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KapHayxoa B.A. E7 - 10834 

0 HOnS1p1138UBOHHb!X 3cptj}eKT8X B peaKUIHIX C TSI)KenbiMH IIOH8MH 

PaccMaTpHaaeTCSI pacnaa nonS1pH30BaHHoro cocTaBHoro >mpa c BbiCOKHM 

yrnOBbiM MOMeHTOM, Vfcnonh3y!OTC Sl H3BeCTHble peaynbT8'l'bl 0 <jlopMe Bp8W8!0-

Wei"'OCSI cocTaaHoro Slllpa. PacC'!H'l'b!BaercSI BbiCOTa KynoHoacKoro 6apbepa 

)lnSI 38pSI)I(eHHOli '18CTHUb1 0 BbineTB!OWeli B HanpaBneHHH oceli JlHHBMH'!eCKOH 

necpopMBUHH. OueHHBaeTCSI cTerreHb nonHpH3aUHH HcrrapSI!OWHXCSI HeliTpoHOB, 

B Ka'!eCTBe crroco6a nony'feHHSI nonHpH30BaHHbiX apawa!OWHXCSI Rnep pac

CMaTpHBB!OTCSI peaKUHH nepella'fH ( 'IBCTH'IHOe CnHSIHHe) C perHCTpauHeli 

cpp81"'MeHT8 C 6oM6apAHPY!OWei"'O HOHa, 

Pa6oTa BhmonHeHa B fla6opaTOpHH SlllepHhiX peaKUHli 011.RI1. 

llpeDpJIHT OhepHeHHOro BBC:TBTYT& •JiepJIWX BC:C:neJIOB&BBI. ,lly6B& 1977 

Karnaukhov V.A. E7 • 10834 
On Polarization Effects in the Reactions 
Induced by Heavy Ions 

The decay of a polarized compound nucleus with a high 
angular momentum is considered. The calculations have been 
performed for the Coulomb potential on the surface of the 
dynamically deformed rotating nucleus with sharp edge 
The known results on the shape of the rotating nucl~us 
obtained in the framework o~ the liquid-drop model have 
been used. The polarization degree is estimated for neut
rons evaporated by the polarized nucleus with a high 
angular momentum. The multinucleon transfer reactions 
(partial fusion) with light fragment detection are consi
dered as a tool for the production of a high spin polari
zed nuclei. 

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

Heavy ion induced reactions give unique 
possibilities for investigating the pro
perties of excited nuclei with a high 
angular momentum. Compound nuclei formed by 
the complete fusion of interacting nuclei 
have the angular momentum distributed over 
a wide range from 0 to some Irnax with zero 
projection to the beam direction. Angular 
momentum projections to the axis perpendicular 
to the beam direction range from -Irnax 
to +lrnax • This leads to averaging and, conse
quently, to decreasing all the effects con
nected with the rotation of the compound 
nucleus. 

As has been noted in ref./ 1/,the new ex
perimental possibilities in the studies 
of the decay of rotating compound nuclei 
appear if one uses partial fusion reactions 
(multinucleon transfer)*. 

~ A ~ * AL Zp+ z.,. Zc+ -z. 1 , (1) 

*A comprehensive review of experimental 
data on the multinucleon transfer reactions 
has been given bls V.Volkov in ref./2/ and 
J.Galin in ref. s/ . 
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where Z =Z+Z, A =A +A 2, Z 2=ZP.-Z 1,and A2 =Ap-A 1. 
The tegislratibn of the projectile frag

ment (A 1Z 1) defines the reaction plane. It 
can be concluded from a classical considera
tion, that the angular momentum of the residu
al compound nucleus ( Ac Z*c) should be direc
ted perpendicularly to the reaction plane. 
This means that it is a tool to produce po
larized rotating excited nuclei. It should 
be expected that the dispersion of the spin 
values of compound nuclei (Acz*c) will be 
rather small for the given energy and the 
emission angle of the A1z 1-fragment. The rea
sons for that are as follows: i) the reac
tions of type (1) take place in the peri
pheral collisions of interacting nuclei and 
the range of impact parameters is relatively 
small, ii) the 'nucleon Fermi-motion of the 
captured fragment (A2z 2 ) is significantly 
averaged, providing that A 9 » L As an estimate 
of the spin value of the- Ac Z* -compound 

c 
nucleus, the maximum angular momentum produ-
ced in the complete fusion of the A2 z, and A z 
nuclei can be taken. 2 

Recently F. Pougheon et al / 4
•
51 have obtained 

a direct experimental evidence for the strong 
polarization of 2°Ne* produced by the 
16 o ( 16 o , 12 c) 20 N e * rea c t ion . The rea c t ion 
plane was defined by registering the 12c -

fragment. The decay of the following 20Ne' 
states was investigated: 3-(7.17 MeV), 
5 -(8 .45 MeV), 6 +(8. 79 MeV), and 5 -(10. 25 MeV). 
These states decay through a-particle emission: 
20Ne* ... 16 0 + a. The angular distributions 
of 160 were measured in the reaction plane 
and in the plane perpendicular to the reaction 
one including the recoil direction. The cor
relation functions obtained are close to the 
expected ones according to the classical 
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model with the mixture of trajectories, cor
responding to the positive and negative e
deflection angles of 12 C. The main contribution 
belongs to the positive deflection angle. 
It has been found for 0=20.5° that the weight 
factor for the maximum negative projection 
of the OONe*-spin on the quantization axis 
(which is perpendicular to the reaction 
plane) is about 90% for all levels investi
gated. These data are in strict contradic
tion with DWBA calculations, which predict 
isotropical spin distribution in the plane 
perpendicular to the recoil direction. 

Obviously, the semi-classical approxima
tion is even more adequate for the reactions 
with the transfer of heavier fragments than 
a -particle . 

The investigation of the decay of the pola
rized compound nuclei with a high spin value 
promises new information of a different kind. 
First of all, it concerns the dynamic defor
mation of rotating nuclei. In the next sec
tion we consider the Coulomb potentials on 
the surface of the rotating nucleus and the 
possibilities of obtaining the experimental 
data on the deformation of the compound 
nucleus by measuring the spectra of the eva
porated charged particles. Then the polari
zation of neutrons evaporated from the compound 
nucleus with a high angular momentum is 
estimated. 

COULOMB POTENTIAL ON THE SURFACE OF THE 
ROTATING NUCLEUS 

The equilibrium shapes of the rotating 
nuclei have beef analysed by Cohen, Plasil 
and Swiatecki/6 ) by means of the liquid drop 
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model. In this work two dimensionless para
meters have been used: x = E(~) I 2E (~) 
is a fissility parameter,and Y=E( 0 )/EC0 ) is 
a rotational parameter, where E(o)R,E(o)

8 and E~) 
are electrostatic, surface and rotat~onal 
energies of spherical configuration. For 
small amounts of rotation the originally 
spherical drop is flattened by the centri
fugal force into an oblate spheroid. With 
increasing the value of y the equilibrium 
shapes are no longer exact spheroids but 
rather close to it (pseudospheroids). This 
equilibrium configuration continues to flat
ten with increasing the value of y until 
a certain critical value of y

1
. At this point 

a qualitative change takes place: the flat 
pseudospheroid becomes unstable towards con
version into a three-axial pseudoellipsoid, 
which rotates about its shortest axis. Two 
other axes are almost equal at y>y. Later, 
with increasing rotation, one of-them becomes 
rapidly longer and the other tends to appro
ximate equality with the shortest axis. The 
elongation of this equilibrium configuration 
continues until the second critical value 
of Y=Y2 is reached. At this point the nuc
leus is unstable towards a symmetric disin
tegration. The values of y

1 
and y

2 
are 

functions of x. They are equal for x -values 
exceeding a certain critical value of x c:: 0.81. 

. Figure_l shows the principal axes of the 
equilibrium configurations as a function of 
the rotation parameter y for some values of 
the fissility parameter x. This plot was 
drawn on the basis of the calculation 
performed in ref/W.The splitting of the 
major axis (a) into a major and a median 
(b) ones takes place at the critical pointy 

1
. 
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R;/R, X=Q,4 
X=Q,6 

X=Q,2 

1,5 

\\ I \Oj . .a·~ -

o.s 
X=0,6 X=Q,4 

0.0 0.1 0.2 0.3 y 

!_.ig_.:___!_.The principal axes of the equilibrium 
configurations of the rotating nucleus as 
a function of the rotation parameter y for 
some values of the fissility parameter x 
(labelled in the Fig.). The major (a), me-
dian (b) and minor (c) axes are given in the 
units of the radius of the sphere with the 
same volume. The plot has been made on the 
bas is of ref. lsi. 

The value of ~YJ angular momentum corres
ponding to the cr1tical value of the rotatio
nal parameter y 

1 
depends somewhat on the 

values of Z and A for a given value of the 
fissility parameter x. Figure 2 shows the 
value of I(y 

1
) as a function of x calculated 
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I{y1) 
80 

60 

40 

20 

0,1 0,2 0,3 0,4 0,5 0,6 0,7 X 
Fig. 2. The angular momentum as a function 
of the fissility parameter x for the critical 
rotation energy, above which the equilibrium 
configuration is a three-axial ellipsoid. 

for the most neutron deficient compound nuclei 
formed by the 20 Ne -capture. 

To calculate Coulomb potentials at the 
surface of the rotating nucleus we assume 
that the nucleus has a shape of an oblate 
spheroid until a critical value of Y1 and 
after that equilibrium configuration is 
converted into a triaxial ellipsoid. The 
nucleus is assumed to be uniformly charged 
with the sharp edge. 

A number of theoretical studies have been 
made on the problem of ellipsoid potentials 
during the last two centuries. For our pur-
8 

poses we shall use the book by R.Muratovhl, 
devoted to this problem. Denote the Coulomb 
potentials on the nucleus surface by Va, 
Vb , V c for the major (a), median (b) and 
minor (c) axes, respectively. According to 
ref./ 7/,the Coulomb potential on the ellipsoid 
surface is equal to: 

.... 2 2 ° 
V(r) = 2rrp (M -M x - Mby - M cz~)~ (2) 

o o a 

where p is a volume charge density; M
0

, Ma, 
M b, Me 

0
are intrjnsic potential factors of 

the ellipsoid/ 7 for which the following re
lation is valid: 

M = a 2M + b 2M + c2 M o a b c 
(3) 

Equations (2) and (3) lead to: 

3 b 2 c 2 
V =-V (--Mbt--M ), 

a 2 o R2 R2 c 
0 0 

3 a 2 c 2 
V b = - V 0 (-M a + - M c ) , 

( 4) 

2 R2 R2 
0 0 

3 a 2 b 2 

V = - V (-M + --M b) c 2o 2a 2, 
R o R o 

where V
0

is the Coulomb potential on the nuc
lear surface for the spherical configuration 
with the radius equal to R0 The intrinsic 

* ln this formula x , y , z are Descartes 
coordinates. 
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VIVo 
1.2 

1,0 
I \\ ,......._~ --........... 

Vc 
0.81 " \ ~ ~\\ 

0,6~ \ ~ ~v .. 
l 

0.4~ X=0,6 X=0,4 X=0,2 

0,1 0.2 0.3 'Y 

V/V. 
t2 

1.0 

nsj ~ \..... ~~ v, 
I . \ ~ 

0.6 
I \. ~ v .. 

0.4~ X=0,5 X=0,3 

0.1 0.2 0,3 y 

Fig. 3,4. The Coulomb potentials on the nuc
lear surface at the principal axes given in 
the units of the spherical nucleus potential: 
Va , Vb, Vc- Coulomb potentials at major, 
median and minor axes, respectively. 
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potential factors are unambiguously deter
mined by eccentricity values b/a and c/a. 
They are tabula ted in ref./?/ in the eccen
tricity range from 0.005 to 1.0. 

Figures 3 and ! show the calculation re
sults for the Coulomb potentials V a, Vb and V c 
as functions of y for some values of the 
fissility parameter x. The change of the 
potentials with y is qualitatively the same 
for all the values of x.The potential at 
the minor axis is growing up with increasing 
rotation, while the potential at the major 
axis is falling down with approximately the 
same rate of changing. But the picture is 
changed after the critical point y 

1
: the po

tential Vc starts to fall down while the 
decrease of the potential Va becomes faster. 
The median potential Vb tends from v to v 

a c while the median axis b is approaching the 
shortest axis c. At the critical point y

1 the value (Vc-VJ/V0 is equal to 10-15% for the 
range of the fissility parameter 0.6~x~ 0.2. 

The data on the Coulomb potential on the 
surface of the rotating nucleus can be ob
tained by measuring the energy spectra of 
evaporated charged particles. These data 
should give information on the centrifugal 
deformation of the compound nucleus. Consider 
the reaction of type (1) with the detection 
of a projectile fragment. The energy spectra 
of charged particles evaporated by the polari-
zed compound nucleus Acz~ should be 

different in the reaction plane and perpendi-
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cular to it*. For the particles, evaporated 
along the angular momentum of the compound 
nucleus, the maximum position of the spect
rum is determined by the potential V . The 
situation is more complicated for tfie spectra 
of particles directed in the reaction plane. 
The maximum position is determined by the 
potential Va until the critical point ·y

1 
and 

after that by some intermediate values bet
ween Vb and Vc depending upon nuclear tempera
ture. 

As an example, let us give some numbers 
for the compound nucleus 118Xe (x = 0.49), 
which can be investigated in the reaction 
96 Ru( 40 Ar, 180) 118 Xe*. 

a) The angular momentum l(y 1) =61t cor
responds to the first critical rotational 
energy y1 . For that value of the angular mo
mentum we obtain the following estimates for 
the proton and a -particle Coulomb barriers: 
(VP-VP'I :::_ (VP-VP) :::0 6 MeV· (Va-Va)=-(Va-Va)::: c d a o • 'co ao 
=1. 0 MeV. b) For the angular momentum I = n't 
(y = 0.15) the changes of the Coulomb barriers 
for proton and a-particle emission are 
completely different: (V~-V~)::-1.5 MeV, 
(V~-V~) ~ - 2.5 MeV, (V~>Vb)/2-V~:: 
~ -3. 3 MeV, (V~ + V ~)/2- V ~ :: - 5. 5 MeV. 

-----ryt- isobvio-usthat one should compare 
the spectra in the center-of-mass system for 
the Ac Zc -nuc 1 eus although very demons t ra
tive should be the compari~on of the experi
mental spectra measured in both cases for 
the particles evaporated perpendicularly to 
the recoil direction when the effect of the 
center-of-mass velocity is the same. 
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It is known that the compound nucleus 
cannot be formed with an angular momentum 
exceeding a certain critical value I ; At 
present there is no comprehensive exp~rimen
tal data on the values of Icr as a function 
of Az , Apz P and E. Nevertheless, on the 
basis of what is known now /s, 9 1 one should 
expect that: I(y 1) <I cr. 

NEUTRON POLARIZATION 

Consider the evaporation of the neutron 
carrying away the energy < from the polari
zed compound nucleus with the excitation 
energy E* and the angular momentum 1

0
• kcord

ing to the statistical theory of the compound 
nuclear decay one can write the following 
expressions for the probabilities of neutron 
emission with the spin directed along the 
nuclear angular momentum W(E*, <,I , s t) 

and against it W(E*,<, I
0

,s,i,): 
0 

1 m=£ Ir 
W(E*,<,I

0
,st) =-:---I I Te ·p(E*-<,1 0 -lh-m) 

np(E*,I )£ m=-£ • 8 

0 
(5) 

1 e Ir 
W(E*,<, I , s ~ )= ---- I I T0 • p(E*--<, I +ih - m). 

0 i1 (E * I ) e m =-e L, s 
0 

p ' 0 

Here p(E*,I) is the level density for the nuc
leus with the excitation energy equal to E* 
and with the angular momentum I; e - is the· 
neutron orbital angular momentum, Tlf is 
the neutron transmission coefficient; 8 Ir is 
the angular momentum of the residual ~fter 
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neutron emission) nucleus. The polarization 
coefficient P is equal to 

p = ~(st)-W~)= ( W(st) _ 1)( W(st) + 1)-1. (6 ) 
W(st)+W(s*) W(s.J.) W(s.J.) 

Assume that the transmission coefficients 
depend only upon the e -values. Apparently, 
this is a good approximation for highlyexcited 
nuclei. If one restricts oneself to only 
the partial wave with e =<f> and m=<f>, the 
expression for W(s t)IW(s..) is written in a ve
ry simple form: 

_!( s .!2_ = p ( E * - f , I 0 - 'h - < f >) • ( 
7 

) 
W(s .. ) p(E* -f, 1

0 
+ 1h- < f >) 

In what follows we shall use this equation 
because taking into account all the partial 
waves alters the P-value not larger than 
10% of its magnitude. For the level density 
we shall take the expression given by the 
model with equidistant single particle states 
(valid for the large rotational energy ER)ilO~ 

I -------
p(E*,I)= - 1-(i) 

1 4 
• - 1- .m...±_l. exp 2yia(E*-{I+'h) 2 'fi2).(8) 

24yl2 a a 3 (E*)5/4 2J 

Equations (7) and (8) lead to: 

W(st) I -< f > - t 2(I -<f >)/2J 
--::: 

0 exp2yia 0 .(9) 
W (s*) I 

0 
-< f > + 1 yi(E*-d- (I 

0 
-< e>)2 ft2 I2J 

Here a=A/7,5 is the level density parameter I !Of, 
J is the moment of inertia, which has been 
taken as a rigid-bodr one and depending on 
nuclear deformation I I. 

Note, that in the limit of ER«E* expres
sion (9) tends to the one obtained in ref. IU. 
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The calculations of neutron polarization 
have been performed for the polarized com
pound nuclei 55 Co*, 83Y* , 127 La* formed in 
the reaction of type (1). As the targets 39K, 
63Cu, and 107Ag were taken. As the captured 
fragments 16

0 in the first case and 20Ne 
in other cases were used. The value of I

0 
was taken to be equal to ~<I>, where <I> is 
the mean angular momentum for. the complete 
fusion of the target and captured frag
ment considered as a projectilei11~For all 
the cases <f> was taken to be equal to 
z112/ . Note that the results are slightly sen
sitive to the <f> -value. 

The calculation results are shown in 
~-~· The degree_of polarization reaches 
a significantly large value for rather a mo
dest range of the angular momentum. The po
larization degree reaches its maximum value 
in the vicinity of the critical point I(y

1
) 

and falls down after that as a result of the 
drastic increase of the moment of inertia. 
Until the critical point the polarization 
degree decreases for a given I

0 
va 1 ue with 

increasing the mass number of the compound 
nucleus due to the decrease of rotational 
energy. 

he should stress, that the estimates of 
neutron polarization have been made on the 
basis of the statistical model of the de
cay of the polarized compound nucleus, as
suming the independence of the Fermi-level 
position on the spin of the single particle 
state. The exact theory should take into 
account the possible spin polarization of 
single particle states of the rotating nuc
leus, which can be significant especially for 
low nuclear temperature, as has been shown 
by Pick-Pichak 7121. 
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Fig. 5. The polarization (in per cent) for 
neutrons evaporated by the polarized corn
pound nucleus as a function of its angular 
momentum. The calculations have been made for 
compound nuclei 55Co*, 83 y~ and 127 La*. As the 
tar gets 39 K, , 63 Cu, and 107 Ag have been taken, 
the nuclei 16 0 in the first case and 20 Ne, 
in others have been considered as the cap
tured fragments. 

CONCLUDING REMARKS 

The correlation experiments give a possi
bility of investigating the decay of pola
rized compound nuclei with a high angular 
momentum in the reactions of the partial 
fusion of heavy ions (multinucleon transfer 
reactions). The measurements of the energy 
spectra of the charged particles evaporated 
over the nuclear angular momentum and perpen-
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dicular to it can provide data on the centri
fugal deformation of nuclei. 

The measurement of neutron polarization is 
a more difficult task because of a low polari
meter efficiency. For such experiments the 
use of direct current accelerators seems to 
be more reasonable. The experimental data 
on neutron polarization may illuminate 
a complete new problem of the spin-orbital 
coupling in nuclei with a very high angular 
momentum. 

To interpret correlation experiments sug
gested in this paper it is important to know 
the value of the angular momentum of the 
polarized nucleus. Eesides the estimates on 
the basis of the reaction kinernatics,one can 
use the measurements of the y-ray multipli
city as it has been made, for example, in 
refs./1 4 · 15/.The angular momentum removed by 
a y-ray cascade is close to the initial corn
pound nuclear spin, because the angular mo
mentum lost during th~ ~ucleon evaporation 
stage is rather srnalr 1 ~.From the last state
ment one can conclude that the depolariza
tion of the compound nucleus during the eva
para t ion stage should be insignificant. It 
means that averaging over the evaporating 
cascade slightly changes the effects calcu
lated above. 

In the present paper we have not consi
dered the possible y-ray polarization fol
lowing the nucleon evaporation. One should 
expect significant circular y-ray polariza
tion because initial compound nucleus pola
rization survives during a nucleon evapora
tion stage. But this question should be the 
subject of a special study. 
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