


I. INTRODUCTION

The interactions of the 4OAr ions. w1th silver at an energy
of about 300 MeV have been studied in a number .of -papers. The
fission ‘and formation ‘of products as a result of nucleon eva-
poration after the complete fusion of initial nuc1e1 have been‘
investigated /1/: The formation of products with atomic numbers .

6 < Z<30 has been studied in ref.”?/, The act1vatlon techn1que
/3/ was used to obtain the formatlon ‘cross’ sections for the
heavy products of the interaction!® Ag+ 40 A, The products of
nucleon evaporatlon from a compound nucleus have been inves-
tigated in ref.’4’,  Some data have been obtalned on the e1ast1c;
scatter1ng, the total reaction cross’ section, fusion ecross '
section, and the cross sectlon\for fotrmation of the evaporatlon‘
residues 5/, By measuring the circular’ polar1zat1on of y -rays
it was shown that the products of. deep inelastic nucleon
transfer reactions with: IIS 2527 are em1tted in the region of
negative anglesﬁ/ :

Taking into account a large amount of exper1menta1 informa-
tion obtained for the system Ag+%0Ar, it seems approprlate to
try to get additional data on the formatlon of light charged
_particles in this system. A comparison of all the-available
“-data on" ‘the y1e1ds of elements and individual isotopes in the.
system Ag+4 Ar can give a better understanding of thé general
picture of the interaction between .complex nuc1e1. In particu-.
"~ lar,.we believe that these data may be of value ‘for ver1fy1ng

the: hypothes1s that the mu1t1nuc1eon transfer reactions are .
the main contr1butors to the formation of light charged partl-;
cles and, pr1mar11y, —part1c1es in reactions with.%0Ar .
ions ‘ i :

2. EXPERIMENTAL TECHNIQUE

Experlments were carried out using the 310-cm heavy ion’
cyclotron of the JINR. A natural. silver target 4.4 mg/cm2 thick:
was bombarded with 300 MeV 4OAr 1ons..The ion energy in the
middle plane of the target was ‘equal to 285 MeV, All the ‘re-.
sults obtained and transformat1on of ‘data to the centre-of-
‘mass system are referred to this _energy. The energy spectra
and cross sections for formation of the H to Cl 1sotopes for
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an emission ‘angle of 40° were measured using a AE, E detector
telescope placed in the exit focus of the magnetic spectrome-
ter. The measurements at different angles were performed using
a rotating telescope without a magnetic spectrometer. A grid-
ded ionization chamber served as a AE detector operated -in

the focal plane of the magnetic spectrometer. Silicon surface-
barrier detectors 15, 38 and 100um thick were ‘employed as

AE detectors in the movable telescope. In both telescopes,
.the E detectors were drift Si(Li) detectors with a thickness

of 2.5 mm and 4.5 mm. The amplified and coded pulses from the

AE and E detectors .were recorded on magnetic tape using. a
Minsk—32 computer.The experiment was controlled by displaying
information in the form ofktwo—dimensibﬁal‘spectta~]28(AE)x64(E)
channels by means of a digital printer. The calibration of
cross sections was performed according to the elastically
scattered 40 Ar ions, The energy calibration of the detectors
was done by means Ofvgb—particles 0f241Am and - the products:.
of nuclear reactions of fixed energies, separated by: the
magnetic spectrometer. The energy spectra of reaction pro-
ducts in experiments with thé'magnetic~specttometer were .ob-
tained by measuring. the yields at different magnetic rigidi- -
ties. The yieldS“of,productsfin,differentfchargevstates,were
summarized. : C e ~

3. RESULTS OF MEASUREMENTS AND DISCUSSION -
3;1. Energy Spectra . : g

The energy'sﬁectra of 4H,2H,3}L 3Heh4He- and 8He for an
emission. angle of 40° both in the laboratory and centre-of-
mass systems are presented in Fig. 1. Transformation to. the
centre-of-mass system was performed assuming the two-body

‘mechanism of the reaction proceeding according to the scheme
A1 +Ap-AgsAy; where "Aj is the mass number of the nucleus, In
fig. 1, ‘the energies corresponding to the Coulomb barriers for'

. Protons and- a--particles, calculated using the formulae cited
in ref.”/ are indicated by arrows. An interesting peculiarity
-of the energy spectra in Fig. 1 is the presence of particles
with a kinetic energy per nucleon much higher than that of
the projectile. . -

Typical energy spectra of the isotopes of -the heavier ele-
ments Li, C, Na, §j, and Cl, also obtained at 40° are presented
in Fig. 2. ‘In this case the Coulomb barriers were calculated . .
in the approximation of nuclear shapes by spheres with a dis—
tance between the centres ° - S ’ '61)

R = (LazsA'? + AR ) L2yc10 B e,

'2/,

-‘For deuterons .and tritons, the Coulomb barriers are accepted
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Fig.1. The laboratory energy spectra of the:isotopes”
'H,2H,°H, ®He ,*He , and °He(d,,, =40°). 'The c.m.
energy spectra are shown by dashed lines. The arrows .
show .the c.m. Coulomb energies for protons and - a-- -
‘particles. The curves for He isotopes have been multi-
‘plied .by the coefficients shown in the figure.

We noﬁe?that,thefdifference between the Coulomb energies cal-
culated using relation (1) and following formula from ref /9’

. amount to.l.1 MeV for protons and 0.8 MeV for e~particles.

The energy spectra of 'H , 2H, 3H and 4He in the c.m. system
for-different emission angles.are presented in Fig. 3. The
Coulomb barriers following ref.®/ are indicated with arrows.
to be identical with-the barriers for ‘protons, The a-particle
energy spectra are represented by pairs for the angles cor~
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responding to the energy averaged angles in the forward -and

backward hemispheres symmetrical relative to 90°% The c.m.

values of these angles are 20° and 159°,26° and 144°,52° and

128°% and 77° and 110° respectively. The difference between the
- spectra for forward and backward angles is shown by dashed li-
nes.

For part1cles with Z=1, the relative contrlbutlon'of the
excess yield at forward angles is substantlally smaller than
that for a—particles. Therefore, in subtracting the spectra
at forward and backward angles it is poss1ble to obtaln only
the integral effect. :

It can be noted that in fig 3 the maxima of the proton
‘spectra well coincide with the values of the Coulomb bar=
riers. For the heavier partlcles, we observe : the deviation
of the maximum from the Coulomb barrier to the higher energy.
The maxima of the dashed spectra of a-particles considerably
exceed the Coulomb barriers and are shifted as the. observation
angle changes. This is a characteristic feature of ‘the par—
ticle emission from a source that moves-in the c.m, system,
The low energy parts of the spectra of both the ‘a.-particles
and the heavier. products (see Figs. 2 and 3) need to be spe-.
cially investigated. Control éxperiments on the bombardment
of a carbon target have shown that these:. parts of the spectra,
as well as the rest of’ them, cannot be explalned by the con-
tamination of the.carbon. :

Apparently the total energy spectra of 1H H SH ,- and
4He shown in Fig, 3, are the result of summatlon of several
mechanisms of; their formation, Nevertheless, all of them have
a shape similar to that of the .particles evaporated from'an
excited nucleus. Accord1ng to'this, we tried, to describe the
hlgh—energy parts of the spectra by the known relatlon

o-~E. (E).exp(-E/T), . ST B (2)

an
where oy, (B} = is the. inverse reactlon cross. sectlon, and T
is the temperature parameter. To define ¢, ,(E) we used the:
optical model calculatlons using a somewhat revised program
"ALICE" 71911/, "as well as. analytlcal expressions from ref /1%/,
Both methods used in the treatment of’ .energy spectra by the
least-squares method lead to close values of T. The T values
for p,d and a-part1cles, as a function of the observation
- angle, are presented in Fig.4. For protons, T=2 MeV at all
! angles. This value is close to the temperature obtained from™
S W - : : : " the neutron energy spectra for- compound nuclei with A~100 and ~
‘”Wﬁnd’k?°mﬂ%9 S : Cores e .. excitation energy of ‘several® tens of MeV /13:14/ For deuterons
b and especially a-partlcles, a substantlal denendence of T
on the detection angle is observed in-the forward hemisphere.
In thelbackward hemisphere T for a~particles is practically .
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Fig.3. The c.m. energy.spectra of H',%H,%, and He.
"The lab. values of the detection angles are shown next
to the curves, The curves for different detection angles
 have been multiplied by the coefficients shown at. the
* top of the -figure, The curves for ®H and 3H have been
multiplied additionally by the coefficients shown in

the lower part of the figure.

constant, but the absolute value

exceeds T for protons. Similar r
the temperature obtained from th
and - g--particles in the case of

-

0f T~3 MeV subétantiélly

esults for the difference in

e energy. spectra of protons
other target-projectile com-

binations were also obtained in refs.15:167 ¢ ig noteworthy -

ar- -

‘Fig.4. Nuclear tempera-

ture .calculated from

the energy spectra of

protons, deuterons,
a--particles and Li -

particles as a function:

of the detection angle.

5
3t
-2 : :
‘~ Lo SRR : ‘ ¥ that‘the calculations
L. . ‘ : ‘ ] of the proton and . a.-

T T S particle energy spectra
- 60 80 100 120 - %0 160 180 " for the syétem Ag+ 40 Ar
. BeuloES) : (285 MeV) within the
: E L ' framework of the statis-
ticall consideration of the compound nucleus de-excitation ~
process according to:ALICE code/10:11/ lead to a difference in
the T value for™ g.-particles and protons within only 0.1 MeV.

3.2. Angular Distributions B o
The angular distributions of 'H,2H, 3H, He, Li, Be, B and C
are presented in Fig, 5, The angular distributions for 2H, 3H
at backward angles were corrected for the cutoff of/the part
of the energy spectrum by the AE detector ‘100 um thick. It was
supposed that the low-energy parts of the spectra in forward
and backward.angles coincide in shape: The angular distribu-"
tion for carbon, obtained by us. well agrees with the data of
paperﬂy.Thus;the data of the present paver and ref.2’/ taken
together allow one to see the evolution of the. angular distri-.
butions of the products from protons to chlorine in the system
Ag+40Ar (300 MeV). In Fig, 5, there attracts attention the. .
increasing symmetry of the angular distributions relative to
90° as one goes from carbon to the lighter products. This -
tendency is characterized quantitatively.in the inset .of 7
Fig. 5. Tt shows the ratio of cross sections in the forward
and backward hemispheres, integrated in equal angular intervals,
located symmetrically with respect .to 90° For products with
Z>6, the data of ref.?/ are employed. . - . .
The angular distributions shown .in Fig. 5. can be presented
as a superposition of two distributions:.the, one symmetrical
relative to 90° and the asymmetrical-one that contributes to
the cross section in the forward hemisphere, The shape of the.
asymmetric parts of the angular distributions is presented in’ .
Fig. 6. All of them are similar in shape and are characterized .
-by the exponential growth. of the cross section with decreasing
emission. angle. L
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Fig.5, The c,m. an-
‘gular distributions
of 1H,2H, 3H, He, Li,Be,
B, and C. The ratio of
the elastic 'scatter-
ing cross section to
the Rutherford one

is shown in the left- .
" hand bottom part of
the figure. The ratio-

of yields of products

- with different 2 in

forward-and backward
angle ranges symmet-—
ric to 90° c.m. is
shown at the top of
the figure. Curves 1 -
and 2 give the ratios
o(40°-90°) /o (90°-
140°) and 0(10° -

90°%) /o- (90’—I70°),

'respectlvely.v

‘The similar shape
of the forward direc-
ted angular distri-
butions of particles
with 15256 can

serve as evidence for a similar mechanism of their formatlon;
In the case of :L-part1c1es we have data on energy spectra
(see F1g. 3), which indicate that the main contributor to the

cross section for formation of

‘a-particles with a forward

-directed angular distribution are particles with energies con-
siderably above the Coulomb barrier. The dependence of the
energy of these particles on the observatlon angle allows one
to admit that they are emitted from a source moving with res-
pect to the centre of mass. In accordance with this, it is
p0331b1e that part of the forward directed particles with
256 is also formed at the stage of interaction until the”
total dissipation of the initial kinetic energy occurs. Simi-
- lar conclusions concerning the time of formation of the for-
ward directed protons, a.-particles and neutrons 1n other
target—prOJectlle comblnatlons have ‘been made, e.g., in

refs /13—19/
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3.3. Cross Sections’ for forma-
-tion of Isotopes and
Elements

The d1fferent1al cross sec-—.
tions of the isotopes of. ele-
ments from hydrogen to chlo-
.rine at an emission angle of -
40° are presented in Fig. 7.
The dependence of cross. secti-
ons on the proton number Z
‘and neutron number N indicates
the pronounced effects of :-
nuclear structure of fragments
on their -yield, The:Table
presents the total cross sec-
tions for the formation of
'H,%H, ®H ., %He and elements -

from- 11th1um to carbon. They have been obtalned by integrating
the differential cross sections over the angle range 15°-168°

(lab.system).

‘The relation between the cross sections of pro-

ducts with an angular d1str1but10n symmetrlc relative to 90°
(c. m.) and the forward peaked angular dlstrlbut1on is presen-

Table

ted in’ the table too.

Cross sectlons (mb) ‘for formation of - light part1c1es

in the system

natpg 4 40 Ar (285 MeV) -

3

(Tforward

,Pértiélé Yoo % Pu | we |Li |Be B | C
Gloté;}f 2700 ’180 50 |1450 | 6.1 2.0 2ig 6.9
G‘ ~ " lsoo |10 |as 1200 {4.7 | 1.2] 1.0] 1.5

symm. ] el I :
200 | 20 250 1.4 0.8] 1.4] 5.8




As is seen from the table, the total c'rosvs‘ 'sectioh for for-
mation of protons and a-—particles exceeds.4 barns. The total -
cross section.of the nuclear reaction, determined from the

S O i e N gy elastic scattering data presented in Fig. 5, amounts to 2.2
R ‘ .1 barns. The procedure of determining the total cross section
Sue } is similar to that used in ref%/ and gives results that o
'.é . |g3% & | R 1 agree with that paper. From-the balance of cross sections it~
5 ogslus % N 2w ! follows that most o‘.f the prott.ms’and a—particles are formed
X 8 TlnST ) I L in processes involving the emission of more than one light
§ '§3§§”§=§§7 ;ﬁ% ~ C",i 8 partic}e in one event 9f ir.xt;ere.lction.‘ This fact is in agree=
:-.(.' = ~.| - as:: ‘__L e ment w;t;h t.:he c':h_arge_dlf,trlbt.xtlon o;c;/heavy products, Obtalned~‘ e
< On8lPsRI 288 3 x ~ R by the activation technique in ref.”, , .
> 2= P o £ J' TN As is seen from the table, the cross sections for forma-
5 _g‘ﬂ§§’§5§3ﬁ $s8 "‘i’ g T 88 tion of forward directed a-particles and protons constitute
S salnSsla . olBs s ;ué ‘o S e a small part of the total formation cross sections. Therefore,
S §8§33==-’ﬁ=°”;3 T Toes , the ‘main’contribution to the multiple production of a.-par- ’
J Eg] sggggtgszgggssg g“# o _2?” ticles{e_ind protons is made by ’the‘pgo‘c_:esses leading to their
l £3% IS TS T e T TIR. — | . w< symmetrical emission relative to 90° in the centre-of-mass
; i 7 o S | o _If Fig. 8.one can see .the deépendence of» cross sections .
o | 22glumyglofn w3085 S5E fg.’:,,z§§ v ol for the formation of the isotopes detected at an angle of
l e e R S R e I g 40° on the difference of masses of the initial and final nue-.
(] Qof.— —e st Qﬁg;g, o ) K - . . O '
= | 288lLyz|oda SSHBE 5“5-“-‘&’?‘5513 as = e lei, Qg..:In calculating Qg; the average values were taken ;
: | 8 N P Y B "‘_8‘ I e . J, oW for 10755 and 109Ag with a weight proportional to their 'conteknt‘s
-c'-’ 3535 5‘35@-’5:283&)3? Lefide= 53‘—“;23- 'l' §.§ in natural silver. It is notworthy that the difference in the [
ol g | ame] B 55| PenlPoml &  Dow Qg values for these silver isotopes lies within about 1 MeV, -
T 355«.%53 gg,g-giiggé -~ 5885:352252 T ' %‘?’, , Thgeg expone_nt%al dependence on Qg of cross sect%oh§ for forma-
P gy o832 3§d9§§9§§ §§§§§5 = 98 t;on._of the isotopes of’ a given Aelement.: is. satisfied .up to
o l A oGl S e & e I L@ the ‘isotopes of oxygen. For elements with larger. Z values
e osslzanoeslof 28 233 e 0 b the ‘exponential Q,, dependence of the isotopic yields being
: [ FERESARSAESREsT] chat B} i measured ‘is ‘violaggd, apparently because of the effects of
© $E2[o58 - R the excitation of primary niclear reaction products. The . ,
I = : 2 %o problem of nucleon evaporation by the excited products of. the ..
o 852|588 023 reaction Ag+?Ar (285 MeV) has been considered in ref /20/, R
[ —a R a " In Fig. 8 the cross sections for formation of isotopes-
i I3B| 258 Tw'e © of different elements are presented also. as a function of -
‘,I, &spn|5s o o Q with‘p‘airing corrections. The “pairing ‘correctioAnS‘ were
Skl ke o5 tafien equal to the sum of the pairing energies of the total
‘L |esg o8 o k" number of proton-and neutron pairs, ‘transferred to the accep-
I' "Ig_ﬂf — & EE tor nuclei. It is seen that the ,introduct.:ion.of ‘these c(.)rfe(':4 ‘
T ':?3!,,1165_ SlE - tions allows one to 1mprove,the ;systemat‘:1§at1'on:of the initial
AR 't experimental data. The slopes of the straight lines and the
t E2 i ol ' distance between them are practically identical.The slope para-
T_ ] _J B " meter interpreted as the temperature of the double nuclear sys-
—_—— 0 N D —— D — — (g () ——— (N —— — ‘

} - tem’! is equal to 2.2 MeV,this value being close to the value
of T=2 MeV,obtained from the data on the energy spectra of
protons (see Figs. 3 and 4). ~ : - o

‘ . o A , A : T 11




‘1‘2

10°

=
{4s/Qw) qDlUP/:)P

u|||.|| T - 'lllll.l.l ‘l ]"llll] 1 llllll!l T .,l"']'ll ¥ I‘lllll{ LIRS
o N A - _

5([3;’9'5(;55 " -‘55 <100 -105 -mo

~45  -50 -55 -60 -65 - -70 -75 -70 75
. Qg

-40

o

sjstematicé of differential cross sections for[the‘product

>,QQ (H._V)

. £

ion o

g

., BB
- isotopes

“from H to 0 at a lab. angle of 40°.

= Eig;g;_Qgg-systematics'of cross’
: sections for the production ‘of
1 hydrogen isotopes; (a) total
cross ‘sections; “(b) cross secﬁif’
7§ ons for formation of particles

] with an angular distribution
symmetric relative to 90° c.m.;
{ (c) cross sections for formation
4 of products with a forward .
' peaked angular distribution.
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] Figure 9 shows thé'Qgg depen-
dence of the total cross sections
for formation of hydrogen isoto-
pes. It is seen that-this depen-
dence is satisfied well. It is
i seen in the same figure that the
] - Qgg-systematics'with pairing =
~q corrections are satisfied'for
“the cross sections for formation:
1 of products having a symmetric
: S s oo | ‘relative to 90° (c.m.) angular
L L1 1 1 1 1 | -distribution and a forward peaked
=80 -95 _ -100_- -105 . angular distribution. In the '
Qgg*-ﬁ(p)éﬁ(n) (MeV). Qgg -systematics, the, deviations
< oo of the experimental ‘values of
the cross sections. for formation of ‘the isotopes of a given
element from the straight line drawn using the least-squares '
method, 1ie mainly.within a factor of 2-3. For the whole ran-
ge of the change of cross sections by several ‘orders. of magni-.
tude. this spread of points weakly influéﬁces‘thefslope'andﬂ _
position of the straight line. Therefore, the "multiplicity of
the formation of a'-particles and protons of about 2 should
not substantially influence the position of ‘the “straight lines
for helium and hydrogen in Fig. 8 and 9. :

The statistical model calculations according to ALICE
code/1l/ for the system Ag.+4°Ar(285,MeV) give the reaction
cross section of 2.1 b, ~the‘compouhdfnucleus'production cross
section of 1.1-.b, the proton evaporation cross’ section of’ =
1.1 ‘b, the a-—evaporation cross section of 0.8 b » and the

1 lllllll

G(mb)

T

!

i | illllll

fission cross section of 0.55 b These calculations for ‘the
reaction cross section, cross sections for compound nucleus
formation and fission coincide within about' 10% with the ex- .
perimental data of refs,/1%:5/ However, they are incapable of
explaining all the dbserved‘a-—particlefyield'and proton
yield with a symmetrical angular distribution. A similar, but

. : 7 . L

.
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still stronger (a factor of=100) difference in the yields of
light charged particles in experiments and in calculations
using the evaporation model has been obtained in ref./1?/ for

the system 187 Ay 4 40Ar(340 MeV).- Thus the question arises: about

another mechanism of formation of light charged particles:

with a symmetrical angular distribution, a different one from
evaporatlon from a compound- nucleus.

It is possible to advance the hypothesis that a substantial
part of light charged part1c1es with an angular distribution
symmetrical relative to 90° (c.m) can be a result of nucleon
transfer reactions which proceed during the evolution of the
initial double nuclear system of the projectile and the target
nucleus. The nucleon diffusion model calculations’®2/  perfor-.
med in paper/ with real nuclear masses confirm this conclu-:
sion. The.physical .reason leading to the considerable excess
~ of proton and a.-particle yields over the yields of the hea—
vier multinucleon transfer products is a strong decrease in
the potential energy of the double nuclear system as. it
transforms to the conf1gurat1on involving a proton or.a
particle. As seen from Fig. 7, there occurs a continual dis-
tribution of products from the atomic number of the projectile
to protons. From Flgs. 1 and_2 it is seen that their energy
spectra are similar in shape. The cross -sections for forma-
tion of products with Z from 8 to 1 are describable by the

Qg systematlcs which manlfest ithemselves most vividly:in
multinucleon transfer reactions. Hence it ‘is possible to as-—
sume  that mechanlsm of their formation can-also be similar-

for at least a part of the total y1e1d :The tendency of chan-—
. ging the T value in g01ng from protons to the heavier partlc-
les (see Fig. 4) also.confirms, in our view, the hypothes1s
that a considerable part of light charged -particles-are '
formed at the expense of multinucleon transfer reactions. In
this . case complete fusion can be considered, to be the 11m1t1ng
case, of mu1t1nuc1eon transfer .reactions.

4. CONCLUSIONS"

1. Data on the differential cross. sections for the forma-
“tion of the isotopes of elements with Z< 8 at an angle of 40°
are described satisfactorily by the Qgg-systematlcs thh
pairing corrections.

2. The y1e1ds of hydrogen 1sotopes are descrlbed by the S
Qgg systematlcs with pairing corrections both for the dif-
ferential cross sections at 40° and the total cross sections.

"In the case of hydrogen isotopes, the Q,g—systematics -with
pa1r1ng corrections are satisfied for both :parts of cross -

14

sections that correspond to the angular distribution symmetrlc
relative to 90°,c m. and for forward peaked angular distribu--
t10n.~

"3, The: substant1a1 part of light charged particles w1th an

"angular'distribution symmetric relative to 90° c.m. can be-a

result ‘of nucleon transfer reactions which proceed during

the evolution of the initial double nuclear system of the

prOJect11e and the target nucleus. - - >
4. The similar shape of.the" forward dlrected angular dis- *

tributions of particles with Z< 6 can serve as evidence for

a similar mechanism of their formation. It is possible that

part of the forward directed part1c1es with 2<6 is formed at

‘the stage of 1ntera¢t10n preceding the total d15$1pat10n of

the initial k1net1c energy,
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