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The main products sequence of heavy elements and recommended reaction rates 
1H(n,γ)2H(n,γ)3H(d,n)4He(t,γ)7Li(n,γ)8Li(α,n)11B(n,γ)12B(β)12C(n,γ)13C(n,γ)14C(β)14N                         
Malaney and Fowler (1989) 

The two branches important for heavy element production are 7Li(n,γ)8Li(α,n)11B and a 
weaker 7Li(α,γ)11B. This must compete with 8Li(n,γ)9Li and 8Li(d,n)9Be which reduce 
heavy element production, by turning the flow back to 6Li. 

(existence of p-rich and n-rich regions 
of space), nucleosynthesis in n-rich 
regions might produce an observable 
amount of A > 12  isotopes

Production sequence of elements

8Li(n,γ)9Li provides a 
leak in the reaction chain 
of n-rich nucleosynthesis, 
and also competes with 
8Li β-decay in the r-
process, thus affecting 
primordial abundance 
and stellar production 
of heavy elements.

Standard BBN ends after production of 7Li. 
In an inhomogeneous early universe 

Depending on its rate, the 
A > 12 production may be 

reduced by even 50% 
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Previous Works Theoretical  predictions  of  the 
reaction  rate  show  huge 
differences. Rate given by M&F is 
an estimate based on systematics of 
similar  nuclei,  other  theoretical 
values based on more microscopic 
approaches.  The  rates  from 
experiments  correspond  to  upper 
limits, obtained using the Coulomb 
dissociation method combined with 
the detailed balance theorem. 

8Li(n,γ)9Li

Rate  from  GSM-CC  approach  consistent 
with the upper limit of Zecher and exceeds 
by a factor ~ 2 the limit of Kobayashi. One 
order  of  magnitude  difference  of  rate 
justifies re-measurement of this reaction. 
GSM-CC  (NCSMC)  results  are  lower 
(higher)  by  ~  20%  (~  30%)  than  the 
median value of other results. 

almost an order of magnitude smaller than that for the transition
to the GS in the range 0.1–1.0MeV.

The cross section of the M1 transition 4P5/2→4P3/2 from
the resonance scattering wave with the potential from row 3 of
Table 3 to the GS with the potential from row 2 of Table 2 is
shown by the dotted line in Figure 4. The blue dotted–dashed
line with the resonance in the area of 0.26MeV is the summed
total cross section of the E1 andM1 transitions to the GS. It can
be seen from these results that consideration of the M1
transition leads to a small resonance in the cross sections,
which with such large measurement errors does not affect their
magnitude significantly. Additional consideration of the E1
transition to the 4P1/2 FES increases the summed total cross
sections by approximately 10%, leading to thermal cross
sections of about 46 mbarn.

Furthermore, in Figure 5, the rate N vA sá ñ of neutron capture
on 8Li is shown by the solid red line, which corresponds to the
solid line in Figure 2 and is presented in the form (Angulo
et al. 1999)
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where E is in MeV, the cross section σ(E) is measured in
μbarn, μ is the reduced mass in amu, and T9 is the temperature
in units of 109 K. Integration of the cross sections was carried
out in the range 0.1 keV–2MeV, and expansion of this interval
led to a change in the reaction rate of about 1%.

The reaction rate for the results of Banerjee et al. (2008) is
shown by the black dotted–dashed line in Figure 5; the cross
section for this work is shown in Figure 3 by the green dotted–
dashed line. It is easy to see, from Figures 3 and 5, the
difference in the total cross sections and reaction rates obtained
in different works. In addition, in Figure 5 the blue dashed line
shows the results of the reaction rate for direct capture to the
GS from Mao & Champagne (1991), which is a few times
greater than that obtained in this work. In Figure 5 the green
solid line shows the results of the direct capture to the GS from
Li et al. (2005), which better coincides with our calculations.

Furthermore, the comparison of reaction rates for the
reaction 8Li(n,γ)9Li at T9=1 reported by various workers is
listed in Table 4.
As can be seen in Table 4, the rate of the 8Li(n,γ)9Li reaction

obtained by us differs from the results of other works
(Descouvemont 1993; Rauscher et al. 1994; Li et al. 2005)
by no more than 30%. In addition, our results are in good
agreement with the experimental data (Zecher et al. 1998),
which at T9=1 give 7200< . However, it must be noted that
our value of the reaction rate, as well as that of Zecher et al.
(1998), differs considerably from the conclusions of Mao &
Champagne (1991), where calculations were performed in the
spd-model, and from Malaney & Fowler (1988), the results of
which were obtained in the systematics of similar nuclei.
Since previously we had obtained all potentials of the 4P

waves, which can be used for calculating the characteristics of
the BSs and for calculating the phase shifts of the elastic
scattering, they can be used for consideration of the E2
transitions from the scattering states to the GS:
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Figure 4. The total cross sections of the 8Li(n,γ)9Li radiative capture to the GS
of 9Li. Black points—experimental data from Zecher et al. (1998) on Pb; red
squares—data from Zecher et al. (1998) on U. Lines are explained in the text.

Figure 5. Reaction rates of neutron capture on 8Li. Lines are explained in
the text.

Table 4
Comparison of Reaction Rates for the Direct Capture Reaction 8Li(n,γ)9Li

at T9=1

Reference Year of Publication Reaction Rate
(cm3 mol−1 s−1)

Malaney & Fowler 1988 43000
Mao & Champagne 1991 21000
Zecher et al. 1998 <7200
Present work Present work 5900
Descouvemont 1993 5300
Rauscher et al. 1994 4500
Li et al. 2005 4000
Banerjee et al. 2008 2900
Bertulani 1999 2200
Kobayashi et al. 2003 <790
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FIG. 7. The rate of the 8Li(n, γ ) 9Li reaction calculated in GSM-
CC is shown as a function of temperature T9. The total reaction
rate is depicted by the solid line. The separate contributions from
the ground state 3/2−

1 and excited states 1/2−
1 , 5/2−

1 are shown by
dashed, dotted, and dashed-dotted lines, respectively.

by Ec.m. = E (A)
i [GSM-CC] − E (A−1)

0 [GSM]. E (A)
i [GSM-CC]

stands for the GSM-CC energy of resonance i in 9Li, and
E (A)

0 [GSM] is the GSM ground-state energy of 8Li. Although
the σ M1 is negligible at very low energies, its contribution can-
not be neglected in the region of the 5/2−

1 resonance. Around
the resonance peak, σ M1 becomes comparable to σ E1 or even
larger. σ E2 is significantly smaller than both σ E1 and σ M1

by several orders of magnitude. For M1 and E2 transitions,
the cross section is generated mostly from the capture to the
ground state of 9Li.

C. The astrophysical reaction rate

Figure 7 shows the temperature dependence of the
8Li(n, γ ) 9Li reaction rate calculated using the neutron radia-
tive capture cross-section from the GSM-CC calculation. The
total reaction rate, and the contribution of the capture to the
ground, the first excited, and the first resonance are provided
separately. As seen in Fig. 2, the neutron capture cross sec-
tion deviates from the usual 1/v behavior what has a direct
impact on the temperature dependence of the reaction rate
in Fig. 7. The direct neutron capture to the ground state has
the major contribution to the total reaction rate, in the range
from ≈74% to ≈86%. The contribution of the first-excited
state 1/2−

1 was claimed to be negligible [11,12,14]. However,
we can see in Fig. 7 and Table VII that the capture to the
first-excited state 1/2−

1 could contribute to about 9%–20%
of the total reaction rate, value which depends on temper-
ature and thus cannot be neglected. The contribution of the
5/2−

1 resonance begins to increase significantly at T9 ≈ 1 and
becomes more important than the contribution of 1/2−

1 state
above T9 ≈ 2. At these temperatures, the resonance capture
contribution can reach up to 16% of the total reaction rate.

The reaction rate depends on the value of the neutron
effective charge. The dependence of the neutron capture re-
action rate on the coefficient fE1 is shown in Table VII for the
temperature T9 = 1 and separate contributions to the reaction

TABLE VII. The calculated reaction rate in units cm3 mol−1 s−1

for 8Li(n, γ ) 9Li at T9 = 1. The contributions of the capture cross
section to the ground state 3/2−

1 , the first-excited state 1/2−
1 , and

the first resonant state 5/2−
1 in 9Li are given for a few values of the

coefficient fE1.

fE1 3/2−
1 1/2−

1 5/2−
1

1.00 1479 202 39
1.25 1926 313 61
1.50 2473 450 87
1.75 3119 611 119
2.00 3875 799 156

rate from 3/2−
1 , 1/2−

1 bound states and 5/2−
1 resonance. For

a theoretical value ( fE1 = 1) of E1 neutron effective charge
en

eff (E1), GSM-CC results satisfy the upper limit given in
Ref. [11] and is significantly smaller than the rates: 3200 ±
700 cm 3 mol−1 s−1 [14] and 3970 ± 950 cm3 mol−1 s−1 [13],
which were obtained in the potential model using the SFs
deduced from transfer reactions. One may notice that these
values can be reproduced by the GSM-CC with an E1 neutron
effective charge whose empirical factor fE1 lies in the range
1.5 < fE1 < 1.75.

Various theoretical and experimental direct reaction rates
for the reaction 8Li(n, γ ) 9Li at the temperature T9 = 1 are
shown in Fig. 8. For GSM-CC, we show the rates for the
total neutron radiative capture cross section and its direct
part. In the direct part of the neutron capture cross section,
we neglect the contribution from the decay to first-excited
state Jπ = 1/2−

1 which could not be measured experimentally
[11]. The star in Fig. 8 depicts the value of the direct neutron
capture cross section for a standard value of E1 neutron effec-
tive charge. The square in Fig. 8 represents the total neutron
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cal [3,15,17–23,56] reaction rates for the direct radiative neutron
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the Coulomb dissociation experiment with Pb and U targets [11]
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The star and square symbols stand for the rate of the direct neutron
capture to the ground state 3/2−

1 and total reaction rate obtained,
respectively.
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39.7 MeV/u 9Li beam, I = 104 pps. ︎Magnetic 
deflection ~20° of unreacted projectile and 
fragments, no discernible 8Li peak in coincidence 
with neutrons. Counts 30 ± 29.

Kobayashi PRC (2003) 

NSCL

Zecher PRC (1998)

Very small yield from low-Z targets prevented 
estimate of nuclear contribution.              

Upper limit of reaction rate

NSCL

Upper limit of reaction rate         
order of magnitude less than Zecher

Since the half-life of  8Li is  0.178s,  it  is  impossible to prepare a 8Li target and 
bombard it with neutrons for a direct measurement of the capture cross section.

Thus  (n,γ)  cross  section  obtained  from 
9Li(γ,n)8Li inverse reaction. 28.5 MeV/u 9Li 
beam, I ~ 5000 pps. Fragment and neutron 
detectors at zero degrees w.r.t beam to 
accommodate forward focusing.

Coulomb dissociation of 9Li       
in the virtual photon field of 208Pb 
target, observed counts 29.9 ± 20.0 

Experiment using more sensitive equipment 

Interpreted as consistent with zero, with a two-
standard-deviation upper limit of 87 counts. 



There  can  be  both  direct  capture  and  resonant 
capture  via  the  4.296  MeV  (5/2−)  state  of  9Li. 
Since neutrons around 0.247 MeV are primarily s-
wave, the resonance is not expected to contribute 
much to the cross section. The ground state of 9Li 
being  3/2−,  the  dominant  transition  would  be  E2 
rather than E1, further suppressing its contribution. 

Since Jπ  of 8Li is 2+, capture of an s-wave neutron 
leads to 3/2+ and 5/2+ continuum states in 9Li, and 
both can decay via E1 to the ground state and only 
the 3/2+ can decay via E1 to the 2.691 MeV (1/2−) 
excited state of 9Li.

they remain available for further !-particle capture reactions
through the decay sequence 8Li(")8Be(!)! (T1/2
!0.84 s). Therefore, a knowledge of the 8Li(n ,#)9Li cross
section would provide an important clue as to whether those
isotopes can be produced solely by an ! process or if con-
tributions from other processes have to be considered.
Recently, neutron-star mergers have been proposed as

possible alternative sites for an r process $8%. Reaction chains
similar to the ones thought to occur in type-II supernovae
can be found in material ejected from neutron-star mergers,
and thus the problem of the determination of the
8Li(n ,#)9Li rate arises again.
Primordial nucleosynthesis in an inhomogeneous model

$9,10% implies that zones with different neutron-to-proton
ratios were formed in the early Universe. Nucleosynthesis
in the neutron-rich zones proceeds differently from that
assumed in the standard big bang. The stability gap at mass
number A!8 can be bridged, as discussed above, with
the same neutron-rich processes. Although it has been found
that significant amounts of heavy elements cannot be formed
in those zones within the parameter range permitted by
the light element abundances $11%, it is still not ruled out that
elements up to C and O could be produced $12,13%. Once
7Li is produced, the primary reaction chain to A"8
nuclei begins with 7Li(n ,#)8Li(! ,n)11B, although it has
been found $11% that more material is actually processed
through 7Li(n ,#)8Li(n ,#)9Li(! ,n)12B(")12C. Thus the
8Li(n ,#)9Li reaction sensitively determines not only the
flow to A"8 isotopes but also the abundances of Li, Be, B,
and C which are used to confine the parameter space in in-
vestigations of inhomogeneous big bang nucleosynthesis
&e.g., Refs. $11–13%'.
Theoretical predictions of the reaction rate for

8Li(n ,#)9Li show considerable differences $14–16,11,28%.
While the two earlier calculations $14,15% indicate a fairly
high capture rate, between 2#104 and 5#104
cm3 mol$1 s$1, for the critical temperature range, the three
more recent calculations $16,11,28% indicate reaction rates
which are smaller by an order of magnitude. This translates
into a significant uncertainty for the onset of neutron-rich
nucleosynthesis of light and intermediate elements (A
(56). The discrepancies among the different approaches
&shell model calculations, direct and resonant capture, statis-
tical model, generator coordinate method' also underline the
necessity of obtaining accurate experimental information to
improve our understanding of the process of neutron capture
on light nuclei.

8Li’s half-life of 0.178 s $17% makes a 8Li target and,
therefore, a direct measurement of the capture cross section
impossible. Fortunately, we can produce a beam of 9Li nu-
clei, perform a measurement of the inverse reaction, 9Li
%#→8Li%n , and use the principle of detailed balance to
deduce the cross section for the neutron capture reaction. The
photons for the inverse reaction are obtained by passing the
9Li through the virtual photon field near the nucleus of a
high-Z element such as Pb $18%.
Some details of the relationship between the capture and

the inverse reaction can be seen with the aid of the energy-
level diagram of Fig. 1 $17%. When spins and parities allow

s-wave capture with an E1 transition to the ground state, that
mechanism will dominate. Since the J) of 8Li is 2%, capture
of an s-wave neutron leads to 3/2% and 5/2% continuum
states in 9Li, and these can make E1 transitions to both the
3/2$ ground state of 9Li and the 1/2$ state at 2.691 MeV.
The inverse experiment cannot actually be done because the
9Li nuclei are always in the ground state, never in the 1/2$

excited state. Fortunately, as we show in Sec. III, both kine-
matic and nuclear-structure factors disfavor capture via the
excited state, so that starting an inverse experiment with all
9Li in the ground state comes close to being a complete
inverse experiment.
For pure s-wave capture the cross section has the well-

known 1/v or E$1/2 energy dependence. However, the
second-excited state of 9Li, at 4.296 MeV, is most likely a
5/2$ state $19%, and resonant capture into the state will be by
p-wave neutrons followed by M1 and E2 transitions to the
ground state. With a width of 60&45 keV and a resonant
energy of 263 keV, the E$1/2 dependence will not necessarily
apply in the resonance region, which will be populated in
stellar atmospheres having temperatures in the range of 1–4
GK $15% (kT!87–348 keV).
With one exception the inverse is similar to a standard

photonuclear (# ,n) experiment. In the standard experiment
the (# ,n) excitation function is constructed by the experi-
menter measuring the cross section point by point as the
photon energy is changed. In the inverse experiment the ex-
perimenter has no control over, and no a priori knowledge
of, the photon energy. Instead, that energy must be deter-
mined for each event by applying energy and momentum
conservation to the complete kinematics of the final state,
i.e., to the energy and momentum of the neutron and of the
8Li fragment. Hence, a fragment-neutron coincidence mea-
surement is required.
One experimental determination $20%, with some of the

coauthors of the present paper and also using the inverse

FIG. 1. Energy levels of 9Li and energetics of its decay into, or
formation from, 8Li%n . Since 8Li has J)!2%, E1 transitions to
the ground state of 9Li follow direct capture of s-wave neutrons and
resonant capture of p-wave neutrons into the 5/2$ state of 9Li.

HIROSHI KOBAYASHI et al. PHYSICAL REVIEW C 67, 015806 &2003'

015806-2
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At the bombarding energies of tens of MeV/nucleon, the E2 virtual photon number is 
much larger than that of E1. As a consequence, even when the E2 contribution to the 
radiative  capture  cross  section  is  small,  it  may  be  amplified  in  Coulomb  breakup 
experiments.  This  poses  an  additional  experimental  problem,  since  one  needs  to 
separate the E1 transition matrix elements from E2.
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Importance of E2 excitations in the NSCL experiment? A relatively simple but still 
realistic nuclear model by Bertulani (1999) yields agreement with data and suggests that 
E2 excitations are negligible for the kinematical conditions of the experiment.

The astrophysical reaction 8Li(n, � )

9
Li 1961

Figure 1. Response function (equation (3)) in units
of e

2 fm2 MeV�1 (e2 fm4 MeV�1) for E1(E2)
transitions in the reaction 9Li(� , n)8Li, as a function
of the neutron energy relative to the 8Li core. The
lower curves are the f (solid) and p + f (dashed)
waves contribution, while the upper curves display
the contribution of s (solid) and s+d (dashed)waves.

Figure 2. Radiative capture cross sections, in µb, for
the reaction 8Li(n, � )

9Li in the direct capture model.
The solid curve is obtained with s-waves, while the
dashed curve includes d-wave transitions.

Since there are no data for the elastic scattering of 9Li on Pb targets at this bombarding
energy, we construct an optical potential using an effective interaction of theM3Y type [12,13]
modified so as to reproduce the energy dependence of total reaction cross sections, i.e. [13],

t (E, s) = �i h̄v

2t0
�

NN

(E)[1� i↵(E)]t (s), (6)

where t0 = 421 MeV fm3 is the volume integral of the M3Y interaction t (s), s is the
nucleon–nucleon separation distance, v is the projectile velocity, �

NN

is the nucleon–nucleon
cross section, and ↵ is the real-to-imaginary ratio of the forward nucleon–nucleon scattering
amplitude. At 28.5 MeV/nucleon, we use �

NN

= 20 fm2 and ↵ = 0.87.
The optical potential is given by

U(E, R) =
Z
d3r1 d3r2 ⇢

P

(r1)⇢T

(r2)t (E, s), (7)

where s = R + r2 � r1, and ⇢

T

(⇢
P

) is the ground state density of the target (projectile).
Following [14], the Coulomb amplitude is given by

f

C

=
X

�µ

f

(JM)

�µ

, (8)

The astrophysical reaction 8Li(n, � )

9
Li 1963

Figure 3. Coulomb breakup cross section
d�

E�

/dE (in mb MeV�1) for the reaction 9Li
(28.5 MeV/nucleon) + Pb �! 8Li + n + Pb, as a
function of the neutron–9Li relative energy, in MeV.
The E2 breakup contribution multiplied by ten is also
shown.
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Breakup of 7Li near the α-t threshold to probe radiative-capture processes 

H. Utsunomiya, PRL (1990)

VOLUME 65, NUMBER 7 PHYSICAL REVIEW LETTERS 13 AUGUST 1990

S(a) -ae""o., (e) . (2)

Here, ri is the Coulomb parameter, ri =Z,Z, e /hv.
Let us examine the first step as applied to the present

data, temporarily putting aside the question of
Coulomb-nuclear interference. Five sets of data repre-
senting different experimental conditions with sufficient
counting statistics were chosen for this purpose. Their
experimental conditions are listed in Table I. Dividing
the data by the E 1 Coulomb excitation function yielded
the results summarized in Fig. 2. It is remarkable that,
for all the systems, the energy dependence of the reduced
transition probability is nearly universal.
Now let us consider nuclear-Coulomb interference

effects. It is quite plausible that nuclear breakup and
Coulomb breakup coexist ' over the energy region under
consideration. The original proposal of Baur, Bertulani,

TABLE I. Various systems chosen for the nuclear-
astrophysical application of the 'Li breakup.

Data set Targets

Laboratory bombarding
energies
(MeV)

c.m. angles
(deg)

IV

208pb

l 44S
120S

Al

63

63
63

42

42

12.4
15.5
20.7
25.8
12.6
9.6
12.7
15.9
1 1.2
16.9
8.9
12.7

location of these minima due to possible postbreakup
Coulomb acceleration, limiting the postacceleration
effects to about 0.3 MeV per unit charge. Corrections
were made at this level. The error bars displayed in Fig.
1 reflect the combined uncertainties due to all three
effects as well as the counting statistics.
According to the originally proposed method, ' the first

step involves obtaining the reduced transition probability
for exciting the a tdi-stribution by dividing the experi-
mental cross sections d o/d 0„L;de by the Coulomb exci-
tation function df/do((, 8). The latter quantity is dom-
inated by E 1 transitions in the present case. In the next
step, the detailed balance theorem is applied to relate the
reduced transition probability 8(EI;a) to the radiative-
capture cross sections o„(e) as follows:

B(E1;a)= he — acr„(s) .9 6 mc (1)
16m 7 E„

Thus, the astrophysical S factors S(a) for the radiative-
capture process are obtained from the definition

and Rebel requires a clean separation of the Coulomb
and nuclear contributions. Under present circumstances,
this decomposition, which can only be obtained with the
help of direct reaction theories, is currently premature.
On the other hand, one may be able to interpret the ob-
served "universal" energy dependence as a signature that
the nuclear and Coulomb interactions excite the continu-
um with the same e dependence. We investigated the
dependence of the Coulomb and nuclear excitation func-
tions on the excitation energy (a) within the framework
of a distorted-wave Born approximation (DWBA). As-
suming that the a-t continuum results from one-step E 1

transitions from the ground state of Li, the Coulomb
and nuclear excitation functions were generated with the
program' spwKa which involves a collective form fac-
tor. For the current experimental conditions, the
DWBA analysis lends support to the parallelism in the s
dependence within the accuracy of + 5% in the range
from 0 to 0.5 MeV and within + 10% in the range
0.5-1.0 MeV. At the present time, however, this result
of the DWBA study should not be regarded as evidence
for the observed universal energy dependence. The proof
must await thorough theoretical investigations that

10

0. 1

Q. Q 'I

Data set I
, . ~ ~ » ~ ~ ~~ ~»1)

~ 12.4'
1 5.5
20 7'
25.8'

~ ) ~ ~ ~ ~ )0''~
12.6

L

I II

~ 1~.7'
15.9'

~ o 96'
IV
~,a,,„a,iasye~p&~eg~)~fp()$$IIt)5$

~ o 16.9'

$)QQQQtII)(QIA~~slN
~~yp0e~ o

II0 0
yl'
4 I I I I I I

o 1+ ('

(I~eV)
FIG. 2. The reduced transition probabilities deduced from

the data sets listed in Table I.

848

9 MeV/u and 6 MeV/u 7Li 
Method of Baur, Bertulani, and Rebel reduces the difficulty of 
direct measurements to the technical problem of observing 
astrophysical energies in two-particle correlation experiments. 
It requires a clean separation of Coulomb and nuclear 
contributions.
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Breakup of Li near the a-t Threshold and a Possible Probe of Radiative-Capture Processes
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Breakup of 63-MeV and 42-MeV Li near the a-t threshold is examined from the astrophysical point
of view. A new approach is made to extract indirectly astrophysical S factors. The S factors are com-
pared with those deduced from radiative-capture measurements. It is shown that the energy dependence
favors the recent capture data of Schroder et al.

PACS numbers: 25.70.Np, 25.20.Dc, 25.55,—e, 95.30.Cq

Direct measurements of radiative-capture cross sec-
tions, a(b, y)c, have generally provided basic data for
nuclear astrophysics only by extrapolation since the as-
trophysical environments of big-bang expansion and the
interior of massive stars cannot be replicated in the labo-
ratory. An innovative method proposed by Baur, Bertu-
lani, and Rebel for overcoming this principal difficulty
uses the reciprocity theorem to relate radiative capture
and nuclear photodisintegration. In principle, this ap-
proach reduces the principal difficulty of the direct mea-
surements to the technical problem of observing astro-
physical energies in two-particle correlation experiments.
Very recently, a technique that utilizes a broad-range
magnetic spectrograph has been devised to observe two
particles emitted in extremely close proximity.
Breakup of Li near the a-t separation energy was

studied with the spectrograph technique at the Cyclotron
Institute of Texas A8r, M University and at the Holifield
Heavy Ion Research Facility of Oak Ridge National
Laboratory at bombarding energies of 63 and 42 MeV,
respectively. Detection-threshold-free measurements of
a-t correlation cross sections were made for a wide range
of impact parameters (detection angles) and for different
intensities of the Coulomb field (targets). These data
taken for a variety of experimental conditions (i.e., two
bombarding energies, five targets ranging from Al to
Pb, and many different detection angles) provide a

test of the indirect method proposed by Baur, Bertulani,
and Rebel. It is shown that a modified version of the
method may be feasible in the present energy domain
where the Coulomb and the nuclear interactions behave
similarly in exciting the a-t continuum states.
Figure 1 shows several a-t relative-energy distribu-

tions. The intensity of a-t correlations continuously
changes in the relative-energy range (a=0-1.0 MeV) of
astrophysical interest. These spectra were generated
from an event-by-event kinematical transformation.
In the data processing, the eff'ects of the finite spectro-
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FIG. 1. Distributions of a-t relative kinetic energies ob-
served in the breakup of 'Li at 63 and 42 MeV.

graph aperture and the finite target thickness were taken
into account. An extensive examination was made of the
spectra to locate the spectral minimum corresponding to
zero relative energy. No strong shifts were found in the

1990 The American Physical Society

α-t correlation cross sections for a wide range of impact parameters (detection 
angles) and different intensities of Coulomb field (targets), two particles emitted in 

extremely close proximity. 

A modified version of 
the method is feasible 
in this energy domain  
where the Coulomb 
and the nuclear 
interactions behave 
similarly in exciting 
the α-t continuum 
states. 
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S(a) -ae""o., (e) . (2)

Here, ri is the Coulomb parameter, ri =Z,Z, e /hv.
Let us examine the first step as applied to the present

data, temporarily putting aside the question of
Coulomb-nuclear interference. Five sets of data repre-
senting different experimental conditions with sufficient
counting statistics were chosen for this purpose. Their
experimental conditions are listed in Table I. Dividing
the data by the E 1 Coulomb excitation function yielded
the results summarized in Fig. 2. It is remarkable that,
for all the systems, the energy dependence of the reduced
transition probability is nearly universal.
Now let us consider nuclear-Coulomb interference

effects. It is quite plausible that nuclear breakup and
Coulomb breakup coexist ' over the energy region under
consideration. The original proposal of Baur, Bertulani,

TABLE I. Various systems chosen for the nuclear-
astrophysical application of the 'Li breakup.

Data set Targets

Laboratory bombarding
energies
(MeV)

c.m. angles
(deg)

IV

208pb

l 44S
120S

Al

63

63
63

42

42

12.4
15.5
20.7
25.8
12.6
9.6
12.7
15.9
1 1.2
16.9
8.9
12.7

location of these minima due to possible postbreakup
Coulomb acceleration, limiting the postacceleration
effects to about 0.3 MeV per unit charge. Corrections
were made at this level. The error bars displayed in Fig.
1 reflect the combined uncertainties due to all three
effects as well as the counting statistics.
According to the originally proposed method, ' the first

step involves obtaining the reduced transition probability
for exciting the a tdi-stribution by dividing the experi-
mental cross sections d o/d 0„L;de by the Coulomb exci-
tation function df/do((, 8). The latter quantity is dom-
inated by E 1 transitions in the present case. In the next
step, the detailed balance theorem is applied to relate the
reduced transition probability 8(EI;a) to the radiative-
capture cross sections o„(e) as follows:

B(E1;a)= he — acr„(s) .9 6 mc (1)
16m 7 E„

Thus, the astrophysical S factors S(a) for the radiative-
capture process are obtained from the definition

and Rebel requires a clean separation of the Coulomb
and nuclear contributions. Under present circumstances,
this decomposition, which can only be obtained with the
help of direct reaction theories, is currently premature.
On the other hand, one may be able to interpret the ob-
served "universal" energy dependence as a signature that
the nuclear and Coulomb interactions excite the continu-
um with the same e dependence. We investigated the
dependence of the Coulomb and nuclear excitation func-
tions on the excitation energy (a) within the framework
of a distorted-wave Born approximation (DWBA). As-
suming that the a-t continuum results from one-step E 1

transitions from the ground state of Li, the Coulomb
and nuclear excitation functions were generated with the
program' spwKa which involves a collective form fac-
tor. For the current experimental conditions, the
DWBA analysis lends support to the parallelism in the s
dependence within the accuracy of + 5% in the range
from 0 to 0.5 MeV and within + 10% in the range
0.5-1.0 MeV. At the present time, however, this result
of the DWBA study should not be regarded as evidence
for the observed universal energy dependence. The proof
must await thorough theoretical investigations that
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It is remarkable that, for all the systems, the energy 
dependence of the reduced transition probability is 
nearly universal. 

Observed "universal" energy dependence may be 
interpreted as a signature that the nuclear and Coulomb 
interactions excite the continuum with the same relative 
energy dependence. 

Projectile breakup near particle thresholds may provide indirect 
access to radiative-capture processes at astrophysical energies.
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7
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FIG. 3. Comparison of astrophysical S factors extracted
from the present breakup data with those deduced from
radiative-capture measurements. The data at 63 and 42 MeV,
respectively, were averaged with weights inversely proportional
to the uncertainties (in Fig. 1) associated with the individual
measurements.

should include studies of higher-order effects such as
channel coupling between the —,

' (and/or the —', )
discrete state and the continuum.
Radiative-capture cross sections o„have been mea-

sured by three independent groups: Griffiths et al. in
1961 for e down to 150 keV and Schroder et al. ' and
Burzynski et al. " in 1987 for e down to 79 and 297 keV,
respectively. The astrophysical S factors deduced from
these data are summarized in Fig. 3. It is noted that the
data of Schroder et al. exhibit a pronounced energy
dependence below s 300 keV compared to the data of
Griffiths et al. , while the third measurement by Burzyn-
ski et al. does not help differentiate between these two
data sets because of a lack of cross sections in this ener-
gy region. The discrepancies at low energies are a seri-
ous problem in big-band nucleosynthesis because they
give S(0) values which differ by a factor of nearly 2.
Let us apply Eqs. (1) and (2) to the universal reduced

transition probability. The S factors extracted from the
breakup data are plotted in Fig. 3 after normalizing
them to S(a) 0.06 keVb at a 500 keV. We see that
the energy dependence favors the data of Schroder et al.
This energy dependence, however, seems to be stronger
than those of the most recent calculations, ' ' which
tend to support the data of Griffiths et al. Possibly the
production rate' of primordial Li needs to be modified.
There seems to be a systematic difference within 2o

between the results at 42 and 63 MeV in both the low-
and high-energy regions. This may reflect effects of the
final-state interactions (FSI) especially at low a. FSI

TABLE II. Astrophysical S factors obtained from the
breakup data.

e (keV)

80
130
180
230
280
330
380
430
480
530
580
630
680
730
780
830
880
930
980

S(s) (keVb)
0.35
0.15
0.1 1
0.095
0.082
0.071
0.069
0.064
0.063
0.060
0.059
0.057
0.054
0.053
0.056
0.055
0.054
0.056
0.059

Errors (+/ —) (keVb)
0.14/0. 13
0.04/0. 05
0.01/0.012
0.007/0. 010
0.011/0.010
0.014/0. 012
0.008/0. 006
0.007/0. 006
0.006/0. 005
0.003/0. 005
0.004/0. 005
0.005/0. 004
0.005/0. 004
0.007/0. 009
0.009/0. 009
0.007/0. 007
0.007/0. 007
0.011/0.010
0.009/0. 009

effects need to be studied theoretically in the future. The
S factors obtained from the combined data are given in
Table II. The individual values represent the simple
average between the 42- and 63-MeV data, while the er-
rors correspond to the total range spanned by the two
data sets. It is added that below 100 keV, the extracted
S factors even exceed 0.15 keVb with considerable un-
certainties. This is at least partly because the measure-
ments suffered from degradation of the energy resolution
in this region. '

In conclusion, projectile breakup near particle thresh-
olds may provide indirect access to radiative-capture pro-
cesses at astrophysical energies where extrapolation has
been known to be the major cause of associated uncer-
tainties. The theoretical aspects of this indirect ap-
proach need to be investigated. Another measurement of
the radiative-capture cross section is also desired.
Achieving sufficient energy resolution for the Li system
at its astrophysical energies (below 10 keV) requires
particle-tracking capabilities within the aperture of the
spectrograph. However, it would be interesting to study
the breakup of other nuclear species where such ultra-
sensitivity is not required.
This work was supported in part by the U.S. Depart-

ment of Energy Contracts No. DE-F605-86ER40256
(Texas A &,M University) and No. DE-FG05-
87ER40361 (Joint Institute for Heavy Ion Research)
and by the Robert A. Welch Foundation under Grant
No. A-972. The Oak Ridge National Laboratory is
operated by Martin Marietta Energy Systems, Inc. , un-
der Contract No. DE-AC05-84OR21400, with the U.S.
Department of Energy.
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Extracted S-factors agreed 
to those from radiative 
capture measurements 
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Experiment @

9Li + 208Pb → 8Li + n + 208Pb 
E = 7 MeV/u 

(!  = 2.5 mg/cm2)  

Beam intensity I ~ 105 pps

            Charge particle detector setup (Pentagon) 
1 x S3 annular DSSD  (24 x 32 strips, 1000 µm) covering front angles 8o – 25o 
5 x W1  DSSD (16 x 16 strips, 60 µm) in pentagon geometry covering angles 40o – 80o  
2 x BB7 DSSD (32 x 32 strips, 60 µm and 140 µm) at backward angles 127o – 165o  
The W1 and BB7 DSSDs are backed by 1500 µm thick unsegmented pads 

Neutron detector setup (SAND) 
30 modules each a 10 × 10 × 10 cm3 plastic scintillator equipped with fast PM tubes.       
Intrinsic efficiency of the detectors for neutron energy range 3–10 MeV is about 30%, slightly 
depending on energy. Timing resolution is about 0.3 ns. Distance of the neutron detectors to 
target is 300 cm resulting in a total neutron detection efficiency of ~ 0.1%. 
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CDCC calculations  9Li + 208Pb →  8Li + n + 208Pb  E = 7 MeV/u

Calculated elastic breakup (breakup in which the neutron is not absorbed by the target) cross 
section is 5.8 mb. Nuclear breakup is significant (~ 50% of the breakup cross section). 

Relative energy distribution 
(n + 8Li relative energy following 9Li breakup) 8Li and n angular distributions

A. Moro (2022)

Narrow peak at low excitation energies comes from the 5/2− resonance, which is 
modeled with a p1/2 configuration. Considering experimental energy resolution, this 

peak will be completely washed out. 
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9Li - 106 pps, 208Pb ! -1 mg/cm2, 8Li + n breakup cross section - 1 mb/sr, count rate of 
produced 8Li ~ 9×10-3 s-1 which corresponds to about 260 counts per shift. 

Monte Carlo simulations for the energy spectrum 
of the scattered 9Li at θlab = 52◦(Pentagon). The 
breakup threshold of 9Li is  4.063 MeV. The 8Li 
from both  direct  and sequential  breakup from 
the 4.296 MeV (5/2-) state of 9Li is also shown.

8Li : E ~ 50 - 59 MeV (8o - 60o)         
n:     E ~  0 - 13 MeV  (5o - 50o)
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1) Increase target thickness from 1.0 to 2.5 mg/cm2

2) TOF: if time resolution 1 ns and considering 10 MeV neutrons
Distance of SAND from target centre                     SAND solid angle
3 m :                gamma (10 ns)  n(70 ns)                                 0.09% of 4pi
2 m :                gamma (7 ns)    n(50 ns)                                 0.26% of 4pi      
1 m :                gamma (3.5 ns) n(25 ns)                                 0.91% of 4pi
0.6 m :             gamma (2 ns)    n(14 ns)                                 2.08% of 4pi
We can move SAND to 0.6 m from target centre to gain ~ 20 times.

3) Can use double number of n-detectors to gain factor of 2.

 

Breakup of 9Li to study the 8Li(n,γ) reaction 
CDS# Proposal # IS # Setup Shifts Isotopes 

CERN-INTC-2022-037 INTC-P-639  SEC 18 9Li 

Beam intensity/purity, 
targets-ion sources 

The requested yield at the experiment is 1e6pps. This does not appear to be feasible. Recent yields are of the order of 2e5pps at the 
experimental line in XT03. Previous yields were with 2um Ta foils which are no longer available, and were not long lasting. Only 25um Ta foils 
are currently available.   
 
Can these yield estimates be addressed and confirmed?  
 
UC with a surface ion source has been shown to produce 1e5 pps/uC. Nano-structured UC may help, but this would require some 
development.  

General implantation and 
setup 

 

HIE ISOLDE  

The beams have been delivered before 
9Li (t1/2=178 ms) 
1E6 pps at the experiment may not be feasible (see above).  
The energy of 7 MeV/u is feasible. With a chosen A/q of 9/3, contaminations 12C4+ and 18O6+ will be expected. A stripper foil after 
acceleration will reduce their intensities by factors 5×10−5 and 6×10−4 respectively.  
 

General Comments  
Safety ISIEC to be provided (online) and inspection on site to be organised before the start of operations. 

TAC recommendation 
The TAC is mostly concerned with the production of the primary beam. The quoted yield at the experiment seems to be unreasonable. 
The yield of 9Li is expected to be at around 5-10 times magnitude lower. Is the experiment still feasible in these conditions? Or should the 
shift request be reconsidered?  

 

 

•

Effectively 
2.5x20x2 =  100   

fold increase in yield

2600 counts per shift
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Beamtime Request 
The requested beamtime is 15 shifts of 9Li at 7 MeV/u on 208Pb target, and 3 shifts 
for preparation.  We request a beam intensity of 105 pps, and plan to run on fully 
ionized 9Li so that A/q = 3. The contaminants that might appear are 12C4+ and 18O6+. A 
stripper foil after acceleration will reduce their intensities by factors 5×10-5 and 6×10-4 
respectively,  which  is  expected  to  give  an  acceptable  background.  The  levels  of 
radiation from the beam and its  decay (and any reaction-induced activity)  will  be 
sufficiently low and will not cause any problems. The Si detectors for detection of 
charged particles and plastic detectors for detection of neutrons do not pose any safety 
risks. 

Order of  magnitude difference of  rate  between NSCL (1998,  2003)  experiments 
justify  re-measurement  of  this  reaction.  Theoretical  calculations  (1999,  2022) 
consistent with upper limit of 1998 data and exceeds 2003 data by a factor ~ 2. GSM-
CC (NCSMC) results are lower (higher) by ~ 20% (~ 30%) than the median value of 
other calculations. Indirect measurements through 8Li(d,p)9Li reaction at ~ 5 MeV/u to 
determine (n,γ) reaction rates, yielded values in between NSCL measurements.     

This necessitates a new experiment to study the 8Li(n,γ)9Li 
reaction in the context of A>12 production.
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