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Distance dependent form of cluster mean field parameters is used for interacting channel fragments in resonating
group calculation of elastic scattering *He(d, d)’He. Simple two level approximation of this dependence enables to
obtain an essential improving of calculated differential cross sections. In the interaction region the values of cluster radii
are near 55 % from far asymptotic phenomenological value, the transition point at studied energy values is placed

within interval 11.2 - 12.6 fm of intercluster distance.
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1. Introduction

Microscopic calculations of scattering in system
’H + °He are executed at present for energy over
7 MeV by Tang Y.C. with collaborators [1, 2]. Since
the first work [1] authors show in a number of
publications the more or less close to experiment
results of their microscopic calculations corrected
with help of fitted optical potentials or, in last
versions [2], due to massive including into basis of
so-called "deuteron pseudo-states" with arbitrary
chosen characteristics. For *He authors [2] do not
use the pseudo-states, relying upon its
incompressibility. The calculation is additionally
complicated through a low threshold of some three-
body reaction channels quickly opening at energy
over 2.22 MeV. Moreover, for system “H + *He the
channel p+ *He (Q=18.35MeV) is permanently
open. Limited success of calculation results in
combination with uncertainty in the source physical
positions does not stimulate the further development,
that means also complication, the ideology [1, 2]
since its concepts for the scattering *He(d, d)’He
cause more questions than give explanations.

This situation induces to search for other
approaches to description of the process within the
RGM framework. It seems reasonable to build the
adequate representation for wave functions of
channel fragments in the assumption that interaction
of nuclei at the initial stage results in such changes
of nucleon movement within each cluster which can
be effectively reproduced through change of
parameters of mean cluster potential. The unique
parameter of this oscillator potential is radius

JA/me® which becomes therefore dependent on

intercluster distance. It is convenient for an initial
estimation to choose this dependency in the simplest
step-like form and then define its parameters from
fitting of calculated differential sections to
experimental data [3, 4]. Present work applies this
approach to calculation of scattering *He(d, d)’He.
Single-channel calculation with the traditional form
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of basis in this case so overestimates the values of
differential cross sections that there is improbable to
explain the discrepancies by influence of competing
reaction channels, especially at energy lower than
2.22 MeV where only competing channel p + *He is
open and cross section of corresponding reaction
*He(d, p)*He is rather small [5]. It means that at least
at £ <2.22 MeV the main part of divergences should
be eliminated through improvement of single-
channel calculation. That is why the single channel
calculation is chosen to obtain the parameter values
of above-formulated representation for cluster wave
functions, and possible influence of ignored reaction
channels is the object of following analysis.
Necessary resonating group equations for scattering
*H(d, dy’H are considered in Section 2 together with
used nucleon - nucleon potentials (NNP) and
accepted construction of basis as well as
determination of its parameters. Section 3 explains
the main positions of numerical solution of the
obtained equations and describes the comparing of
calculated differential cross sections to a set of
available experimental data at six energy values
from interval 1.2 MeV < E < 8.8 MeV.

2. Resonating group formulation

In order to build suitable resonating group
formalism the variational method is used to
minimize values of the matrix elements

<\P|H—E,|\11> (1)
where H is microscopic Hamiltonian and E, total

energy of the system. Completely antisymmetrized
RGM wave function in this case:
} @)

Here X,, is component of spin function with

Y= A{ZFIM/ (?)[®1(§1)®2(§2)]1M1 XIM/

M,

channel spin 7 and its projection M;. Product of
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cluster wave functions ®,(&) and @,(&,) is

projected on the spin state /M; what reflects the
lower indexes of the square brackets. These
functions are the Slater determinants constructed of
single-nucleon wave functions taken as products of
spatial, spin and isospin functions of each nucleon.
Their variables ¢&;, & unite the spatial, spin and
isospin variables of all nucleons of corresponding
cluster. Antisymmetrized expression in square
brackets forms spatial basis for wave function of
relative movement of the channel fragments
F,, (F), which depends on the distance between

s

+N, (7,7

d2
F

I(1+1)

2
l",

+N,(,r) ZU; D

2
——|dr'

2u
Here E is energy of relative movement of channel
fragments. Direct potential for their interaction V (r)
is formed of local terms of matrix elements of
intercluster interaction taken on basis functions. The
non local terms of these matrix elements form the
integral kernels U,(r,r"), the non local part of

overlap matrix elements produces the kernels
N,(r,r"). In the integral part of equations by

mathematical transformations during the variational
procedures it is possible to replace the action of
differential operators on the unknown functions
g,(r) by differentiation of the kernels N,(r,7').

That form of the equations is more convenient for
the further numerical solution. Comparatively
simple representation for the dynamic equations (3)
results from mathematical simplicity of matrix
elements obtained with the spatial basis formed with
wave functions of channel fragments, nuclei “H and
*He, in their ground states. For the same reason the
expressions for potential and integral kernels also
are rather simple. For oscillator potential of channel
fragments these variables are given by expressions
with real parameters «,, S,, o,, u,, v, :

V(r)= z v exp(—oc,ﬁv)r2 ) ,
k |

O [ (LB )5 (1B ﬂ[(l—’")*’”f’] 2 2

Here before the potentials of interaction in nucleon
pair i, j for spin-triplet (V') and spin-singlet (V*)
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l(l”)}w() E}g,(r)+ rfdrr {hz{
.

{ragN(r r)+r68 N, (7, r)}g,(r) 0.

fragments 7. After transform to spherical
coordinates and expanding W in series over the
states of total angular momentum JM with spin / and
system parity 7 ( ;"' (r) are partial coefficients of

such series),
JM/rI (r) — l’f,JM”[ (r)
methods one can obtain the Euler's equations which
determine the minimum of functional (1). For each
system state JMn/ (these indexes for functions g,(r)

for radial functions

by wusing of wvariational

and coefficients of the equations further are omitted)
the dynamic equations have a form

0 0
o —N,(r r)——N(r r)+

2u

:l—E[Nl(r,r’)+N,(r’,r)]+Ul(r,r')+U,(r',r)}gl(r')—

®)

"N = Zokh (7 rryexp(—ar” = Br7)
U (r,r) = Zukh (7 rr'yexp(—a"r = B )
(>0, B>0). 4)

The number of terms in the sum for N,(r,r") is

determined by number of the Gaussians used for
representation of nucleon /s-sell wave functions in
the cluster. In the sums for V' (r) and U,(r,7") this

number also depend on the quantity of Gaussians
used in expression for nucleon-nucleon potential.
The number of terms in the integral kernels
additionally increases due to intercluster nucleon
permutations at the antisymmetrization of wave
function ¥ . Functions #,(crr') in integral kernels
appear because of expanding on spherical harmonics
according to standard formulae Of the exponential
factors exp[ 7/(717’)] in exchange matrix elements.

In most of calculations for NNP is applied the
expression used in the previous works on scattering
in the systems of nuclei A<4 [1,2] at small
energy, with the same parameter values:

&+, 147,

©)

’/

states are the corresponding projection operators
expressed through the exchange operator of nucleon
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spin coordinates B . The multiplier responsible for

a ratio of direct and spatial-exchange part NNP in
the second square brackets is written down in the

notation accepted for Volkov NNP, operator P,

i
exchanges the spatial coordinates of nucleons, m is
the relative contribution of Majorana interaction.
Coulomb part is expressed through z-components of
isospin operator for nucleons i, j 7,7 ..

Vi) =V'e™,  V'=-66.92MeV,
K, =0.415fm?,

Vi) =Ve™, V' =-29.05MeV,
Kk, =0.292 fm™.

To estimate the sensitiveness of the result to used
NNP expression the calculations were carried out
also with variant V1 of Volkov potential improved
in [3]. Both used NNP expressions are determined
only for even states of relative movement in the
nucleon pair.

The initial version of spatial basis is built of the
wave functions for ground states of nuclei “H and
*He. According to [1] for *H this function is a linear
combination of three Gaussians:

3 A
O, = Zcik exp{— >

S c,on-Se -1 |

ik j=1

~|
|
=

(6)

Here 7, is coordinate of nucleon j, R, is coordinate

of the center of mass for cluster with serial number &
(k=1, 2). Ay is mass number of cluster k. With NNP
(5) and set of values b;; given in [2] the function (6)
provides correct values of binding energy and root-
mean-square radius for deuteron. For *He authors
[1, 2] use here one Gaussian to obtain according to
the standard practice the correct radius value only.
For elastic scattering, however, calculation with both
forms of cluster functions @, gives, as a rule, the

results far from experiment, and with both form for
’H wave function the calculation results are rather
similar.

According to general conception formulated in
Introduction the oscillator radii b; during the
rapprochement of channel fragments jump at certain
distance r, from phenomenological far asymptotic
values b, (e) to some values by(i) which provide the
best possible describing of experimental results for
elastic scattering. Achieved proximity of calculated
and experimental data is a principal test of accepted
procedure.
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3. Calculations and results

The general method used for solution of the
equation system (3) is described in [3, 4] in
application to scattering in the system *He + ‘He.
Due to non-zero spin “H and He there is two
possible values / for each JMx state and then volume
of the calculations approximately doubles. For
numerical solution the equation system (3) is written
down on the two-dimensional radial grid », »' with
constant step /4 in the region ¢<r<r, £<r'<n
(¢ is a non-zero small constant, 1, denotes a distance
where the nuclear interaction of the channel
fragments may be neglected compared with the
Coulomb one). Coefficients of the equations in each
point r, 7' are determined from the preliminary

computed set of matrix elements (4). Coulomb part
for NNP at small r; values (<6 fm) have been
expressed microscopically according to [3, 4] as
linear combination of Gaussians. For bounding
values g,(r) at r=¢& the free movement

expressions are used. Matching the general form of
internal solution in the far asymptotic region to the
usual external Coulomb solution one obtains the
collision matrix. With its matrix elements the values
of elastic differential cross sections are calculated on
standard way for both possible states /=) and

I=%. Observed do/dQ is obtained as linear
combination of these two results with coefficients %
and %, correspondingly. Comparing of the cross

sections calculated with increasing 7, gives
necessary value 7, = 20 fm for considered interval of
center mass energy 1.2 MeV <E <8.76 MeV.
Admissible / value is found also empirically through
comparing of the cross sections calculated with
decreasing 4 value. As in [3] a stable calculation
results are obtained at /< 0.12 fm therefore the
main calculation set is carried out with 2= 0.1 fm,
and around the found optimum parameter values the
calculations are repeated with /4 =0.05 fm. The
calculation takes into account required quantity of
the Jz states, 0 <J < 10 of both parities.

The experimental differential cross sections
*He(d, d)’He at six characteristic center mass energy
values are chosen among available data [6, 7]. First
energy point £ = 1.2 MeV belongs to “almost single-
channel” region where only reaction *He(d, p)'He
(Q = 18.354 MeV) with rather small cross section
[5] competes with elastic scattering. At next energy
point £= 1.8 MeV opens a second competing
channel p+p+t (Q= -1.461 MeV). Next two
energy values (3 MeV, 4.8 MeV) correspond to open
channel n+p+°He (Q= -2.224MeV). At E=
=6.9MeV an additional competing channel

65



Yu. E. KOZYR

ptd+disopen (Q=-5494 MeV). The maximum
E=8.76 MeV lies over the next competing channel
ntp+p+d(Q=-17718 MeV).

At each energy value the differential cross
sections first are calculated with NNP (5) on the
basis composed of the wave function (6) for the
ground state H and one Gaussian wave function
*He, both with parameters [2]. Calculated do/dQ

do/dQ, mb - st
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Fig. 1. Differential cross sections for o+ He elastic
scattering. Solid line represents the values calculated with
modified basis. Dashed line corresponds to calculation
with usual basis.

Further calculations are carried out according to
principles presented in this section. Oscillator radii
b, (e) remain the phenomenological ones:

b(e)=2.19fm, b,(e)= 1.65fm. The optimum
values b, (i), r, at first was found from fitting to the
experiment of do/dQ calculated on a rough two
0.7 fm < b, (i) <6 fm,
1fm <r, <7, =20fm with step values 0.1 fm and

dimensional grid
0.2 fm for b, (i) and r,, correspondingly. Around the

found optimum parameter values this procedure was
repeated with lesser step of the parametric grid. At
the last stage the value of space-exchange parameter
was varied within the interval 0.5 <m <0.7.

In all energy points the most close to experiment
results are obtained with &,(i)= 1.22fm (‘H),

b,(7) =0.894 fm (*He), m = 0.55. At starting energy
point £E= 1.2MeV r, = 12.6 fm and fitted in this
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are in general essentially higher than experimental
data. Using for *H one Gaussian form (6) with
b, = 2.19fm (with the same root-mean-square
radius) gives the result of similar shape. Dashed line
in Figs. 1 and 2 shows the latter result. For *He
everywhere is used value b, = 1.65 fm [2].

do/dQ, mb - st
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Fig. 2. Differential cross sections for d+ He elastic
scattering. Solid line represents the result obtained with
modified basis and projected wave function ¥ (see text).
Dashed line shows the result with usual basis.

way do/dQ practically describes the available

experimental points for scattering angles 0> 60°
(see Fig. 1). At £E= 1.8 MeV with r. = 12.5 fm the

calculated cross sections essentially improve, in
region 0> 80° one can see a practically complete
describing. At £ = 3 MeV where the second three
body channel (n+p+°He) is open the best
calculation result (,=12.4 fm) is not so close to
experiment because of a bump at 0 ~ 80°.

At E>3MeV the calculated do/dQ also

changes towards the experimental data but visible
discrepancies remain here. For the single channel
results that appears quite naturally. In this energy
region, however, the calculation results become
rather close to experiment after projection of the
wave function W on the certain group of the Jrx

states. At E= 4.8 MeV this is projection on }%",
¥, %" states with r,= 12 fm, at £ = 6.9 MeV and
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E =28.76 MeV this is projection on the %", %=, %~
states with 7, = 11.4 fm and r, = 11.2 fm, correspon-
dingly. Solid lines in Fig. 2 represent these results.
Apparently just upper listed states mainly contribute
to elastic scattering at studied energies while the rest
of the Jrm states are more coupled with others
reaction channels. It should be noted that for ¥
with invariables values by(b,(i)=b(e) and
b,(7) = b,(e)) projection on the listed Jz_states (or
on the another ones) gives the worse results. This
means that the modified basis is effective for
energies over the single channel region too. The
calculation with Volkov NNP at all energy values
gives the similar results.

As can be seen the used approach to basis
construction is productive with respect to describing
of experimental elastic cross sections, and remaining
discrepancies may be attributed to influence of the
competing reaction channels. Observed proximity of
the calculated and experimental do/dQ conforms

to the basic assumption about influence of the
nucleus-nucleus interaction on the parameters of
nuclear mean field. That also attests the efficiency of
used simple two-level approximation for dependence
of oscillator radius on the distance between
interacting nuclei. The weak sensitiveness of the
calculated do/dQ to the used NNP form shows that

just the transformation of the basis is determinant in
this case. In terms of eq. (3) this means that the joint
influence of the direct potential V' (r) and exchange
interaction kernels U,(r,7") is almost negligible in
comparison with contribution of kinetic energy
operators. It shows that the interaction between the
channel fragments at r<7 ~mainly causes a

transformation of the nuclear mean field, and the
nucleus-nucleus interaction is of minor importance.

4. Conclusion

Single channel calculation of elastic scattering
*He(d, d)’He in the energy region 1-9 MeV does
not give an acceptable describing of the
experimental differential cross sections with basis
built of the ground states of channel fragments. The
modified basis construction considering the possible
change of the mean field inside the interacting
channel fragments displays a wide capability to
improve the calculation results. Important change in
the calculated cross sections take place after most
simple two-level approximation for dependence of
the cluster mean field parameter on the intercluster
distance. These results most close to experiment at
energy lower 2.22 MeV where the competing
reaction channels practically are not expressed. At
higher energies a number of open three-body
channels effectively compete with elastic scattering
and the modified basis improves the results of the
single-channel calculation not so much. Within this
energy region one can see, however, a selectivity of
the elastic scattering with respect to the states of the
total angular momentum. Projecting of the wave
function on certain group Jr states leads to a visible
improvement of calculated differential cross
sections. Observed results show that in framework
of accepted approaches inside the interaction region
the size of channel fragments essentially decrease
but the fragments retain the main features of their
initial structure even despite the completely
antisymmetrized system wave function.
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PO3PAXYHOK PO3CISTHHS *He(d, d)’He TIPA E =1-9 MeB
3A METOJOM PE30HYIOUYHX I'PYII

10. 10. Ko3up

Po3paxyHku mpyxkHOro poscisuus “He(d, d)’He 3a MeTOZOM pE30HYIOUMX TPyl BHKOHAHO B MpHITYIICHHI
3aJIe)KHOCTI IapaMeTpiB KJIACTEPHUX IOTEHLialiB (parMeHTIB KaHaly Bin BimcTaHi Mibk Humu. IIpocta nBopiBHEBa
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anpoKcUMallis Li€l 3a1eXXHOCTI Aa€ 3MOTY iCTOTHO HMOMNIMIIUTH PO3PaXyHKOBI 3HaUCHHS AUGepeHIianbHUX epepisis. B
o0JacTi IHTEHCHBHOT B3a€MOJIT KJIacTepiB 3HAYEHHS iXHIiX pajiyciB 3MEHILYIOTHCS 10 MPUOIM3HO 55 % Bix 3HaYeHb Ha
JANBHIA aCUMIITOTHILI, AUCTAHIIS TIEPEX0y MOHOTOHHO cnanae Bif 12,6 1o 11,2 M npu 30inbIIeHHI eHeprii B Mexax
JIOCITIPKEHOTO IHTepBAITy.

Kniouosi cnoga: TpyxHE PO3CISHHS, METOJ PE30HYIOUHX TPYI, KIACTEPHUH MOTEHLIaN, TUCTAaHIiHHO-3a1eKHHN
6azuc.

PACYET PACCESIHUS *He(d, d)’He TIPU E =1-9 M>B
IO METOAY PE3OHUPYIOIIUX TI'PYIIII

IO. E. Ko3bipb

Pacuers! ynpyroro paccesHus 3He(d, d)3He [0 METOAY PE30HUPYIOIIMX TPYII BBLINOIHEHBI B MPEAIIOI0KEHUN
3aBUCUMOCTH IIapaMeTPOB KJIACTEPHBIX IOTEHLIUATIOB ()pParMEHTOB KaHala OT paccTOsHMA Mexay Humu. [Ipocras
JIByXYpOBHEBasl alMpoOKCHMAalMs 3TOW 3aBUCHMOCTH IIO3BOJISIET CYIIECTBEHHO YIIY4IIMTh pacyeTHble auddepeH-
[UaJbHbIe cedeHHs. B 00IacTH MHTEHCHBHOTO B3aMMOACHCTBHS KJIACTEPOB 3HAUEHMS MX PAJANYCOB YMEHBLIAIOTCS 1O
npuMepHO 55 % OT 3HaYeHWH Ha JaubHEH AaCHMITOTHKE, AWCTAHIMS Iepexofa MOHOTOHHO yObiBaeT oT 12,6 1o
11,2 ¢™M npu Bo3pacTaHuu S3HEPTHHU B MpeesiaX pACCMOTPEHHOTO HHTEPBAJA.

Knrouesvle cnoga: ynpyroe paccesHHe, METOJ PE30HHPYIOLIIMX TPYII, KJIACTEPHBIH IMOTEHLHAN, AUCTaHIOHHO-
3aBHCUMBIi Oa3Hc.
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