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I • INTRODUCTION 

The interactions of the 40Ar ions with silver at an energy 
of about 300 MeV have been studied in a number.of papers. The 
fis'sion and formation of products as a result ·()f ·nucleon eva-. 
poration after the complete fusion cif initial nuclei have been 
investigated 111; The formation of products with atomic numbers 
6 5 Z~30 has been studied in ref. /2/, The activ,ation techn'ique 
/3/ was used to obtain the formation cross·'sections for the. 
heavy products of the interaction 109 Ag + '40 Ar. The products of 
nucleon evaporation from a compound nucleus have been inves­
tigated in ref. 141• Some data have been obtained on the elastic 
scattering, the total· reaction cross section, fusion cross . 
section, and the cross section\for formation of the evaporation 
residues 151, By measuring the circular· p'olarization of y ~rays 
it was shown that the products of. deep inelastic nucleon 
transfer reactions with II~ Z ~ 27. are emitted in the region of 
negative anglesAi/ · 

Taking into account a large amount of experimental informa­
tion obtained for the system Ag+ 40Ar,it seems appropriate to 
try to get additional data on the formation of light charged 
particles in this, system. A comparison of .all the available . 
data on the .yields of elements and individual isotopes in the 
system Ag+ 40 Ar can give a better·understanding of the general 
picture of the interaction between complex nuclei. In particu- . 
lar,.,we believe that these data may be of. value 'for verifying 
the hypothesis that the multinucleon transfer reactions are 
the main contributors to the formation of light charged parti- .· 
c1 es and, primarily, a -particles in reactions with 40 Ar · · 
ions 17 •81• · 

2. EXPERIMENTAL TECHNIQUE 

Experiments were carried out using the 31 0:-cm heavy ion 
cyclotron of the JINR.· A natural silver target 4.4 mg/cm 2 thick 
was bombarded with 300 MeV 40 Ar ions. The ion energy in the :· 
middle plane of the target was equal to 285 MeV. All the re­
sults obtained and transformation 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 isotopes for 
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an emission ·angle of 40 ° were measured using a doE; 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 doE detector operated-in 
the focal plane of the magnetic spectrometer. Silicon surface­
barrier detectors 15, 38 and IOO~mthick were employed as 
doEdetectors in the movable telescope. In both telescopes~ 
the E detectors were drift S~Li) detectors with a thickness 
of 2.5 mm and 4.5 mm. The amplified and coded pulses from the 
doE and E detectors .were recorded on magnetic tape using. a 
Minsk-32 computer.The experiment was controlled by displaying 
information in the form of two-dimensional spectra I 28(doE) 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 of a--particles of 241Am and the products 
of nuclear .. reactions of fixed energies t separated by the 
magnetic spectrometer. The energy spectra of reaction pro­
ducts in experiments with the magnetic spectrometer were ob­
tained by measuring the yields at different magnetic rigidi­
ties. The yields of products in different• charge states were 
summarized. 

3. RESULTS OF MEASUREMENTS AND 'DISCUSSION 

3.1. Energy Spectra 

The energy spectra of 1H, 2H, 3H, 3He, 4He and 6He for an 
emission angle of 40° both in the laboratory and centre-of­
mass systems are presented in Fig, I. Transformation to the 
centre-of-mass system was performed assuming the two-body 
mechanism of the reaction proceeding according to the scheme 
At +A2-.A3+A4 ; where 'Ai is the mass number of the nucleus,. In 
fig. I, 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. I 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, Si, 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 
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Fig.!. The laboratory energy spectra of the isotopes 
1 H , 2 H , 3 H , 3 He , 4He , and 6 He( 81 h.= 40 °). The c. m. 

a • . energy spectra are shown by dashed· l1nes. 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 i~ the figure • 

We note•that the difference between the Coulomb energies cal­
culated using relation (I) and following formula from ref~/ 
amount· to. I. I MeV for protons and 0.8 MeV for a---particles. 

The energy spectra of 1 H , 2 H, 3H and 4 He in the c.m. system 
for:different emission angles are presented in Fig, 3. The 
Coulomb barriers following ref.~ 1 are indicated with arrows. 
-For deuterons and tritons, the Coulomb barriers are accepted 
to be identic~l with the barriers for protons. The a-particle 
energy spectra are represented by pairs for the angles cor~ 

3 



4 

~ ~~:9aa X X Ill C) 
X X 

~-:q ~!:; ~ ~ 

8 0U')-ol"IU') o,.xocs 
~ O X X 
X 

~~:esc~~.-N--. ~ - N N 

X X X . . 0> ......_ ~-~~ ~~~---.., .... CX> 0> ..,_ - ~ 
..... _ . . ---"'- ·- ... . 

' Kl 
(J't'W.J;'qri) k31 OPJ/.Oi:P 

~ 

l9 

~ 
!i! 
R 
li! 
ll! 
~ 
~ 
f'3· 
5:! 

li! 
ll! 
~ 
~ 
f'3 
s;l 

!i Q) • 
0 ..c:: ... 

'tl..C::+.J..C:: 
l=l Cll eo 
ctl ,... ...... 

Cll 0 Q) 
+.l'H..C:: 

A l=l 
Q) Cll "' ..... ...... Q) Q) 

Cl) tJ•.-1•.-f 
•• ,... eo"' 

"''H"'"' 
Z 'HQJctl 

lll!=l.O 
- 0 Q) 

0 
tJ .0 

oi-l E! 
Q) tJ 0 

- ..c:: ::t ...... 
... 'tl ::t 

.... » s 8 
o-l.ap., 
'H Q) 
0 'tl ..c::' 

Q) ~ ... 
Cll•.-1 0 
Q) ...... ..c:: E! 

! P.P.CilO 
0•.-f "' +.J+.JCil'H 

i§o ...... ~ 
1&J Cll ::t 0•.-f 

".-! E! "' Q) ,... ...... 
Q) l=l ctl <J 

..c:: Q) ::t 
... Q) Q) l=l 

.o..c:: 
'H Hr-t 
0 QJ ctl > • tJ 
ctl ctl ,... ...... 

"' ..c:: QJ "' ... .0 QJ 
tJ<IlE!..C:: 
QJ QJ ::t Po rt e l=l til 

::t Cll.O 
:»tJ<Il~ 
eo ctS+.J 
"' QJ E! QJ ..c:: 0 
l=l oi-l QJ ... 
QJ Po l=l 

' ...... 0 ...... .......... 
s < o eo 
• Cll l=l 

<J ............. ,...... » 
QJ 0 QJ ctl 

..c:: 0 ..c:: tJ 
E-f'<~'+.JQJ 

II 'tl 

Nl ~B ~ ,IZ>+.J+.J 
eo'-">:Cil .,...o .... QJ» 

""" l=l Cll· 

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°, ~md 77° and 110°, respectively. The difference between the 
spectra for forward and backward angles is shown by dashed li-.. ) 

nes. 
For particles with Z =1, the relative contribution of the 

excess yield at forward angles is substantially smaller than 
that for a--particles •. Therefore, in subtracting the spectra 
at forward and backward angles it is possible to obtain only 
the integral effect • 

It can be noted that in ~ the maxima of the proton 
spectra well coincide with the values of the Coulomb bar~ 
riers. For the heavier particles, 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.~. 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 experimentsonthe bo~bardment 
of a carbon target have shown that these.parts of the spectra, 
as well as the rest ofthem, cannot be explained by the con­
tamination of the carbon. 

Apparently the total energy spectra of 1H , 2H , 3 H , and 
4 He shown in Fig, 3, are the result of summation of several 
mechanfsms of· their formation, ·Nevertheless, all of them have 
a shape similar to that of the -particles evaporated from'an 
excited nucleus. According to·this, we tried,to describe the 
high-energy parts of the spectra by the known relation 

a- E·ainv(E).exp(-E/T), (2) 
where ainv (E) is the inyerse reaction cross section, and T 
is the temperature parameter. To define ainv(E) we used the 
optical model.calculations using a somewhat revised program 
"ALICE'.' 110 •111, :as well as. analytical. expressions from ref / 121• 

Both methods used in the treatment of energy spectra by the 
least~squares method lead to close values ofT. The T values 
for p, d and a .-particles, ~s a function of the observation 
angle, are presented in Fig.4.· For protons, T=2 Mey at all 
angles. This value is close to the temperature obtained from 
the neutron energy spectra for·compotind nuclei withA;..100 and 
excitation energy of several. tens of MeV 113•141, For deuterons 
and especially a.-particles, a substantial dependence of T 
on the detection angle is observed in the forWard hemisphere. 
In the backward hemisphere T for a·-particles is pra~tically 
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Fig. 3. The c. m. energy. spectra of 1H , 2H , 3H , 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 2H and 3 H have been 
multiplied additionally by the coefficients shown in 
the lower part of the figure. 
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constant, but the absolute value of T- 3 MeV substantially 
exceeds T for protons. Similar' results for the difference in 
the temperature obtained from the en~rgy spectra of protons 
and a-~particles in the case of other target-projectile com­
binations were lilso obtained in refs/15 •161• It i~ noteworthy 
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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. 

that the calculations 
of t-he 'proton and_ a-­
particle energy spectra 

tso for the system Ag+ 40 Ar 
(285 MeV). within the 
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 a--particles and protons within only 0. I HeV. 

3.2. AngularDistributions 

The angular distributions of 1H, 2 H, 3H, He, Li, Be, B arid b 
are presented in Fig. 5. The angular distributions for 2 H, 3H 
at backward angles were corrected for the cutoff of the part 
of the energy spectrum by the tl.E detector 100~-tm thi'ck. 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 
paper121

. Thus the data of the present pa:Jer and ref .121 taken 
together allow one to see the .evolution of the angular distri­
buti~ns of the products from protons to chlorine in the system 
Ag+ 40Ar (- 300 HeV). In Fig, 5, there attracts attention the -
increasing symmetry of the angular distributions relative to 
gc)o as one goes from carbon to the lighter products, This· 
tendency is characterized quantitatively.in the inset of 
Fig. 5. _It- shows the ratio of cross sections in the forward 
and backward hemispheres, integrated in equal angular intervals, 
located symmetrically with respect to goo. For products with 
z > 6' the data of ref / 21 are employed. -

The angular distributions shown .in Fig. 5 can be presented 
as a superposition of two distributions: the one symmetrical 
rel'ati'\)'e to goo and the asymmett·ical- one that contributes to 
the cross seCtion in the forward hemisphere: The shape of the 
asyrnniet~ric 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. 
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the Rutherford one 
is shown in the left­
hand bottom part of 
the figure. The ratio 
of yields of products 
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ric to goo c.m. is 
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the figure. Curves I 
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The similar shape 
of the forward direc­
ted angular distri­
butions of particles 
with I ~Z ~.6 can 
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8cH(DEG.) 
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serve as evidence for a similar mechanism of their formation, 
In the case of a.-particles we have data on energy spectra 
(see Fig. 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 observation 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 
possible that part of the forward 'directed particles with 
Z.$,6· 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 in other 
target-projectile·combinations have been made, e.g., in 
refs/16-19/, 
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3. 3. Cross Sections· for forma-· 
tion of Isotopes and 
Elements 

The differential 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 numberN indicates 
the pronounced effects of : 
nuclear structure of fragments 
on their yield~ The Table 

1 1 1 1 1 
' ' ' 

1 
I presents the total crc;gs-sec-

20 40 . 60 1 
• 80 . tions for the formation of. 

lH , 2H , 3H , 4He and elements 
from lithium to carbon, They. have been obtained by· 'integrating 
the differential cross sections over the angle range I5°-I68° 
(lab. system). The r_elation between the cross sections of pro­
ducts'with an angular distribution symmetric relative to goo 
(c.m.) and the forward peaked angular distribution is presen­
ted- in the table too. 

Table 

· Cross sections (mb) ·for fo~tion of :light particles 
in the system nat Ag + 40 Ar (285 HeV) 

Particle lH 2H JH He Li Be B c 

Utot~l 2700 180 50 1450 6.1 2.0 2.4 6.9 

-
Osy~m. 2500 160 45 1200 4.7 1.2 1.0 1.51 

G;or111ard 200 20 5 250 1.4 0.8 1.4 5.41 
·- --- ----·-

g···. 
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As is seen from the t~ble, the total cross section for for­
mation of protons and a ·-particles exceeds. 4. barns. The total 
cross section of the nuclear reaction, determined from the 
elastic scattering data presented in Fig. 5, amounts to 2.2 
barns. The procedure of determining the total cross section 
is similar to that used in ref.'51 and gives results that 
agree with that paper. From the balance of cross sections it 
follows that most of the protons and a·-particles are formed 
in processes involving the emission of more than one light 
particle in one event of interaction. This fact is in agree­
ment with the charge distribution of heavy products, obtained 
by the activation technique in ref.~~ 

As is s'een from the table, the cross sections for forma­
tion of forward directed a-particles and protons constitute 
a small part of the total formation cross sections. Therefore, 
the main contribution to the multiple production·of a--par­
ticles and protons is made by the processes leading to their 
symmetrical emission relative to 90° in the centre-of-mass 
system. 

If Fig. 8 one can see .the dependence of cross sections 
for the formation of the isotopes detected at an angle of 
40° on the difference of masses of the initial and final nuc­
lei, Qgg• In calculating Qg~ the average values were taken 
for 107 Ag and l 09Ag with a weight proportional to their contents 
in.natural silver. It is notworthy that the difference in the· 
Qgg values for these silver isotopes lies within about I MeV • 
The exponential dependence onQggof cross sections for forma­
tion of the isotopes of a .given element is satisfied up to 
the isotopes of oxygen. For elements with larger Z values 
the exponential Qgg dependence of the isotopic yields being 
measured is violated, apparently because of the effects of 
the excitation of primary nuclear reaction products. The , 
problem of nucleon evaporation by the excited products of the 
reaction Ag+ 40 

Ar (285 MeV) has been considered in ref •1201• 

In Fig. 8 the cross sections for formation of isotopes 
of different elements are presented also as a function of 
Qg with pairing corrections. The pairing corrections were 
ta~en equal to the sum of the. pairing energies of the total 
number of proton·and neutron pairs, transferred to the accep­
tor nuclei. It is seen that the introduction of these correc­
tions allows o'ne to improve the systematization ..of the initial 
experimental data. The slopes of the straight lines and the 
distance between them are practically identical.The slope para­
meter interpreted as the temperature of the double nuclear sys­
tem121/ 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 (~ee Figs. 3 and~. 
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Fig·?· Qgg-systematics o~ c~oss 
sect1ons for the product1on 'of 
hydrogen isotopes: (a) total 
cross 'sections; (b) cross secti~ 
ons for formation of particles 
with an angular distribution 
symmetric relative to 90° c.m.; 
(c) cross sections for formation 
of products with a forward 
peaked angular distribution. 

Figure 9 shows the 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 
seen in the same figure that the 

. Qgg-systematics 'with ·pairing 
corrections are satisfied for 

·.the cross sections for formation 
of products having a symmetric 
relative to 90° (c,m.) angula~ 

• 
1 

·I 1 1 I 1 I 1 .distribution and a forward peaked 
angular distribution. In the -90 -95 ·, -100 -105 . 

Qgg -O(P}-O(n) (MeV) Qgg -systematics, the. deviations 
of the experiment'al values of 

the cross sections for ·formation of the isotopes of a given 
element from the straight line drawri using the least-squares 
method, He 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 influences the slope and 
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 
code1

11/ for the system Ag + 40Ar (285 MeV) give the reaction 
cro~s section of 2.1 b, the·compound nucleus productio;,_ cross 
section of 1.1 b, the proton evaporation cross' section of 
I. I b, the a--evaporation cross section of 0.8 b , and the 
fission cross section of 0. 55 b; These calculations for ·the 
reaction eros's section, cross sections for compound nucleus 
formatio·n and fission coincide within about 10% wfth the ex­
perimental data of refs ,11•4 •51• However, they are incapable of 
explaining all the observed a·-particle: yield· and proton 
yield with a symmetrical angular distribution. A similar, but 
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still stronger (a factor of•IOO) difference in the yields of 
light charged particles in experiments and in calculations 
using .the evaporation model has been obtained in ref /17/ for 
the system 197 Au+ 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 
evaporation from a compound-nucleus. 

It is possible to advance the hypothesis that a substantial 
part of light charged particles with an angular distribution . 
symmetrical relative to goo (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 122/ perfor­
med in paper/tV 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 i~ 
the potenti~l energy of the double nuclear system as it 
transforms to the configuration 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 Figs. I and 2 it is seen that their energy 
spectra are similar in shape~he cross-se~tions for' forma­
tion of products with Z from 8 to I are' describable by the 
Qgg-systematics which. manifes~ -themselves most vividly. in 

multinucleon .transfer .reactions; Hence it ·is possible to as­
sume that mechanism of their formation can also be similar 
for at least a part· of the total yield. The tendency of chan­
ging the T value in going from protons to the heavier partic­
les (see Fig. 4) also confirms, in our view, the hypothesis 
that a considerable pa~t of light charged-particles are 
formed at the expense of multinucleon transfer reactions. In 
this case complete. fusion can be considered to be the limiting 
case of multinucleon transfer react~ons. 

4. CONCLUSIONS' ... 
I. 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-systematics witq 
pairing corrections. 

2. The yields of hydrogen,isotopes are described by the 
Qgg -systematics with pairing ~orrections both for the dif­
ferential cross sections at 40° and the total cross sections. 
In the caseof hydrogen isotopes, the Q,g-systematics·with 
pairing corrections are satisfied for ~th parts of cross 
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sections that correspond to the angular distribution symmetric 
relative to goo c.m. and for forward peaked -l:mgt.tlar distribu­
tion. · 

3. The substantial part of light charged particles with an 
angular distribution symmetric relative to goo 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~ 

4. The similar shape of the forward directed 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 particles with Z.:::; 6 is formed at 
the stage of intera~tion preceding the total dissipation of 
the initial kinetic energy. 
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ApT~x A.r. HAP· PeaKQHH MHoroHYKnOHHhlX nepeAaq E7-81-355 
H_ o6pasoaaHHe nerKHX sap~eHHhlX qacTHQ a CHCTeMenatAg+40Ar 
1285 MsBI 

. n'at A 40Ar I 85 I . . . . B peaKQHH g + 2 MsB H3MepeHh! AHcWJepeHQHanbHh!e 
ceqeHHR o6pa30BaHH.Ii H 3HepreT~eCKHe CneKTp&I H30TOOOB sneMeHTOB 
'oT H AO ct' M.li yrna B&IneTa 40°; ceqeHHR o6pasoaaHH.R:,· 3Hepre­
T~eCKHe cneKTP&I H yrnoa&Ie pacnpeAemiirnR 1H , 2 H , 3 H , 4He, a TaK­
:IKe yrnoa&Ie pacnpeAeneHH.R: H ceqeHHR o6pasoaaHHR Li , Be' , B , C 
B HHTepaane yrnoa .)5° - 168°• 06cYx<.z:laeTCR aonpoc o BKnaAe ·MHo­
roHYKnoH~ nepeAaq B o6pasoaaHHe nerKHX sapR:IKeHH&IX qacTHQ. 

Pa6oTa BhlllOnHeHa B na6opaTOpHH RAePHhlX peaKQHH OHHH. 

OpenPMHT OCS~HeHHOro MHCTMTYT8 IIAePHWX MCCIIeA~~aHMII'. ,lly6Ha 1981 

Artukh A.G. et al. Multinucleon Transfer Reactions E7-81-355 
arid_ the Formation-of Light Charged Particles in the System 
nat Ag + 40 Ar (285 MeV) ·.· .· . ·. · 

In the reaction nat Ag+ 40Ar(285 MeV) there have been measured 
the energy spectra of the isotopes of eleme~ts from H to Cl at 
an emission·angle of 40°. the energy spectra and angular distri 
butions of 1H , 2 H , 3H, and 4He, and the angular distributions 
of Li , Be , B , and C. The contribution from multinucleon 
transfer reactions to the formation of light charged particles 
is discus11ed. 

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