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Direct capture in the 3+ resonance of 2H(n, p)sLi
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The cross section for the capture reaction H(n, p) Li was measured in the energy range of
about E,& z 2 MeV corresponding to the 3+ resonance in Li at E = 2186 keV. Calculations
in a direct-capture model using double-folded a-d potentials reproduce strength and width of this
resonance as well as the nonresonant capture cross section at lower and higher energies.

PACS number(s): 24.10.Ht, 24.30.—v, 24.50.+g, 25.55.—e

I. INTRODUCTION

It is generally supposed that essentially all Li observed
in the universe is produced by spallation reactions via
galactic cosmic rays. The only mechanism to produce
significant amounts of Li in the early universe is the
radiative capture of the deuteron by an o, particle [1,2].
Therefore there has been much interest in the study of
the 2H(o. ,p)sLi at low energies recently.

The capture cross section has first been measured
by Robertson et al. [3] for projectile energies 1 MeV
& E, & 3 MeV by using a magnetic analysis tech-
nique to detect the recoiling Li ions. Recently, the low-
energy range (E, & 500 keV) has been analyzed using
Coulomb dissociation of the Li nucleus in the Coulomb
field of a 2osPb nucleus [4,5]. Hesselbarth et al. [4] have
measured the breakup of 60 MeV Li scattered &om

Pb inside the grazing angle for c.m. energies of the
fragments between 100 keV and 1.5 MeV whereas Kiener
et aL [5] have studied the breakup of 156 MeV Li pro-
jectiles at Pb with small emission angles of the o, par-
ticles and deuteron fragments. Shyam et al. [6] studied
theoretically the interplay of nuclear and Coulomb con-
tributions to breakup processes, which is relevant for the
extraction of the astrophysical S factor for the reaction
2H(a, p)sLi. Their calculations suggest that higher beam
energies provide a more favorable regime for the extrac-
tion of S factors of the radiative capture processes &om
measurements of the breakup cross sections.

Theoretically, the capture cross section of H(a, p) Li
was calculated by Robertson et al. in terms of a direct-
capture model (DC) [3]. Langanke has studied the
reaction in the &amework of a microscopic potential
model assuming that the process is predominantly elec-
tric quadrupole radiation (E2) [7]. In a further calcu-
lation Langanke and Rolfs [8] took into account the in-
ternal quadrupole moment of the deuteron and a small
D-state component in the Li ground state. D-state and
tensor interaction eKects have been studied by Crespo et

al. [9,10] in a deuteron-o. -particle DC model. Burkova et
al. [11],Typel et al. [12],and Jang [13]analyzed the small
electric dipole contribution (El) to the capture cross sec-
tion. However, Typel et al. [12] found that El capture
noticeably contributes to the 2H(o. ,p)sLi cross section at
astrophysical energies. In magnitude their El cross sec-
tion roughly agrees with the one already estimated by
Robertson et aL [3] while it is clearly sinaller than the
value obtained by the calculation of Burkova et al. [11].

The contribution to the capture cross section of the
two T = 1 resonances in Li is very small. The T = 0
particles in the entrance channel cannot couple to any
state with T g 0. Thus only the T = 0 admixture of the
T = 1 resonances can inBuence the capture cross section
which is estimated to be only about 1% [3].

In the energy range between 500 and 900 keV the cap-
ture cross section is strongly dominated by the 3+ res-
onance at E, = 711 keV corresponding to the first
exited state in Li at E~ = 2186 keV.

The total width of this resonance is well known [14].
The radiative width was determined by Eigenbrod via
inelastic electron scattering [15] and by Kiener et al. [16]
via the sequential breakup mode Li ~ Li'(3+) ~ o. +
d of 156 MeV sLi projectiles on 2osPb. The 2H(n, p)sLi
capture cross section was so far not determined directly in
the region of the 3+ resonance. Thus we have measured
the capture p rays in this energy range. Furthermore, we
have calculated the capture cross section in resonant and
nonresonant energy regions using a DC model.

II. EXPERIMENTAL SETUP

A. Accelerator and gas target

The experiment has been performed at the Stuttgart
DYNAMITRON laboratory using the windowless and re-
circulating gas target facility RHINOCEROS. The win-
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FIG. 1. Scheme of the experimental setup.

dowless gas target has been used in the extended setup
with a target cell especially designed for this experiment
(see Fig. 1). The volume of the cell had an active di-
ameter of 35 mm and a thickness of only 22 mm. The
active volume was limited at the axis of the beam by two
watercooled apertures of 5 mm diameter, the cell being
thus operated in transmission. The effective length of the
gas chamber is given by the 70 mm distance between en-
trance and exit apertures. The deuterium target gas had
a purity of 99.999%. The He+ beam was stopped in a
Faraday cup which was located about 150 cm behind the
target cell to reduce the background by a large distance
from the detectors. To minimize reactions of projectiles
and recoils of the deuterium with the walls of the cell and
the apertures, all these parts have been gold plated with
a layer of 99.99% pure gold of 10—20 pm thickness. By
this, background reactions could be reduced by a large
amount, because one had to consider that the recoiled
deuterium nuclei had up to 2/3 of the a energy which is

high enough to produce background.
At last, inverse kinematics has been chosen for this

experiment to reduce the neutron induced background
which is expected to be stronger when a deuteron beam
is used.

The pressure of the gas cell was reduced by four dif-
ferential pumping stages (p2-ps, pq and p2 being at the
same pressure, see Fig. 1) of the gas target facility
RHINOCEROS to a pressure of about 10 mbar in the
beamline, the whole setup being reduced to the require-
ments of a rather low target pressure of 10 mbar. The gas
was recirculated and purified in the mainstream by using
a cryogenic zeolith trap and a special cryotrap. By this
the gas impurities could be kept low for beam periods
of several days. The gas pressure was monitored by an
absolute measuring capacitance manometer with an ac-
curacy of 2%. The cell pressure has been kept constant
within 5'%%up by manual regulation.

In order to measure the capture cross section of the
reaction 2H(a, p)sLi in the energy region of the 3+ res-
onance (E =2186 keV), the o.-beam energy was varied
between E = 2.0 and 2.2 MeV. The beam-defining
apertures were located about 500 mm in front of the tar-
get cell to keep a disturbing p background low. The beam
currents used were in the order of magnitude of 100 pA
with a beam-energy resolution of 2 keV, and care was
taken to produce a narrow beam profile of less than 2 mm

diameter. Because of secondary charge effects in the gas,
the beam could only be monitored by the measurement
of elastically scattered particles. For this purpose two sil-
icon surface-barrier detectors for particles were set at an
angle of 28 and 60 . Two apertures were placed in front
of both detectors: a slit aperture (0.3 mm x 5.0 mm, dis-
tance &om the beam axis dq ——18 mm) was used to define
the effective target length for the particle detectors, and
a circular aperture (radius r = 0.5 mm, distance to the
beam axis d2 = 234 mm) was used to define the solid
angle: AO = 1.43 x 10 sr. The effective target length
for the particle detectors was located in the center of the
scattering chamber.

As already mentioned, the deuteron gas pressure in the
cell was about 10 mbar. Corresponding to an effective
gas target thickness of d = 70 mm the energy loss of
the a particles in the target gas has been calculated to
be AE = 28 keV [17]. The total width of the 3+
resonance in sLi is I', = 24 + 2 keV [14]. Therefore
in the laboratory system we obtain a width of I'~ b ——

3 + I', . Thus our experiment was performed in a thin-
target geometry.

B. Experimental procedure

The emitted p quanta were detected using a high-

purity germanium detector [HPGe, 85% relative effiency
compared to a 3 x 3 inch NaI(T1) crystal]. Because
of the finite dimensions of the HPGe detector (diame-
ter P = 7 cm) and the thickness of the reaction zone d

the resulting p peak is Doppler broadened. If one places
the HPGe detector in close geometry at 90' relative to
the beam axis and symmetrically to the center of the gas
cell, one expects a Doppler width of the resulting y peak
of about bE " s' 60 keV (see Fig. 2, upper part). If
one places the HPGe detector again looking towards the
center of the gas cell but at 130 relative to the beam
axis, the Doppler width of the resulting peak is reduced
to about AE ' ~ = 20 keV. Furthermore, the p peak

is Doppler shifted to lower energies: AE'"' = 25 keV

(see Fig. 2, lower part). This Doppler shift was desired
for a better separation of the p peak to be expected from
the background peak at 2222 keV which stems from the
neutron capture reaction H(n, p)2H. Some efforts have

been done to minimize this background peak: The neu-

tron production by (n, n) reactions along the beamline
was reduced by precise beam alignment which could be
controlled as weH optically by emitted light in the gas cell
as by the use of a neutron monitor (4 x 2 inch NE 213
with an efficient n-p-discrimination). A second HPGe
detector (HPGe, 30% relative effiency) was used as mon-

itor during the whole experiment. The deadtime was

determined to be smaller than 0.1 % in all p and particle
spectra by the use of test pulses. Therefore a deadtime
correction was not necessary in this experiment.

With this setup about 100 p spectra were recorded
at the incident energy range of E between 2.0 and
2.2 MeV. Several examples are shown in Fig. 3. The

p counts were normalized to elastically scattered recoil
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deuterons and o. particles from 2H(a, n)2H. These parti-
cles were detected by use of a (light-tight) silicon detector
which was mounted at a fixed position of 28' to the di-
rection of the n beam and aligned to the center of the
gas cell. A second particle detector at an angle of 60
was used as monitor. From the analysis of the particle
spectra at 28' three results can be obtained.

(i) Because of the inverse kinematics used in our ex-
periment, in the particle spectrum at 8~ b

——28' two o.-
particle peaks and one deuteron recoil peak are observed
(see Fig. 4). The o. energies sensitively depend on the
scattering angle. Therefore this angle is very precisely
determined.

(ii) The elastic cross section in the 3+ resonance has al-

ready been measured by Galonsky et al. [18] and Meiner
et al. [19]. Thus, in our experiment the beam energy
in the center of the gas cell could be determined by the
measured ratio 0'g(8~ b = 28')/0' (8~ b = 28') that cor-
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FIG. 3. p spectra of H(a, p) Li in the vicinity of the 3+
resonance measured at 8 = 130'.
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responds to 0'(tl, . = 124')/o (8, = 96.9 ). This ratio
does not depend on the solid angle and the effective target
length because it was measured using only one particle
detector. In Fig. 5 this experimental ratio is compared
to our folding model calculation (see Sec. III).

(iii) To obtain the total capture cross section for
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FIG. 2. p spectra in the 3+ resonance of H(n, p) Li, niea-
sured with a 85'% HPGe detector placed at 8 = 90 (upper
part) and 8 = 130' (lower part). The p peak at 2186 keV is
about 60 keV Doppler broadened (upper part), respectively,
about 20 keV Doppler broadened and 25 keV shifted to lower
energies (lower part).
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FIG. 4. Spectrum of the particle detector mounted at
8~ b=28 . The angles in brackets are the center-of-mass scat-
tering angles.
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can be measured using one particle detector at 8~ b
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The solid line is the result of the present OM calculation.
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2H(n, p) Li the p-ray intensity was normalized under
consideration of the angular distribution of this E2 tran-
sition to the elastic scattering cross section at 6,
96.9 and the eKciency of the 85% HPGe detector which
is determined by the following procedure.

A pojntljke p caljbratjon source Ra was moved along
the beam axis through the gas cell. We measured the
counting rate for the two p energies E~ = 2204 keV and
2448 keV. Then the total efficiency is given by the ratio
of the number of detected to the number of emitted p
quanta: stot ——Ns, t /N, . The energy dependence of
the total efficiency was smaller than about 5% for the
two diG'erent p energies measured at all positions of the
p source. Therefore we used the value obtained for E~ =
2204 keV and for positions of the source in the interior
of the gas cell also for the p quanta of 2H(n, p)eLi which
were in an energy range of 2100 keV ( E~ & 2200 keV:
e«, ——Nq«/N, ~ = (1.42 + 0.05) x 10 (see Fig. 6).
The detection efficiency for the p quanta which do not
come from the interior of the gas cell can be neglected
in our experiment because the pressure of the gas drops
by more than one order of magnitude from the interior
of the gas cell to the outside region.

III. D-a ELASTIC SCATTERING AND CLUSTER
POTENTIALS

Phase shifts for d-o. elastic scattering were extracted
from excitation functions of differential cross sections and
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FIG. 6. Total efFiciency of the 85% HPGe detector, mea-
sured by moving a pointlike calibration source along the beam
axis through the scattering chamber. The position of the
chamber is shown by the two vertical lines.
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FIG. 7. Phase shifts for s, p, and d waves deduced from
experimental H- He scattering data given by Refs. [20,28,29].
The solid lines are the result of the present OM calculation.

vector and tensor analyzing powers of 4He(d, d)4He scat-
tering in a large range of energies (see [20] and references
therein). The results of these analyses for projectile en-

ergies between 3 and 10 MeV are presented in Fig. 7.
We have calculated these phase shifts in the framework

of the optical model. Neglecting the imaginary part of
the potential, since the imaginary phase shifts are small
in this energy region [20], the optical potential is given
by

V(R) = AV&(R) + A, — L s+ V&(R). (3.1)
1 dVp(R)
B dA

The first term, the real central potential, is calculated by
a double-folding procedure [21,22]:

&s(&) = ff a.(»)p~(»)

XVefF(E& pay pA& S

= ~R + r2 —rg ~) dr, dr2. (3.2)

The o. density is derived from the charge density distri-
bution [23], the deuteron density is calculated in a Reid
soft-core potential [24,25]. The effective nucleon-nucleon
interaction is assumed to be energy and density depen-
dent [21,22]. The second term in Eq. (3.1), the spin-
orbit part, is taken in the usual Thomas form which is

proportional to & d& . The Coulo mb po tential of a
homogeneously charged sphere is given by Vc (R)

The strength of both potentials, the real central and
the spin-orbit term, is normalized by factors A and A,
respectively, which are fixed to elastic phase shift data.
The resulting values for A are given in Table I. Qe find

TABLE I. Potential normalization parameters A and A,

(—1) A Ja/(A~ + A~) (Mev fm ) r, , (fm) A, (fm )
+1 1.98 675.3 3.183 —0.318
—1 1.80 614.3 3.183 —0.318
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L S J
0 11+
2 1 3+

2+
1+

E ~ (keV) I',„~ (keV) E, ~, (keV) I', ~, (keV)
0 —278

2186+ 2 24 + 2 2186 25
4312+ 22 1700+100 4275 2000
5650+ 50 1500+200 5500 2000

TABLE II. Calculated and experimental level scheme of
Li.

Q = 2N + L = ) (2n; + I ) = 2.
i=1

(3.3)

where the oscillator quantum number Q, the node num-

ber N, and the orbital angular momentum number L are
related to the corresponding quantum numbers of the two
nucleons in the deuteron:

that the d-o. potential is strongly parity dependent. Good
agreement between the experimental phase shift data and
the phase shifts calculated with our optical model (OM)
is obtained (see Fig. 7).

Using this potential we are able to calculate the energy
dependence of the ratio of the differential cross sections at
the center-of-mass angles 8, = 96.9 and 8, = 124'
which correspond to the scattered a particles and the
recoiled deuterons in our particle detector (see Sec. II).
Excellent agreement is found between the calculated and
measured ratio (see Fig. 5). As mentioned above, this
procedure was used to determine the energy of the o.
particles in the center of the gas cell and to find the 3+
resonance.

The same potential is used to calculate the relative
wave function u~r, g(R) in a cluster model of Li= o. I3 d

Thus, we obtain the Li singlet ground state with N =
1,L = O, J = 1+, and the excited triplet states with
N = 0, 1, = 2: J = 3+, 2+, 1+ (see Table II). The de-
scription of the level scheme of sLi is quite satisfying: the
energy of the triplet states 3+, 2+, and 1+ and the width
of the 3+ state are correctly reproduced, while the widths
of the 2+ and 1+ states are somewhat overestimated. The
calculated energy of the ground state is about 1750 keV
below the n-d threshold while the experimental binding
energy of Li is 1475 keV.

IV. CAPTURE CROSS SECTIONS AND
DIRECT-CAPTURE MODEL

In the direct-capture (DC) model the capture cross
section is given by

ODc &'S "f~ 2
I

—
/

I I I

—
I 2S ). (4 1)

I, - = druNi. zr 0 r y, . r. (4.2)

The quantities I~, I~, and S (M~, M~, and M ) are the
spins (magnetic quantum numbers) of the target nucleus
A, residual nucleus B, and projectile a, respectively. The
reduced mass in the entrance channel is given by p. The
polarization cr of the electromagnetic radiation can be
+1. The wave number in the entrance channel and for the
emitted radiation is given by k and k~. The factor C is
the isospin Clebsch-Gordan coefficient which couples the
isospin of the a particle and the deuteron to the isospin
of the residual nucleus sLi: C = (0000~00) = 1, and S
is the spectroscopic factor which specifies the probability
to find the Li nucleus in an a-d cluster configuration:
S = 0.85 [14].

In our case the transition matrix TM„M M~ is dom-
inated by electric quadrupole radiation. Electric dipole
transitions are strongly suppressed because the charge-
to-mass ratio of projectile and target is nearly identical.
Noticeable contributions of El radiation are expected
only below about E, 150 keV [12].

The exact formalism was developed by Kim, Park, and
Kim [26], and it can be found in [27]. The electromag-
netic transition amplitudes T in Eq. (4.1) depend on
the overlap integrals of the bound-state wave function
u~l. g, the scattering wave function y. . . and the elec-
tric quadrupole operator 0

Both wave functions can be calculated using the same
potential parameters which have already been fixed to
elastic phase shift data (see Sec. III). That means that
no &ee parameters are needed for the calculation of the
capture cross section.

V. RESULTS AND DISCUSSION

In Fig. 8 the experimental results of our investigation
are shown together with the results of our calculation in
the DC model in the range of the 3+ resonance. The
error bars show statistical errors only.
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FIG. 8. Experimental results of H(o. ,p) Li in the 3+ reso-
nance compared to our DC calculation (solid line). (The error
bars show statistical errors only. )
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The absolute values of the cross sections have been de-
termined using the measured eKciency under considera-
tion of the angular distribution of the E2 transition. The
uncertainty in the absolute value can be estimated to be
10% for one standard deviation. The main contribution
is due to the uncertainty of the effective target thickness
of the extended gas target ( 10'%%uo). The uncertainties of
solid angle of the particle detector at 6I b = 28' (( 5%),
efBciency of the HPGe detector (( 5%), and neglect of
deadtime correction (( 0.1%) are small compared to the
main uncertainty.

From the experimental data a total width of the reso-
nance of I' = (25 6 3) keV can be extracted which com-
pares well with the adopted value [14] of I' = (24+2) keV.
Assuming a Breit-Wigner shape of the resonance a ra-
diative width I'~ = (0.43 6 0.05) meV is obtained which
agrees with the value I'~ = (0.440 + 0.034) meV taken
from an (e, e') experiment [15]. Good agreement is found
between the experimental data and the calculated values
for both the strength and the width of the resonance.

In Fig. 9 we show our calculated capture cross section
for the energy region E, ( 4 MeV together with the
experimental data f'rom Refs. [15,3,5]. The marked region
characterizes the range of our experiment which is shown
in Fig. 8. For energies lower than 1 MeV, the capture
cross section is dominated by the 3+ resonance at E,
= 711 keV.

Our calculation consistently describes the resonant and
nonresonant behavior of the capture cross section from
about 100 keV up to several MeV. The results of our cal-
culation agree well with those presented by Robertson et
at. [3] and by Burkova et at. [11]. The calculated cross
section describes very well the experimental data up to
about 3 MeV. But some discrepancies are found between
the experimental data and our calculation on the one
hand and the calculated results of Typel et at [12] on.
the other hand. The multichannel resonating group cal-
culation underestimates the capture cross section at low

energies strongly and results in a smaller width of the 3+
resonance.

The new results confirm the predictions of Robertson
et al. [3] with regard to the synthesis of sLi in the big bang
nucleosynthesis. The reaction rate is too low to lead to a
significant amount of Li during the big bang compared
to the observed abundance of Li and the Li/ Li ratio.
Hence we confirm the assumption that Li is mainly pro-

10

10

b
10

E, (MeV)

FIG. 9. Experimental results of H(o, p) Li below [5], at
[15], and above [3] the 3+ resonance compared to our DC
calculation (solid line) and to the microscopic calculation by
Typel et al. [12] (dashed line).

duced via spallation processes induced by galactic cosmic
rays.

VI. SUMMARY'

The cross section for the capture reaction 2H(a, p)sLi
has been measured in the energy region of the 3+ res-
onance in Li. The adopted values of the total width
I' and the radiative width I'~ for this resonance which
stem from different experiments could be confirmed in
one direct measurement of the p quanta of the reaction
H(a, p)sLi. The energy dependence of the capture cross

section can be understood in terms of a direct-capture
model using folding potentials for the 3+ resonance as
well as in the nonresonant regions at lower and higher
energies.
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