent to about 8umSi, provided that the
particle path in the chamber was about

10 em, The energy resolution of the ioni-
zation chamber for the elastically scat-
tered **Ar ions was about 3% thus permitting
the Z -identification of nuclear reaction
products with Z up to~35.

After amplification and amplitude digital
conversion, pulses from the AE and E detec-
tors were recorded on a Minsk-32 computer.
Each coincident event was recorded as a 2hU-
digit binary code (12 digits per detector)
on magnetic tape.

After terminating an exposure a two-di-
mensional control spectrum with dimensions
of 256(AE)x32(E) channels was printed. The
plotting of the energy spectra of individual
elements was made using a computer code
based on that for treating ¥y -ray spectra/”/
After the conversion of the two-dimensional
spectra AEJE to the spectra AE, E+AE each
cross section of the two-dimensional spect-
rum was treated as a one-dimensional spect-
rum along the axis AE . As a result, we
obtained +the numbers of events for each
element for a certain energy. The energy
calibration of the AE and E detectors was
made by means of the Y0ar ions scattered
at 40°. The total energy of the elastically
scattered ions was measured by a magnetic
analyzer. Then the measurements of pulse

heights of the E detector were performed,
first, in the case of a straightforward
incidence of the scattered ion beam on
the detector, with a mylar window in the
ionization chamber without and, finally,
with the gas.

The effective thickness of the mylar
entrance window was 0.62 mg/ch.It was
found from the energy losses of the elasti-
cally scattered *%Ar ions by using Nortcliffe
and Schilling’s Tables’!8/. Corrections for
the energy absorption in the mylar window
and the target were also made using the
same tables’/!8/. The table values of the par-
ticle range in the energy interval of inte-
rest, 1-10 MeV/nucleon, were approximated
by polynomials of the third power with
four factors determined by the method of
least squares.The mass numbers of reaction
products were assumed to correspond to the
average values of A/Z of the initial sys-
tem 9T Au+¥0Ar (ref./3/ ).

The cross sections were calibrated by
the elastically scattered ions in the angle
interval of 30° to 50©, in which the scat-
tering cross section is the same as the

Rutherford one“gﬂ

3. RESULTS AND DISCUSSION

3.1. Energy Spectra

.The energy spectra of elements ofll%Z<35
were measured in the angle range of 50 to
110° in the lab. system. No measurements
could be performed at larger angles because
of considerable energy losses in the ent-
rance window and in the gas of the ioniza-

9



T

LA SN A L B S S e ‘T e e e s s s e s S ST R oy S
2217

T
LoJad

N
"
—
o
N
1
N
~
EN

3 E

Pz TR | 3

b 1 ]

-

.2_ X xx oIl i )
6L < X P _?

> E : 3

g :' x F
t;' 162 T
vy E A ' . _510

N KU

E [ o0 § 3
(:;‘m4 : ¢

o E ' E‘

i s AT

N=J ' 1 =

N A : B

[E /) o3 4
o 60 // ~f; _ / '\ ]

E i I a a. 3

L : «30° Gx1 ]
L b : ! \\ +50% G 10 \®

£ ‘ a70% Gxigt | 3

- ° ) ! eo0r,6x10° | 3

r i ! uHO',Gllﬁ‘ 3

L o

=7 :
L S S Y ' - Ll S ; &’
,;_l_x U S R [
50 60 70 80 90 100 M0 70 80 S0 100 MG 120 130 %0 %0 80 S0 100 M0 120 130 o B0 80 90 100 %O ‘;0 1‘”“ "

Ec.m. , Me

Fig, 2, The c.m. energy spectra of pro-
ducts with Z =14,17,19 and 2L obtained by
bombarding al% Au target with *CAr ions

with a lab. energy of 220 MeV. The energies
corresponding to the exit Coulomb barriers
are shown by dashed lines. The lab. angles
of observation and multiplying factors of
cross sections for different angles are
shown in the lower right-hand part of the
figure,.

tion chamber. Typical energy spectra of the
products having Z=14,17,19 and 24, obtained
at different measuring angles are shown in

fig. 2. The @Ry, value for the system
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197Au+40Ar at 220 MeV is 780 in the lab.
system (86° in the c.m. system) for ro=1.46 fm.
One can see from fig. 2 that at angles of
70° and 90° that are c¢lose to Op,; & sub-
stantial portion of the energy spectra of
the products having Z=17 and19 lie above
the exit Coulomb barriers Ecoul shown by
dashed lines. The Coulomb barriers were
calculated for spherical nuclei WithrozlAGmL
The high-energy part of these spectra cor-
responds to quasielastic reactions. Howe-
ver at T0° and 90°, some of the Z=17 and 19
products have energies close to and even
lower than the exit Coulomb barriers by
tens of MeV, These parts of the spectra are
connected with deep inelastic nuclear in-
teractions. The superposition of the two
mechanisms is especially vivid for Z=19

at an angle of 700,

For products having Z-=14 and 24 differing
considerably from the initial particle in
the Z value, most of the energy spectra
lies in the vicinity of the Coulomb bar-
riers and below them. Thus deep inelastic
reactions are the main mechanism of their
production.

The average energies of different reac-
tion products observed at different angles
are given in fig. 3. The averaging was
made over the entire energy range with
a weight proportional to the corresponding
differential cross section.

The energies corresponding to the exit
Coulomb barriers, calculated for spherical
nuclei with r;=1.46fm are shown by thin
lines in fig. 3. One can see that at all
angles the average energies of the reaction
products differing in Z from the initial

11
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Fig. 3. The average energies of reaction
products in the c.m. system observed at
different lab. angles are presented by
points. The energies corresponding to the
exit Coulomb barriers for spherical nuclei
are shown by thin lines.
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particle by more than two units (|]AZ|> 2)
are lower than the exit Coulomb barriers.

At 309, the average energies of these
products are about a factor of 1.3 lower
than the Coulomb barriers for spherical
nuclei. This can be regarded as evidence
for a substantial deformation of the final
nuclei before scission.

Reaction products of |AZ|<2 observed at
30O and 50° are characterized by energies
close to and even smaller than the Coulomb
barriers. At the same time, their average
energies are noticeably nearer to the
Coulomb barriers as compared with the pro-
ducts formed as a result of the transfer
of a considerable number of protons. Thus,
due to the contribution from quasielastic
processes the dissipation of the initial
kinetic energy in the case of the formation
of the |AZ|<2 reaction products turns out
to be, on the average, smaller than that
for larger |AZ] products.

3.2, Angular Distributions

The c.m. angular distributions of reaction
products with 11< Z <33 are presented 1in
fig. Y. Dots on the curves correspond to
the angle values averaged over the energy
range with a weight proportional to the
corresponding differential cross section.

On the whole, they are similar to the angu-
lar distributions of the same products,
obtained in the bombardment of 232Th with
14r ions at 388 and 295 MeV (refs./8:20/ ),

Reaction products having relatively small

Z values exhibit maxima near GRum' Reac-
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Fig. 4. The angular distributions of the
products formed in the bombardment of 974y
with 220 MeV *%Ar ions. Numbers near the
curves indicate the Z values of the products,
whereas the numbers to the right give the
multiplying factors for the cross sections.

tion products formed as a result of a strong
reconstruction of the nuclei have a forward
peaking in their angular distributions. The
maxima in the angular distributions of the
products pick-up reactions disappear with
increasing AZ:more easily than in those for
the products of stripping reactions.
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Fig. 5. The angular distributions of the
Z=17 and 19 products for different parts of
the energy spectrum: (1) for the whole
spectrum, (2) for E<E .. and (3) for

E < Egoul - 20 MeV The arrows show the

®Rmh values.

A comparison of the angular distribu-
tions of the same products at bombarding
energies of 220 MeV and at 288 and 3L40MeV
shows that in the region of @_, >70° the cross
section decreases with increasing angle at
220 MeV more sharply than at higher ener-
gies, where an increase in cross sections
is observed at ® .,  >90°

Fig. 5 shows the angular distributions
of the Z=17 and 19 products, plotted for
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the whole energy range, for E<E

and E< (Eg,,1—20MeV). One can see that the shape
of the angular distribution depends conside-
rably on the extent of the initial kinetic
energy dissipation.

The data obtained in the present paper
allow one to define possible reasons for
the difference in the angular distributions
of the DIT products, obtained with and
without Z -identification of reaction pro-
ducts.

Fig. 3 shows that the maximum dissipation
of the 1initial kinetic energy takes place
only in the case of the formation of reaction
products differing in Z substantially from
the initial particle. As is seen in fig. b,
the angular distributions of such products
are forward peaked., If no Z -identifica-
tion of reaction products 1s made and
the differential cross sections of all Ar -
like" products with energies equal to and
lower than the Coulomb barrier are summed
up, one can obtain a maximum yield near
® Ruth- The appearance of this maximum is
due to the following two factors: first, the
dominating contribution to the total cross
section of transfer reactions from few-
nucleon transfers {see the table) and, se-
cond, the dominating contribution to the
few-nucleon transfers and inelastic scat-
tering from quasielastic and moderately
inelastic processes,

Thus, to analyze the shape of the angular
distributions of the DIT products it is
not sufficient to take into account only
the initial kinetic energy excess over the
reaction barrier and the Z values of the
initial nuclei. One should also take into

"
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Table

Cross sections for the formation of light

products in the reactionlwﬁu+4%h at 220 MeV,

obtained by integrating differential angular

distributions in the angle interval 30-110°
(in the lab. system)

Z g, mb Z o ,mb Z o ,mb
11 0.35 20 6.57 28 1.06
12 0.89 21 3.47 29 0.98
13 2.08 22 2.48 30 0.91
1k 7.82 23 1.89 31 0.90
15 16.2 2k - 1.58 32 0.82
16 63.5 25 1.30 33 0.85
17 92.4 26 1.17 3h 1.11
19 18.4 27 1.16 35 0.69

consideration the extent of the dissipation
of the initial kinetic energy with nuclear
deformation and of the reconstruction of
the nuclear nucleon composition.

CONCLUSIONS

(i) The forward peaking in the angular
distributions of the DIT products, obtained
in the bombardment of '°7Au with *®Ar ions
is observed down to projectile energies
exceeding the interaction barrier by a fac-
tor of only 1.15.

(ii1) In nucleon transfer reactions at
low projectile energies the number of trans-
ferred nucleons and the extent of the dis-
sipation of the initial kinetic energy
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have a considerable effect on the shape
of the angular distributions.

In conclusion the authors express their
deep appreciation to Academician G.N.Flerov
for his interest in the work and for va-
luable discussions.
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