0GbeAHHEHHLIR
MRCTHTYT
AAEPHBIX
WCCARACBANHNA

RYOHA

E4-87-35

V.B.Belyaev, V.E.Kuzmichev®, V.V.Peresypkin®,
M.L.Zepalova®

THE ROLE OF POLARIZABILITY
IN THE 3H(d,n)*He REACTION

. Submitted to ""fnepuan du3nxa”

* Institute Theoretical Physics Ac. Sc. UkrSSR, Kiev
SRRRREEEERAEEAEEEEEE A e

1987



1.

INTRODUCTION
Theoretical study of the exothermal reaction

d 1 -ﬁ?HQ«rw + Q) (1)

where () = 17, 58Y MeV the triton incident SReTgy E?t is of
an order of 10 keV and lower, represents a special interest
pecause of the absence of experimental dats in that energy
region, Till present, the cross section,astrophysical f? -
factor and yield of helium nuclei in reaction (1) in a low-
energy region are measured for energies E}. from 12.5 to 375
Kev/1/. A specific feature of the total cross section G(E}‘)
of reaction (1) Bt those energies is the existence of ;§j~
resonance with parameters O ( Eg) = 58, £~;r:160 ke¥, [/ =
= 135 kev/z/. In & region of <5&<12.5 keV, which is equivalent
to the energy of relative motion otﬁ{ £S5 keV, the cross

gection O (& ) is extrapolated by the Gamov representation:

(2)

Gle)= sg:) exp(-1.088E %)
where & i9 the energy in c.m.s. {(in Mev), ;; is a smooth
function of the energy (astrophysical ;; -factor) having at

E =0a finite value, S (0) = 11.59 + 0.06 uev & 71/, Ex-
trapolation into the energy region £« 5 keV by formula (2)
is based on the assunption that at very low energies the inte-
raction of deuterium and tritium nuclei is & pure Coulomb

repulsive interaction, without any other peculiarities
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At the same time it is known/B/ thal an external electric
field acting on a charged nuclear system whose center of mass
does not coincide with the centre of charge distribution indu~
ces electric moments of different multipolarity in the nuc-
lear system, Effective interaction at long distances bpetween
such masses at low energies should differ from the pure Coulomb
interaction since it contains additional,to short-range and
Coulomb, polarization ettraction potentials decreasing at in-
finity in & power way. As a result of imposing the Coulomb and
polarization potentials, the scattering of particles by nuclei

should generally differ from the Rutherford scattering/4"6/ .

As is shown in’ "/, if the electiric dipole polarizability of the
deuteron in the reaction of radiative capture of protons by
deuterons ig taken into account, then the cross section of

that reaction at energies of the relative Pd/—motion lower
than 2 keV differs from the Coulomb one and has a narrow ma-
ximum, The astrophysical é; ~factor gets & stirong energy de-
pendence. As & result, in the energy region below 2 keV the
yield of3¥{a nuclei gets increasing. An enalogous behaviour
takes place for the cross section of reaction P(PJL)QT\) at
energies below 0.5 keV calculated with the account of electric

187479/

dipole polarigzability of the proton It may be expected

that the account of polarizability of the deuteron in an elec-

tric field of the 3

4 nucleus will also lead to new peculia-
rities In the cross section of reaction (1) in the energy re~
gion E<C 5 keV.

In this paper, we have studied the influence of electric
dipole polarizability of the deuteron on the yield of
nuclei in reaction (1). 8Since the deuteron polarizability

3

o = 0.7 + 0.05 fm” is by an order larger than the triton

polarizability, we have not taken account of the latter.

2. THRORY

The transition amplitude for process (1) is of the form/11/

MCIORSIAEE D

w
where ﬂf;: is the wave function of an initial state of
3
the A«*{ gsystem with the momentum of relative motion of nuce
3 ~
lei db and M s Koo ‘{7‘* is the wave function of the“He
i
nucleus, 472% describes & free motion of the He nucleus and
h o d
neutron with a relsiive momentum K{. in a final state,\ac
ig the potential of intermsction in an exit channel of reac-
tion (1) which is & sum of nucleon-nucleon potentials charac—
terizing the interaction of an incident neutron with nucleons
of the ?Hq nucleus and allowing for both centrasl and tensor
forces/12/. The wave function of o -particle will be repre=
sented by \‘P‘L>:EWP‘>1L&> s where |¥.>> is the wave func-
tion of}}{ nucleus, the overlap integral <(%§va£‘>'is propor-
tional to the qk{e vertex function with asymptotics
2 .
a - = is the reduced mmss of

G yvexpeer)fn , X=2py (0+8) M °

3y\¢-P ’ B ig the deuteron binding energy. Neglecting
™)

. »
+ i
we arrive at the representation ‘f;‘::l&({ﬁfa , Where

the effects of antisymmetrizetion for the function

%@L is the deuteron wave function, Qf;f is the wave funce
. 3 ‘
tion of relative motion of A’F{ » Thus, the transition emp-

titude (3) assumes the form

- > -

Mk, )= <?Z+@Pl%{@d Y2y (4)

where .
"\}}r =<V, > (5)

In the regionfwe are interested in) of energies of an order of

geveral keV in the presence of Coulomb repulsion, a leading
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contribution to the matrix element (4) comes from the range
of motion of d, and}H nuclel outside of the action of nuc-
lear forces between them., This allows us to calculate the am-
plitude M uging the asymptotic repregentation of the wave
function gﬁ"" :

K (q.}- gF (k. 2y+ K, f(k [Q () +C K (¥ 2)]5(6)

Ly 2,

where 2 is the range of nuclear forces, {F 1is the Coulomb

&JJH -scattering phase, Fg and G;o are S -wave components
of reguler and irregular Coulomb funciions, € is the distance
between d_/ and 3H nuclei, } is the elastic acattering

amplitude reckoned from the Coulomb amplitude and equal to
[s =

&(K)"-—- 0‘* S’LF(M’?.)V(’L)Ef "z.)dh,. N

3
Here \ji. ig the interaction effective potential of (;L and H
nuclei, Mt is their reduced mass, We choose \/,: gg a8 sum

of the nuclear UN and polarization U? potentials:

2Nt\/{, = ‘GN +Uf>o (8

where ( fc.[{j} and [6})

(%)
U P “‘L 9(2—“2.«;) .
2R 24
24
Here ¢l is the deuteron polarizability, R= (Zmbej is
the Bohr radius, 9()&) is & step functions In the limit of

small KC for amplitude (7) we have the representation

to)
]C—-—(cuh&)c +—*§a-f2 K , K>o (
where C Ez P(hp\) i} is the Coulomb factor, (L and B
are constants which are close to the magnitudes of real and
imaginary parts of the elastic c{fH scattering length be-
caude of the smallness of polarization interaction UP « The
astrophysical s ~factor Scr

4
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calculated by formulae (4),(6) and (10) is an exponentially

growing function as £ - 0. The reason is that only terms
linear in % QB have been taken into account in the amplitu-
de (10). Summstion of the whole series of perturbation theory

in polarization potentisl gives us the expression

| (12)
S(ey= Se (€ ) '

M*KRS (€)

3. CALCULATION

The transition amplitude (4) depends on the magnitude of
spin S in the initiel state. For S = 1/2 and § -wave in
the relative motion of d, ande the -interaction in the final
state \/, (5) also occurs in S -wave ( £ = 0). In this case

§

in a good approximation for MF‘POL we have the representa-
/117,

VG ()= Vi g =-D5 (=) |

D=-aT Vi g (2)

is & constant which takes account of a finite-range nature of

tion

where

nuclear forces between nucleons. &t S = 3/2 the interaction \/4
takes place in C)v-wave ( & = 2) and may be parsmetrized by

the expression

sz_.\/e(z --7_)+ L 0(72-2%).
M\
where \/ = 1 MeV and = 7 /! 3/ A potential of that

gort describes the resonance in ol/- phase of elastic %H,e_

scattering.



In Fig.1 the astrophysical g; ~factor is drawn for reac-
tion (1) as & function of the incident-triton energy é?t
ror £ =0 {curvel) and T {curve 2). There were used the

following values of paramelers:
13 . ,
=322 fu B2 e fd T R =12 04 fae

4 :o.?]fuff-”ﬂ)x,: 0. mf’w"‘) o= I- 9fm

As is seen from that Figure, the influence of the pola-
rization potential IJ; on the ;g ~factor is gsignificant in
the energy region &g < 10 keV and depends on the angular
momentum & « For & = 0 in the energy region 6.5(2}( 10 keV

the factor S (€ ) has a small minimum due to interference of

-
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Et.KeV
Pig.l. Astrophysioal S-faotor 3 of the reaction (1)
as a funotion of energy &+ . The case Up#0 1s
the full line, U.=C  is the dashed line. The curves 1
and 2 correspond to relative angular momentum ‘Bo and
n £ =0and P2 «2, e sxperimental data are shown
by triangles ti}.
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¥ig.2. The oross ssotion as a function of energy of inoident

nuoleus 33. The notation is the same as in Fig.l.

nuclear end polarization parts of the amplitude (10). For
5 < E,< 6.5 keV the fuaction S{(&Y S (&) with decreasing
energy grows exponentially, whereas for E?f < Sy
in asccordance with (13). For fL = 2 the interference minimum
is practically indistinguishable in the PFigure, and the factor
428, grows exponentially for 3.2 £ £, £ 6 keV and like E;?Z
for §t< 3.2 keV. The dashed curve in Fig., 1 is the S e
tor calculated without the deuteron polarizability ( U; = 0).
In Fig.2 the cross section of reaction (1) is plotted.
When E?éﬁqlo keV, the cross sections calculated with (solid
curvesg) and without (dashed curves) the effect of deuteron
polarizability differ from each other., When t); £ O, the

crogg section 1s characterized by & further muximum whose po-



gition and size depend on the angular momentum ?x of the sys-
tem of "Me and neutron in the final state: G = 4.8 10 mb

at E, =5 keV for £ =0 (curve 1) and G~ = 3.7 107> mo at

£y = 3.3 keV for £ = 2 (curve 2). A small decrease of the
cross section &s compared to that for U}, = 0, at 7<Ei_<:10 keV,
and ef = ( is explained by interference of the nuclear and po-
larization parts of the elastic scattering amplitude (10).

The energy yield of reaction (1) is determined by the
temperature dependence of the quantity (}3‘?}'} y where U is
the velocity of relative motion of colliding oL andJH nucledi
and averaging is made over the Mexwell distribution of velo~
cities U in the OLJH system. In Fig.3 the dependence of
<@UD ig shown on the temperasture w1 { w is the Boltzmann

constant) calculated with (solid curve) and without (dotted

<O ,Mev-fm3

kT, KeV
kl‘ig.J. The temperature dependence reaotivity <GU, with

(full 1ine) and without (dashed 11ine) the polarisabili-
ty of the deuteron. The oontributions of the deuteron
polarisability to the value <GU) shown by the dash-—
~dotted lines 1 { £ =0) ana 2 ( £ =2).

8

curve) potential U? » The contribution of the deuteron pola-
zability is shown by dash-dotted curves I (for L = 0) and 2
(for £ = 2). When «T<1 kev ( £ = 0) and LI 0.6 kev (€= 2),
the yield of reamction (1) increases; here the role of state

with @ = 0 turns out to be more essentisl., The temperature

dependence of the function G U with £ - 0 in the range of

LT( 1 keV has the form
~3f2.
<TUD ~Qc.T) exp (—~ %‘r) 3 (14)

end differs from the dependence

-3
: 19,99 (15)
~T Ve — ——

<¢U>u(;~0 Q ) XP( U_T}’/_’; )
th 4 i ; U 71/

at takes no account of the polarization potential P .
When 1w\ » 1 keV, the deuteron polarizebility has & negligible
influence on the temperature dependence of (q‘u‘> which is

in this caese determined by function (15). In Table the ratio

R(k—‘ )~<0‘U’>%¢v~>;=0 (16)
is given for K = 0 in the temperature range KT_{ 1 keV
characterizing a relstive increase of the energy yield of reac-
tion (1) due to the effect of attraction polarization potential.
The increasse in the yield of reaction (1)for -g = 2 in the elas-

tic y\'{\,-\,_ channel is negligible.

Table
The dependenoce of the ratio R (\’-T) (16) on the temperature of
the A/JK - system.

kT, KeV 0.4 0.5 0.6 0.7 0.8 0.9 1.0

R{XT) 41.8 12.7 4.8 2.5 0.66 1.12 1.0
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Benses B.B. u np. E4-87-35
YueT NoNApPH3YEeMOCTH IEeHTPOHOB B peaKIUH 3H(d, n) *He

HccnemoBaHo BIMAHHWE 3MEKTPHYECKOH IHITONBLHON MONApPU3ye-
MOCTH JeATpOHa Ha ceueHue, acTpodu3nueckuit S-PaKTOp M BBIXON
anep renusa B peaxmuu °SH(d, n)*He B o6nactu mpenensHO HU3KMX
aHepruii. [Ipenckasano cyniecrBoBaHHe Y3KOro MaKCUMyMa B CeYEHHH
MpH 3HEPrusAx HajeTaollero TpUToHa, MeHbHX 10 k3B, 06ycnoBnen-
HOTO [eWCTBHEM MOJAPHU3ALMOHHOrO IIOTEHIIHANa TNPHTKEHHA B
d%H_cucreme. Pocr ceuenns d3H-peakunM NPHBOOMT K yBeIHYEHHIO
BbIxona sinep *He npu Temnepartypax, Mensiux 1 k3B.

Pabora BbImonHeHa B JlabopaTopum TeopernHueckoil ¢QU3NKH
OHUSN.

Mpenpunt O6BbeaMHeHHOTO HHCTHTYTa ANEPHBIX HCCITEOBAHHIA. HOy6na 1987

Belyaev V.B. et al.

e 3 4 ) E4-87-35
The Role of Polarizability in the °H(d,n) *He Reaction

The influence is investigated of the deuteron electric dipole
polarizability on the cross section, astrophysical S-factor, and the
yield of helium nuclei in the 3H(d,n)“l-le reaction in the region of
extremely low energies. Prediction is made of the existence of a narrow
maximum in the cross section at energies of an incident triton lower
that 10 KeV produced by the action of an attractive polarization
potential in the d3H system. The growth of the cross section of d3H
reaction increases the yield of *He nuclei at temperatures lower than
1 keV.

The investigation has beem performed at the Laboratory of
Teoretical Physics, JINR.
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