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1. INTRODUCTION 

The interest in the investigations of the cross sectlons of 

complete fuslon reaction products with 85 ': Z 5 95 in heavy ion 

nuclear reactlons 1s evoked by the fact that this region is an 

intermediate one wlth respect to fission. In this region of nuclei 

the liquld drop fission barrier decreases from 2 10 MeV for 

neutron deflcient isotopes of Po - At to z 2.5 MeV for the Pu-Am 

neutron deficient isotopes. Usually this fact is used as an 

explanation for the sharp decrease of cross sections for xn 

evaporation channels: from tens of millibarns for Po - At to less 

than one microbarn for U-Pa [I-31. Nevertheless, in the region of 

neutron deflcient isotopes the decrease of cross sections for the 

xn channels may be caused by an increase of the contribution from 

reactions involving the evaporation of charged particles to the 

total cross section of complete fusion reactions. This trend will 

becomes stronger with the increasing neutron deficit of the 

product nuclei. The incorrect consideration of this effect In 

theoretical calculations can substantially influence the 

interpretation of experimental results and. consequently. the 

information about the effect of fission on the cross sections of 

the complete fusion reaction products. The isotopes of At and Po 

are the most suitable objects in this region for the investigation 

of the behavior of the cross sections of xn and pxn type reactlons 

as a functlon of the neutron deficit. First. by using 40~r and 

40~a ion beams we can obtain data over the wide ranges of mass 

numbers. 173 5 A 5 202. and excitation energies. Second. as the 

liquid drop fission barrier is high enough in these nuclei. we can 

assum that its decrease with decreasing mass number will not 

effect the cross sections strongly. The above glven considerations 

were a motivation for the present work. 

2. EXPERIKXTAL SET-UP 

To carry out the experiments the U-400 cyclotron of the 

Laboratory of Nuclear Reactions. JINR Dubna was used. The 

projectile beans were as follows: 40~a (228 MeV). 40Ar (217, 250, 

and 293 MeV), and 2 4 ~  (141 and 179 MeV). The beam intensities. 

passing through targets (12 mm in diameter) were (3-6)x1o1' 

particlesrrec at an energy spread (1-1.51%. A schematic view of 

the experimental set-up is shown in fig.l. The beam energy was 

changed in 3 - 8 MeV steps using A1 and Ti degraders. The energy 

of the beam after passing through degraders was controlled by 

measuring the energy of ions, scattered in a thin (200 pg/cm21 

foil at 30'. For this purpose a surface barrier detector was used. 

In front of one half of the detector surface a 3 pm thick Ti foil 

was placed to provide the possibility of controlling the possible 
admixture of 40~r in the 4 0 ~ a  beam. Such a control can be 

fulfilled because of the difference between the electronic 

stopping powers of these ions. Tho Ho, 'l'b, and Dy oxide targets 

had thicknesses of 350 pg/crn2, 400 pg/cm2, and 500 pg/cr8, 

respectively. They were prepared by deposition onto a Ti backing 

1.35 pg/cm2 thick. As a Ta target a 0.8 mg/cm2 thick foil was 

Fig. 1 Block diagram of the experimental setup : 1 - degraders, 
2 - AU - scatterer; 3 - detector to monitor beam energy; 4 - 
target; 5 - input diaphragm; 6 - Faraday cup; 7 - separator; 8 - 
time-of -f light detectors; 9 - semiconductor detector. 
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used. The target thickness was determined by weighing with an 

accuracy better than 10%. The composition of target material was 

controlled by roentgen- fluorescence analysis. 

To separate the complete fusion reaction products from the 

projectile beam and from transfer reaction products the kinematic 

separator VASSILISSA [ 4.51 was used. The reaction products were 

separated according to their electric rigidity and the complete 

fusion reaction products were focused in a detector system 12 m 

far from the target. 

The detector system consisted of two time-of-flight detectors 

and the array of seven surface barrier detectors. The energy 

resolution of the cooled detectors was 30 - 40 keV (FWHM). All 

detectors had separate data tracks to determine the en'ergy and 

time-of-flight of evaporation residues, the time of their arrival 

in a detector, the energy and time of the consequent a-decays of 

all nuclei implanted into a detector. 

The transport efficiency of the separator was measured In all 
2 experiments. For this purpose an A1 catcher (1.8 mg/cm 1 was 

placed behind the target. The catcher was exposed for 15 min and 

then, for 2 30 sec. was removed to a Si(Au) detector situated 

inside the target chamber. During the following 15 min interval 

the decay curves of the activity implanted lnto the catcher were 

measured. Analogous measurements were carried out with the 

detectors placed in the focal plane of the separator. The 

comparison of the data obtained from the catcher and in the focal 

plane of the separator allowed us to determine the transport 

efficiency with an accuracy of t 234 in the case of nuclei having 

half lives 2 1 min. In those cases. where experiments were done 

with a 'Oca projectile beam, the transport efficiency was 

determined using a reaction of Dy + 40Ar. The beam was used 

before and after each experiment with a 40~a beam. 

3. EXPERIMENTAL RESULTS 

The nuclei observed in our experiments, were identified 

according to their a-transition energies and the half lives of 

long -lived activities. As the a-transition energles of Po and At 

isotopes are well known for the given mass region, there are no 

problems with the identification of nuclel. The relatlve line 

intensities, which are necessary for cross section determinatlon. 

were taken from ref.[61. The cross sectlon values, obtalned in our 

experiments gre given in tables 1. 2 .  and 3. The values of 

excitation energies were calculated on the basis of the projectile 

beam energies at the target output. Energy losses in the targets 

and backings were calculated using tabulated values from ref.[71. 

Tab.1. Excitation functions for the xn +nd pxn evaporation 
channels measured in the 165~0 + 40~r reaction. 

MeV 

54.0 
57.5 
59.5 
62.0 
65.0 
69.5 
72.5 
73.5 
76.0 
79.5 
82.5 
89.0 
93.5 
99.0 
103.5 
107.0 
113.5 
119.0 



Tab.la. Excitation functrons for the xn and pxn evaporation 
channels measured In the 165~o + 40~r reactron. 

Tab.2. Excitation functions for the xn and pxn evaporation 
channels measured In the 181~a + 2 4 ~  reaction. 
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The O-values were calculated uslng a tpble of masses ( 8 j .  The 

statistical error for most of the results rs less than 5%, and the 

accuracy of the obtained cross section vaiues is determined by 
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Fig.2. Total cross sections of the xn and pxn channels in the 

reactions Ho + 40~r and Tb + 40~a. as functions of excrtation 

energies. The marks o, a and r correspond to the xn, pxn and 

xn I ref. 91 channels. respective1 y. 

Tab.3. Excitation functions for the pxn and axn evaporation 
channels measured in the 15'T'b + 40~a reaction. 

that of the separator's transport efficiency measurements, by the 

target thickness and homogeneity. and by the beam intensity. The 

control of the reproducibility of the obtained results has showed 

that the relative production rates of individual isotopes are 

reproduced with an accuracy of 220% and the absolute cross section 

values with an accuracy of '40%. In fig. 2 a comparison is made 
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between our experimental results and the results given in ref. 

[91. We can see a very good agreement between these two works in 

the overlapping region of excitation energies. In fig.3 the 

behavior of excitation functions for the individual xn and pxn 

evaporation channels is shown for the 181~a+24Mg reaction. 

Analogous exc!.tation functions for the 165~o+40~r reaction, 

leading to the same compound nucleus, '05~t, are I n  good agreement 

(in terms of thelr shape and place on the excitation energy axis3 

with those shown in fig.3. The cross section values for all 

investigated evaporation channels of the ~a+'~F!g react ion are 

2.5~0.1 times larger than that for the 165~o+40~r reaction. 

Fig.3. Excitation functions of the xn and pxn channels in the 

reactlon Ta + "Mc. 

4. ANALYSIS OF EXPERIMENTAL RESULTS 

An analysis of experimental data on xn and pxn evaporation 

channel cross sections was based on the statistical model of the 
de-excitation process of compound nuclei. Calculations were 

carried out using a modified version of the ALICE program. To 

describe the level density we used t-he relations of the Fel-mi gas 

model with the phenomenological consideration of shell effects in 

the level density parameter [Ill, 1 e 

A,( E l  = z<1 + [ 1 - exp( -0.054E3 I (AW,./E3 ) , (13 

where E is the nuclear excitation energy, a, is the level density 

parameter for evaporation channels having an asymptotic value of - 
Clv 2 AAC. AW, is the shell correction for the nuclear mass after 

the evaporation of a particle v (neutron, proton, or a-particle). - 
In the fission channel af = af 

We assumed that the fission barrier, of which the value has 

to be subtracted from the nuclear exatation energy (for the 

determination of the nuclear temperature) has the form 

Bf(l) = c~FP~(13 + hEf(Z.A3 ( 2 )  

where BFPS (1) is the fission barrier in the model of the rotating 

charged liquid droplet [121, C is a free parameter. AEf(Z,A) is 

the shell correction for the compound nucleus fisslon barrier, 

equal to the difference between the liquid drop model and 

experimental values of the nuclear mass. 

The cross section of the compound nucleus formation was 

calculated using the formula 

where V E  is the interaction barrier height, hwl is the curvature 
1 

of the barrier for the 1st wave. The potential parameters and the 

choice of lCr were considered earlier [lo]. The choice of these 

quantities is in principle very important for an attempt to 

describe the form of excitation functions. The aim of the 

calculations carried out in this work was the optimum description 

of the cross section maxima for xn and pxn reaction channels. Mare 

than 903: of cross section values in their maxima are achieved at 1 

<< lCr of the given reactions. For this reason the cross section 



calculatlons for xn and pxn reaction channels were incorrect lf 

the contribution of the following partial wave was < 1% of the 

glven cross section. Three variants of calculations were made: a1 

AM,= B, = 0. b1 hBf and corrections to the level density parameter 

are functions of the excitation energy and Z and A of all nuclei 

of the evaporation cascade, c1 The quantity hBf is independent of 

the excitation energy. At the same time, the level density 

parameter in the evaporation cascade of particles a,(E1 is an 

energy dependent one 11. 101. The parameter C (eq.21 and the 

ratio between thq level density parameter in fission and in 

evaporation channels, cf /%, were free parameters in all 

ca1~:ulation variqnts. It should be noted that there was no 

necessity in uslng the 6f/av values differing from 1 in the 

fitting the experimental and c;alculated cross section values for 

xn @nd pxn evaporation channeis. 

In fig.4 the dots indicate the experimental cross section 

values for the xn reaction products for the maximum value of the 

given excitation function of the 165~o + 40Ar reaction. The 

Fig.4. Comparison of the experimental and calculated values of the 

xn channel cross sect ion for the reaction Ho + 40~r. 

dash-dotted llne 1s drawn through the calculated values of these 

quantltles for AElf = AW, = 0, af/a, = 1, and C = 1 In thls 

varlant of flttlng the experlmental and calculated values lt was 

necessary to set C = 0 9 Thls value of C corresponds to a 

decrease In the flsslon barrler by about 1 MeV (the full llne In 

flg 41 The results of calculations lncludlng shell correctlons to 

the flsslon barrlers for nuclel Involved In the evaporatron 

cascade, independent of the excltatlon energy, are represented In 

fig 4 wlth a circle-dashed llne If we use the shell correctlons 

af. whlch decrease at the same rate as the correctlons of the 

!eve1 denslty parameter do wlth an lncrease In E*, then we get a 

srtlsfactor-y agreement wlth experlmental results (dotted llne). In 

these calculatlons C and af/a, are equal to 1. An anaiogous 

plcture 1s obtalned also for the 18'~a + 24Mg reaction (flg 5 ) .  

In flg 6 the result obtained for the pxn evaporation 

channels In the 165~o + 40~r reactlon 1s shown. In thls case the 

absclssa axls glves the mass number of the Po Isotopes, obtalned 

F1g.5. Comparison of the experlmental and calculat@d values of t-he 

xn channel cross sectlon for the reactlcn Ta + ''w. 



after the evaporation of one proton and x neutrons. rather than 

the number of neutrons in a cascade. In fig.6 small squares 

indicate the results for the p2n, p3n, and p4n evaporation 

channels, obtained in the + 40~a reaction. The full lines 

represent the calculated results for both reactions for Mf = AW, 

Fig.6. Comparison of the experimental and calculated values of the 

pxn channel cross sections in the reactions Ho +40~r and Tb 

+ 40~a. 

= 0. af/a, = 1, and C = 0 9. While this variant of calculations 

for the 165~o + 40~r reaction gives a satisfactory agreement with 

the experimental results. for the 15'~b + 40~a reactlon the 

calculated values lie above the experimental ones. To flt the 

experimental and calculated values for this reaction. the 

parameter C should be lowered to 0 8 (semicolon line). This result 

can be interpreted as an lndlcatlon that for the strongly neutron 

deficient nuclei the rotating charged liquid drop model [I21 

gives overestimated values for the fission barrier 

5. CONCLUSIONS 

In reactions with the heavy ions of 24t+fg. 40~r and 40~a the 
experimental values of cross sections were obtalned fc:- the xn 

and pxn evaporation channels up to x = 9 over a wide region of 

energies. To investigate the fusion - evaporation type reactions 

Po and At neutron deficient isotopes are very convenient. The 

de-excitation of the compound nuclei was analyzed using a 

statistical model. The statistical model, used to analyze the 

experimental cross section values of the xn and pxn evaporation 

channels, is a phenomenological one. Therefore the unambiguous 

choice of basic parameters is of fundamental importance. If the 

nuclear masses and bindlng energies of nucleons and a-particles 

are calculated reliably and unambiguously enough. then in the 

choice of fission barrier parameters and level densities we can 

have certain freedom. Under the same assumption about the 

structure of the fission barriers and of the level density 

parameters, the excitation functions for flsslon reactions were 

analyzed earlier [131. It is shown, in both cases. that a 

satisfactory agreement between experimental and calculated results 

can be achieved in two cases: a) In using Cf/& 2 1 and Bf(l) 2 

(0.8-0.9)~~~~(1), but without including shell effects; b) In 

including shell effects in the level density parameters and also 

in fission barriers. 

At the same time. we see in this work. that with the 

increasing neutron deficit of the end product nuclei of 

evaporation cascades the agreement between experimental and 

calculated values is getting worse. Therefore a question arises 

about the choice of the isospin dependence parameter K, which is a 

part of the expression for the surface energy In the liquid drop 

model. t~,=a,~~~[ 1 -K( -B,$-l2l 1.  Theoretical estimates of the 

value of this parameter in different works are very different. 

varying from K = 1.78 [I41 (used in this work) to K = 3.0 in ref 

[151. As we can see. it would be very interesting to continue the 

investigation of the evaporation end-products of compound nuclei - 
the very neutron deficient isotopes of At - Bi. 
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A ~ n p e e s  A.H. u  LIP. E7-89-809 
C e q e ~ u n  06pa3osanun nekrponofleiJuuurnux uaoronos  
At U  PO B  PeaKUUnX 16SHO + 40Ar, 159Tb + 4 0 C a u  + 2 4 ~  

n p o s e ~ e ~ u  aKcnepunenTu n o  n 3 n e p e ~ n o  ceqennk (xn)  u  (p ,  x n ) - ~ a ~ a n o s  B pe-  
aKuunx 1 6 5 ~ 0  + 40Ar,  I 8 ' T a  + 2 4 ~ g  u  I s 9 T b  + 4 0 ~ a .  flnn nePsux Asyx  p e a ~ u t t f i ,  
npneoAnunx K OAHOMY u  TOMY me cocrasHony  napy - 2 0 5 ~ t ,  nonyuenu Aannue o  
~ ~ a q e n u n x  ceueHnk Kananoe (4n + 9n)  u  ( p ,  Sn - 9n) s  o 6 n a c r u  anepruk  803- 
6 y m ~ e n n n  c o c r a e n o r o  n4pa OT 55 M3B n o  135 M3B. B  peattuunx c nonann 4 0 ~ a  
u3nepeHbl c e u e ~ u n  4nn KaHanoB 3n, (p,  2n  + p ,  4 n ) .  n p o s e ~ e n o  cpasnenue p e -  
3 y n b ~ a r o s  c nonenbnunu pacueranu,  eMnonHennunu n o  MOAH~JUUUPOB~HHO~ n p o r p a n -  
n e  ALICE. n o ~ a 3 a ~ 0 ,  q r o  necnorpn  Ha 6onbwoA flnana30n n3nene1iun senuuuH c e -  
uenuk u  H ~ ~ ~ X O ~ U M O C T ~  OAHospenentioro onucanun LIBYX r n n o s  KananoB. yp,aercn 
nonyuurb  Hennoxoe cornacne p a c v e r a  c  aKcnepnneHron Ann p e a ~ u n k  1 5 5 ~ 0  + 4 n ~ r  

M 1 8 1 ~ ~  + 2 4 ~ ~ .  Ann peaKquu l59Tb + 4 0 ~ a  pacuernue 3 ~ a u e n n n  c e u e ~ u k  npesbl- 
UaOT 3KCflePUMeHTaIlbHMe AaHHYe Ha nOPR&OK. O ~ C Y X L I ~ O T C R  803MOXHMe nPUUHHM Ta- 
K o r o  Pacxom,qeHun. 

Andreyev A.N. e t  a l .  E7-89-809 
P r o d u c t i o n  Cross  S e c t i o n s  o f  N e u t r o n  D e f i c i e n t  I s o t o p e s  
o f  A t  and  Po f r o m  N u c l e a r  R e a c t i o n s  
1 6 5 ~ 0  + 4 c ~ r ,  159Tb + 40ca and I81Ta + 2 4 ~ g  

E x p e r i m e n t s  have been c a r r i e d  o u t  t o  measure t h e  x n  and p x n  c h a n n e l s  
c r o s s  s e c t i o n s  i n  t h e  r e a c t i o n s  1 6 5 ~ 0  + 40Ar, 1811.a + 2 4 ~ ~  and 159Tb + 40Ca. 
F o r  t h e  f i r s t  two  r e a c t i o n s  l e a d l n g  t o  t h e  same compound n u c l e u s ,  205At.  
d a t a  on t h e  c r o s s  s e c t i o n s  o f  t h e  4n + 9n and p 5 n  + p 9 n  c h a n n e l s  have been 
o b t a i n e d  f o r  t h e  compound n u c l e u s  e x c i t a t i o n  e n e r g i e s  r a n g i n g  f rom 55 MeV 
t o  135 MeV. I n  t h e  r e a c t i o n  induced by t h e  40ca i o n s  t h e  c r o s s  s e c t i o n s  
o f  t h e  3n, p2n  6 phn c h a n n e l s  have been measured. The r e s u l t s  o b t a i n e d  a r e  
compared w i t h  t h e  model c a l c u l a t i o n s  u s i n g  m o d i f i e d  program ALICE. I t  i s  
shown t h a t  t h e  c a l c u l a t e d  r e s u l t s  a g r e e  w i t h  e x p e r i m e n t a l  ones f a i r l y  w e l l  
f o r  t h e  r e a c t i o n s  1 6 5 ~ ~  + 4 0 ~ r  and 1 8 1 ~ ~  + 2 h g  d e s p i t e  w i d e l y  v a r y i n g  
c r o s s  s e c t i o n  v a l t ~ e s  and t h e  n e c e s s i t y  t o  d e s c r i b e  t h e  two c h a n n e l s  s i m u l -  
t a n e o u s l y .  F o r  t h e  r e a c t i o n  l j 9 T h  + 40ca t h e  c a l c u l a t e d  c r o s s  s e c t i o n s  a r e  
one o r d e r  o f  m a g n i t u d e  l a r g e r  t h a n  t h e  e x p e r i m e n t a l  ones .  The p o s s i b l e  
reaso f i s  f o r  t h i s  d i s c r e p a n c y  a r e  d i s c u s s e d .  
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