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COMPOUND NUCLEUS FORMATION IN THE REACTION 3H(d, n)tHe
FOR DEUTERONS OF LOW ENERGY
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(Received December 30, 1970)

The results of measurements of total and differential cross-section and of neutron polariza-
tion have been analysed in terms of compound nucleus contribution. The analysis performed
seems to point to existence in *He of a positive parity state 5/2+ at an excitation energy of about

20 MeV.

1. Introduction

Various theoretical approaches have been made 1o describe the reaction 3H(d, n)4He
for deuteron energies higher than few hundred keV where deviations from the Breit Wigner
formula begin to appear.

Direct reaction mechanism and compound nucleus formation with an allowance for
some excited states in He have been tried [1], [2].

In the analysis reported here compound nucleus mechanism is assumed to be mainly
responsible for the reaction cross-section.

A small contribution from direct reaction mechanism is also taken into account.

2. Data on level structure of °He

The 3/2* level describing the reaction cross-section for low deuteron energies is situated
at the excitation energy 16.60 MeV and corresponds to deuteron energy of 107 KeV. The
structure of higher excited states has been subjected to some theoretical and experimental
investigations. Fraser and Spicer [3] have tried to obtain features of the SHe level spectrum
of the basis of a single particle calculations. In this fremework the a-particle is taken as the
physical vacuum and even parity states are envisaged either as excitation of the 1p,, neutron
to the 2s-1d shell or as excitation of a 1s, nucleon to the 1p shell; that is the excitations are
characterized either as single particle excilations or as 2 particle — 1 hole excitations
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respectively. Calculated level positions are shown in Fig. la and the results of similar
caleulations made by Gogsadze and Kopeleishvili {4] are shown in Fig. 15.
Experimental informations on level structure of 5He have been obtained from different
reactions. In the measurements of total and differential cross-sections for the 3H(d, n)tHe
reaction made by Bame and Perry [5] deviations from the Breit Wigner formula have been
pointed out with an indication on existence of a level or levels in the excitation energy range

between 20 MeV and 22 MeV.
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Fig. 1. Energy levels of the compound nucleus He suggested in Ref. [3], a) and in Ref. [4], ). The experimental
data on excited states of 5He is shown in c). The total reaction cross-section and the B, term of the Legendre
polynomial expansion of the differential cross-section are shown in Figs d) and e). The data is from Ref. [5]

Measurements and analysis of differential cross-section for scattering of deuterons on
tritium made by Tombrello and others {6] excluded the possibility of existence of negative
states (above the 3/2% level at 16.70 MeV) and suggested existence of a level (3/2+ or 5/2%)
at excitation energy of about 20 MeV. Similar conclusions have been arrived at. by Cerny
and others {7} in the investigation of the "Li(p, *He)3He reaction. The width of that level
according to the authors should be about 3 MeV [8].

In the most recent work of Baker and others [9] on the spectrum of & particles from the
"Li(d, @)°He reaction, levels at excitation energies 16.70 20, 22, 25 MeV have been found.

All the experimental data discussed above are displayed in Fig. lc.

3. Discussion of experimental results of cross-section and polarization measurements

Total and differential cross-sections for the reaction 3H(d, n)*He have been measured
in the energy range 0.5-7 MeV by Bame and Perry [5]. In the excitation curve which evi-
dently deviates from the Breit Wigner formula for 106 keV resonance there are not seen
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any other resonances (Fig. 1d). Differential cross-section deviates from isotropy expected
on the basis of single level analysis giving rise to terms proportional to cos § and cos? 6
(6 — neutron emission angle) in the Legendre polynomial expansion:

% = Y B.Py(cos 0). 1)

As the total cross-section does not show any distinct resonances it seems reasonable that
assumed compound nucleus states must be rather broad and weak. This is because of the
interference with the main resonance amplitude that their existence is most distincly pro-
nounced giving rise to nonvanishing terms in the Legendre polynomial expansion of the
differential cross-section. Levels of negative parity interferring with the main resonance
would contribute to the odd terms while those of positive parity to the even ones. Data on
polarization of the outgoing neutron also contradicts the single level predictions.Polarization
in the low energy region (up to 300 keV deuteron energy) appears to be negligible [10a] and
then rises to as much as + 169, for the deuteron energy 1.8 MeV at the angle of 90°cm [10b].

In the analysis performed here we use the data of Sieminski et al. [11] obtained for the
deuteron energy range from a nonpolarizing resonance to a region rapidly increasing polariza-
tion i. e. from 0.5 up to 1.6 MeV. The angular distribution measured at deuteron energy
1.4 MeV by the authors [11] reflects a sin 26 dependence. In the analysis reported here
existence of only levels of positive parity has been assumed due to the following reasons:

1) only the B, term in the Legendre polynomial expansion of differential cross-section
shows a resonance structure (Fig. le),

2) angular distribution of polarization measured at deuteron energy 1.4 MeV [11]
points to a sin 20 dependence characteristic for interference of levels of the same parity
(the main resonance level has positive parity),

3) results of the measurement of the cross-section for elastic scattering of deuterons on
tritium imply existence of positive parity states above the excitation energy 16.70 MeV
with the exclusion of a possibility for existence of negative parity states.

In view of the above arguments direct reaction mechanism would be responsible for
the Bl term in the differential cross-section and for deviations from the exact sin 26 depend-
ence of the polarization. A contribution to polarization from direct reaction mechanism
may only come from a spin-orbit term in the optical model potential as proton is captured
with zero orbital angular momentum. As the spin dependent term in the potential of inter-
action of low energy deuterons with tritium nucleus is practically unknown no theoretical
computation of polarization from direct reaction mechanism has been made in the analysis
reported here.

4. Methods of compound nucleus cross-section and polarization calculations

If we denote by I, I, I, ;d’ 3” spins of the target, compound and final nucleus and of
deuteron and neutron respectively and by I and I’ the corresponding orbital angular mo-

menta of deuteron and neutron we have the relation:

T4 145, =1 = I +1+3, @
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Entrance and exit channel spins are defined:

s=1Ir+s4 (3)
¥ = Ipts,. (4)

For the reaction 3H(d, n)*He the entrance channel spin may take a value of 1/2 or 3/2.
For the exit channel spin (Iz = 0) only one value 1/2 is possible.

The main resonance level 3/2% (at excitation energy 16.70 MeV) is formed with the chan-
nel spin 3/2. It then follows that the amplitude of any other transition to some excited state
in 5He, if it is to interfere with the main amplitude — must correspond to the channel spin 3/2.

Differential cross-section has been calculated according to the formula given by Blatt and
Biedenharn [12}:

Lmax
#* '
o) =55 LZO Bi(a, @') Pr(cos 6) )
where
-1 s'—s , , ,
Bi(a,a') = Z ( 4) Z(LJh, Loy sLy - 20Ty, e Jys s'L) X (6)
Jl, Jl
Ik
A
X Re [SH (asly 5 a's'li)* ST (asly ; a's'13)]
o and &’ — are entrance and exit channel indices respectively, 0 — is neutron emission

angle in the centre of mass system, # — is de Broglie wave length of the incoming deuteron,
P, is the Legendre polynomial of the order L.

Z coefficients are vector addition coefficients discussed by Biedenharn and Blatt [13]
with Huby’s phase corcection [14] applied.

Channel spins and orbital angular momenta are denoted respectively by s and [, spins
and partities of compound nucleus levels are denoted by J and m respectively. Primed and
unprimed quantities correspond to exit and entrance channels. In calculation of the S-matrix
elements one level Breit-Wigner formula with linear dependence of the level shift on deu-
teron energy has been applied, this approximation is equivalent to zero level shift and cor-
responding reduced width are ‘“‘observed” reduced widths defined by Thomas [15]. For the
real part of the matrix element we obtain then the following expression [16]:

Re[S" M (asl, ; a's'l'))* S" M (asly; a's'l'y)]

:fjnnlf'-’:u: sin 6-’1"1 sin O J’H’COS (a'linl_allnl+§-’lnl_£]1nl).'. (7)
where
92 FJH' IvJIT 2
£ = . ( "Fﬂf.'.'_)_.. (8)
s FJU

= arc g — e 9
arc g2(ER—Ed) 9)
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V0 — iy (10)

Quantities '/ and I'J7 are respectively deuteron and neutron partial width of the level
of spin J and parity z. Ep is the resonance energy and E, the deuteron energy. The partial
widths are related to the reduced widths through the equation

I = 2P (™) (12)
The penetrability P, is defined by

c

kR, Qc
ST G T RO a3
where R is the channel radius, F, and G, are regular and irregular Coulomb functions evalu-
ated at the channel radius and k is the wave number of relative motion in channel ¢. The +
sign appears in Eq. (8) because dispersion theory determines the scattering amplitude only
within a relative phase of 180°. These phases have been chosen to provide the proper sign
for B, term and for polarization and are tabulated with other level parameters in Table I.

TABLE I
level I level II
P ~ ~
Lo b o P & 8 =~
2" Q 2 3] @ ® 53
Set s -§ = = = s E % 'aé: % .E — o S : E
3| BT | in A S| By | By EEn)Ee
Spin .2-2 g x = 07,.5 Spin = = g o & oT_;E
| 8 £ o '.E‘%E §> g o £ .q '§%3'§§E
] z = =5 |97 2 e R IR I -
A5 A% | 2% |&&4 3| A | 25 (@& |2 &L
4 |32 158 | 0816 | 0770 | (—) 72 | 2003 | 3201 | 0112 | (& | ()
B |12 | 1667 | 1234 | 0150 | (—) 72 | 2081 | 4280 | 0610 | (—) | ()
c |12 1667 | 1541 | 1270 | (—) 52 | 2005 | 2346 | 0040 | (=) | (=)

Coulomb phase shifts of the wave of orbital angular momentum [ is denoted by o; and
the corresponding hard sphere phase shifts for neutrons und deuterons are denoted by
¢! and ¢ These phase shifts were calculated according to the formulae:

F
1 il
¢ arc tg G (14)
1
— — A
01— 01— 0= ,,,Z_lam tg— (15)
where 7 denotes the Sommerfeld parameter:
_ LZe?
T

Z,, Zy are the atomic numbers of particles, e is the electron charge, v — relative velocity of
colliding particles.
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Coulomb wave functions were computed using their power series expansion summed
over 20 terms. This procedure should yield an accuracy of 10=7 [17].
In calculating the cross-section and polarization the following assumptions were made:

1. Radii of entrance and exit channels are 5 fm.

2. In entrance channel the only effective waves are S, P, and D ones.

3. Etrance channel spin is 3/2. (This assumption was made to explain the inference with
the main resonance amplitude corresponding to channel spin 3/2.)

A search for the best fit of calculated B, values to experimental B, terms has been car-
ried out on GIER computer using the least squares procedure called ““KWADRACIKI” [18].

The experimental values of the B, and B, terms used in the analysis performed were
taken from the work of Bame and Perey [5] and are shown in Table I. For each level search
has been made for level position and entrance and exit channel partial widths. Level spin
and corresponding orbital angular momenta in the entrance and exit channels were taken
as input parameters for each level in question.

The theoretical B, term in the angular distribution has been calculated taking into
account contributions from excited levels in the He nucleus. One level whose parameters
are known [19] is that at excitation 16.70 MeV and corresponding to deuteron energy of
107 keV. Search has been made for six parameters of the two assumed additional levels,
i. e. for position of each level and for its deuteron and neutron reduced width. Results of the
analysis performed may be summarized as follows. At the assumption of only one additional
level there it has not been possible for any set of level parameters to obtain a fit of theoretical
B, values to experimental ones. Assuming existence of two additional levels we have ob-
tained three sets of solutions (Table II).

TABLE II

Experimental values of the B, and B, term in the Legendre polynomial expansion of the differential cross-section.
The data are those of Ref. [5]

)
Deuteron energy B, ‘ B,

MeV mb/sr ! mb/sr
0.50 1.79 -0.88
0.75 1.64 —1.27
1.00 i 1.86 —0.74
1.25 1.74 —0.45
1.50 1.62 0.03
1.45 1.59 0.57
2.50 1.42 1.36
3.00 1.67 2.13
3.50 1.59 3.15
4.00 1.88 3.98
4.50 1.94 4.74
5.00 2.14 4.83
6.00 | 2.28 4.18
7.00 i 1.88 3.34
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Parameters obtained from these solutions were then used to calculate the polarization
according to the formula [20]:

_ 2 2@+ (i 41)*%
P@) = 40(0) RI+1)(2i+1) ( z )

X 2 JTRERRe [[(S M asly s aylysy) %S M asly; o'saly))]
J T, T 0Tl 1
LTy s

X (— 1) IS0 4 1) 2Uy+1) (20 +1) (2Ug-+1) @s1+1) @55+ 1)]
2T, +1) @, +1) (LLOO[LLLO) (LL00[L, I, L 0)x
S Wi's,i'sh; I'1) - Wl Lo ys sL) X
XX(fll;s;; Jolssy; LL1) - Py (cos 6)... (16)

where j = [/j and the notation in the same as that used in (6) and W and X denote Racah
and Wigner 9j coefficients respectively. P is the associated Legendre polynomial.

5. Contribution from direct reaction mechanism

Compound nucleus formation does not give a detail account of experimental data.
Deviations from assumed compound nucleus mechanism i. e. existence of the B; term in
the Legendre pelynomial expansion (Table I) and the fact that polarization does not strictly
obey a sin 20 dependence can be assigned to a contribution from direct reaction mecha-
nism.

This contribution can be estimated according to Goldfarb and Johnson {21} and treated
with the DWBA formalism. It is of course realised that the use of an optical model for the
d+3H reaction is rather a venturesome attempt employed here only in the absence of any
better approach. The results obtained can only be interpreted as crude ones.

With two mechanisms participating we can express the reaction matrix in a form:

S = Stcs + SD (17)

where S,

4 while Sp, describes contribution from direct mechanism.

corresponds to a resonance part of the reaction matrix discussed in Section

As proton is captured with zero orbital angular momentum the matrix element can be
expressed in the form [23]:

Sp(als, a'l's’y = Npb,. - 8y« A W(lsy; I'sy, 53) ... (18)
where
4iK:Kr @

N = —(—1 5y —~T—s4
P (=1) h Vs 4n

V(@s,+1) 21 +1) (19)
A is a radial integral:

Ay= (@' [ r2dr g*O (Kp 1) - ) - 250 (Ko 1) (20)
1]
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In Eqs (18-20) we use the following notation:

@, — entrance and exit channel,
I,I' — orbital angular momentum in entrance and exit channel,
s, s’ — entrance and exit channel spin,

©® — the reduced width,

I’ — spin of the residusl nucleus,
K;, K;— wave vector in entrance and exit channel,
Vpp Vp — velocity of relative motion in entrance and exit channel,
8y, 53— spin of deuteron and of neutron,

I — spin of the target nucleus,

(=) _ distorted wave functions for deuteron and neutron, respectively,

4
@){r) — bound state wave function.

The excit channel spin can take only the value 1/2. According to Eq. (18) the entrance
channel spin must be also 1/2. In the discussion of compound nucleus mechanism presented
in Section 4 we assumed an interference of transitions to postulated levels with the transition
to the main 3/2 + level. For that interference to occur the entrance channel spins should
be equal. As the direct transition proceeds with entrance channel spin 1/2 it then follows that
there should not be any interference between compound and direct amplitudes.

Differential cross-section in the case of direct reaction mechanism can be computed
from Eqs (18), (19) and (20).

Sometimes it is more convenient to express the cross-section in a form facilitating
a direct comparison with experimental values of the B, terms in the Legendre polynomial
expansion [22], [23]:

2AT2
(%) — #*Nb Y @1 +1) @) x
L

p  8@2s;+1)@2I+1)
X [(11,00|LOY|2 - Af: A, - P, (cos 0). @1

Computations of the A, quantities have been made with help of GAP 2 program [24].
The original version of the program has been modified to allow the calculations of Coulomb
wave functions for low energy projectiles and low Z targets.

The potential has been taken in the form of Woods-Saxon:

1 1
urny =Veowl) +Ve —mmm e +iW — ———-
1+ eXpr_R1 1+ exp r—Ry (22)
@ Xy

Potential parameters chosen were similar to those of Goldfarb and Huq [1].

They are summarized in Table II.

Bound state wave function (g, function in Eq. (20)) has been calculated with Woods-
Saxon potential parameters chosen to provide proper binding energy of proton in °He.

Comparison of the calculated value of the B, term with the experimental one yields for
the speetroscopic factor the value 0.2. Direct reaction contribution calculated with assumed
0.2 value for spectroscopic factor can be compared with experimental data (Figs 2-4).
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TABLE III
Potential V 4 o, R, o, R,
parameter (MeV) (MeV) (fm) (fm) (fm) (fm)
deuteron 50 5 0.60 ‘ 1.50x A 0.60 1.50x A4'fs
neutron 40 0 0.18 1.30x A's 0.18 1.30x 4'/s
o2

— forr> 1.50- A'fs= R,

(3 1 r
— |- ——=-—=)for r<R,
R.\2 2 R2

Srorsam (Mb/sr)
B, (mb/sr)

72 3 45 6 7
Ep [MeV]

T
o @nd

Polariz _tion (%)
Polarization (%)
@ H O o

Covi
20 40 60 80 100 120 140
O cm(deg)

Fig. 4. Theoretical fits to experimental data. Level set C is assumed. Notation is the same as in Fig. 2

6. Discussion of the results

Results of the analysis are shown in Figs 2-4 and in Table I. Parameters of assumed le-
vels correspond to the fit of the theoretical value of the B, term to an experimental one.
Using these parameters total cross-section and polarization have been calculated. Direct
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reaction contribution discussed in Section 5 is included in the total cross-section. This
contribution can be calculated only approximately as the optical potential parameters for low
energy deuterons scattered off tritium are not well known.

As proton is captured with zero orbital angular momentum the polarization in direct

reaction mechanism could only be produced by an Is term in the optical model potential.
The polarization is very sensitive to the deuteron spin-orbit potential [25] which is practically
unknown for low energy deuterons scattered on tritium. Consequently, no polarization cal-
culations from direct reaction mechanism have been made. Neglecting the spin-orbit part
of the potential should little affect the value of the total cross-section.

Relative contribution of direct reaction mechanism calculated for deuteron energy of
3 MeV amounts to about 159, of the total cross-section. Because direct contribution has been
ignored in polarization calculations it seems reasonable to compare the calculated values of
polarization with measured ones only in low energy region up to 3 MeV at most.

Inspection of curves in Figs 2-4 shows that the sets 4 and C reproduce the experimental
values of the B, term and the polarization reasonable well. The total cross-section curve cal-
culated with level parameters of the set C shows a remarkably better agreement with the
experimental data than corresponding curve of set 4. One may conclude then that best
reproducibility of experimenial data is obtained with set C.

As a word of warning it may be wortwhile to note here that fits of level parameters to
the Breit-Wigner formula may be sometimes ambiguous. The possibility of obtaining a number
of fits may be due to a large number of orthonormal sets for the expansion of the wave
function in the interior region.

Set € assumes existence of a 1/2% level round the well known 3/2* level situated at exci-
tation energy 16.70 MeV. Existence of level at this excitation energy has been guessed by
Lane and Thomas [26] who considered this state as 15y, hole coupled the SLi core (spin of
SLi is 1).

Such a hole state should have a very small neutron width. The reduced width found here
(1.27 MeV) may just reflect the mentioned above ambiguities concerning the fits to the
Breit-Wigner formula. Existence of a 1/2% level in 5He neat the excitation energy 16.70 MeV
is also suggested by Gogsadze and Kopeleishvili [4].

In set C there is also assumed existence of a 5/2% level at the exeitation energy of
about 20 MeV. Existence of level at that excitation energy was suggested in the work of
Tombrello and others on the elastic scattering of deuterons on ®H and 3He [6]. The spin
assigned 1o that level was either 3/2% or 5/2+. The same spin assignment has been given to
that level by the recent work of Cerny and others [7] ou the reaction "Li(p, *H)%Li and
"Li(p, ®He)>He. The width of the level found in that work is about 3 MeV [8].

According to the analysis performed in this work this level should be assigned a spin
5/2 and a positive parity. The width found is 2.6 MeV.

Lane and Thomas in the mentioned above work [26] suggest existence in that excita-
tion region of a level with spin 5/2 or 7/2. They treat this level as formed by a 15, hole
coupled to the first excited state of SLi which has spin 3. This state should have a very small
neutron reduced witdh. That is in agreement with the value found in the analysis reported

no here (Table I).
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