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Photodisintegration of 9Be with laser-induced Compton backscatteredg rays
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Photoneutron cross sections were measured for9Be in the energy range from 1.78 to 6.11 MeV with
laser-induced Compton backscatteredg rays. Resonance parameters@ER ,B(E1),Gn# for the 1/21 and 5/21

states were deduced from the least-squares fit to the data, whileGg for the 5/22 state was deduced from the
energy-integrated cross section. The reaction rate^aan& is discussed.
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The neutrino-driven wind formed in core-collapse sup
novae may be an ideal site for ther process@1#. In this
exploding environment,n- and a-rich material is first pro-
cessed into9Be througha(an,g)9Be by bridging mass gap
A55 and 8 and then9Be(a,n)12C follows. This sequence o
12C production proceeds more efficiently than the triplea
process.

9Be is a loosely bound nuclear system consisting of t
a ’s and a neutron. None of any two constituents can form
bound system. Lifetimes of5He and8Be are 1.1310221 and
0.97310216 s, respectively. Three adjacent thresholds e
at 1.573 MeV fora1a1n, at 1.665 MeV for8Be1n, and
at 2.467 MeV for5He1a. In view of the lifetimes, the syn-
thesis of 9Be is considered to proceed more dominan
through 8Be than through5He. The ternary process is likel
to play a minor role. Resonances near threshold govern
rate of the 9Be synthesis. Resonance parameters of th
states can be determined by photodisintegrating9Be.

Previously, photoneutron cross sections near thresh
were measured for9Be using two kinds of real photon
sources, Bremsstrahlung and radioactive isotopes. Bre
strahlung measurements lacked great accuracy due to
energy resolution@2–4#, while radioactive isotope measure
ments were limited mostly below 2.8 MeV@5–10#. Electron
scattering was also used to study low-lying states in9Be. But
the virtual photons excited the 1/21 state only weakly
@11,12#.

Compton backscattering of laser photons incident on r
tivistic electrons in the storage ring TERAS of the Electr
technical Laboratory~ETL! shortens the photon waveleng
by a factor of several million, producing quasimonochr
matic g rays @13#. This new MeV photon source is energ
variable in the form of a pencil-like beam with a flux o
;104 photons/sec/mm2 and energy spread of a few perce
below 9 MeV@14#. In this Brief Report, we report results o
a photoneutron cross section measurement on9Be in the
context of nuclear astrophysics.

Nd:YLF laser photons withl51053 nm~1.2 eV! were
led to a head-on collision point of TERAS. The laser syste
which produced 100% linearly polarized light in a norm
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mode, was operated at 1 kHz. Unpolarized light was a
produced by passing through a depolarizer quartz. The la
induced Compton backscattered~LC! photons were colli-
mated into a spot 2 mm in diameter with a 20 cm thick
block at 5.5 m from the head-on collision point. The ener
of LC photons was varied by changing the electron ene
from 316 to 587 MeV. The energy distribution of LC pho
tons was measured with a pure-Ge detector@efficiency 120%
of 3 in.33 in. NaI~Tl!#. Figure 1 shows a typical spectrum o
the LC photons. The full energy peak was calibrated w
natural radioactivities40K and 208Tl as well as a standard
60Co source. Photopeak spectra of the LC photons were
viously measured by an anti-Compton spectrometer@14#.
They have a characteristic low-energy tail that depends
the divergence and energy spread of the electron beam
well as the collimator size. Because of the low-energy t
the measurement was limited toEg>1.78 MeV where the
photon flux below the neutron threshold~1.665 MeV! can be
ignored.

A 4 cm thick 9Be rod of 99.5% enrichment~2.5 cm in
diameter! was irradiated. Neutrons were measured with fo

FIG. 1. A typical energy distribution of LC photons measur
with a pure-Ge detector.
©2000 The American Physical Society01-1
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BF3 counters@15# embedded in a 30 cm polyethylene cub
The BF3 counters were located, two each vertically and ho
zontally, in a concentric ring at 7.5 cm from the beam ax
The distribution of neutron moderation time in the polye
ylene was measured. The moderation time constant
found to be 144ms. Background neutrons that arrived at B3
counters time independently made a minor contribution
neutron counting.

Neutron detection efficiency was measured at 265 k
with a 24NaOH1D2O source and at the average energy
2.35 MeV with a 252Cf source. The production of the mo
noenergetic neutron source and its calibration followed R
@10#. Details were reported elsewhere@16#. The energy de-
pendence of the efficiency was calculated with the Mo
Carlo code MCNP@17#.

LC photons were detected with a BGO detector~2 in.
diameter36 in. length! placed at the end of the beam lin
Pileup spectra were obtained for the 1 kHz LC photons. T
average number of photons per beam pulse was determ
from the ratio in average channel number between the pil
spectrum and a single photon spectrum. The single pho
spectrum was separately taken with a DC beam. The t
number of photons were obtained from the frequency and
data acquisition time. Independent test measurements
carried out with a DC beam, in which foreground and ba
ground neutrons were measured before and after each
surement with the laser off. Results of the pulsed- and D
beam measurements agreed with each other to within 5%

Photoneutron cross sections were obtained from

s5
Nn

Ng«n~En!Nt f
, ~1!

whereNn is the number of neutrons detected,Ng is the num-
ber of LC photons incident on the BGO detector,Nt is the
number of target nuclei per cm2, and«n(En) is the neutron
detection efficiency. A correction factor,f, was needed for a
thick target measurement:

f 5emt
~12e2mt!

mt
. ~2!

m is the totalg-attenuation coefficient in9Be @18# and t is
the length~4 cm! of the target material.

Photoneutron cross sections measured with polarized
unpolarized photons are shown by solid and open circle
Fig. 2, respectively. The decay channel was assumed t
n18Be. Horizontal error bars stand for the skewed ene
spread of LC photons in FWHM. As for vertical error bar
only statistical uncertainties are shown. The results of po
ized and unpolarized photon measurements at 1.9, 2.7,
3.3 MeV agreed with each other within statistics. The lin
shape of broad resonance states was determined by
present measurement, whereas that of the narrow sta
2.44 MeV with a width less than 1 keV@19# was not deter-
mined. The cross section for the 2.44 MeV state showe
sudden rise due to the photopeak edge of the LC pho
followed by a gradual decrease due to the low-energy tai
the LC photons.
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The effect of asymmetric photoneutron emission
«n(En) was investigated with help of theMCNP code. For the
asymmetriesa/b51.2 @20# and 1.0 @2# in a1b sin2u re-
ported at 2.76 and 2.95 MeV, respectively, the associa
uncertainty was found to be 9–12 %. This is regarded as
systematic uncertainty in the present measurement.

For comparison, cross sections measured with other p
ton sources are also shown in Fig. 2. The horizontal e
bars of the large crosses@3# as well as the dotted bump@2#
corresponding to the 2.44 MeV state (G,1 keV! represent
the energy resolution of bremsstrahlung measurements.
three bremsstrahlung measurements do not give consi
results for the 1.7 MeV and 3 MeV states both in energy a
magnitude@2–4#. The result of the radioactive-isotope me
surement for the 1.7 MeV state@10# is consistent with the
present result.

The least-squares fit to the data was performed with
cross section of Breit-Wigner form:

sg,n~Eg :I→J!5p
2J11

2~2I 11!S \c

Eg
D 2 GgGn

~Eg2ER!21~G/2!2
.

~3!

g-decay widths forE1 andM1 are expressed@21#, respec-
tively, by

Gg~E1!5
16p

9
a~\c!22Eg

3B~E1! ~4!

and

FIG. 2. Photoneutron cross sections for9Be ~solid circles for
polarized LC photons and open circles for unpolarized LC photo!.
Data taken with bremsstrahlung~dotted line@2#, large crosses@3#,
and crosses@4#! and radioactive isotopes~open squares@10#, solid
squares@9#, solid triangles@8#, open triangle@6#, slashed-open
square@5#, and diamonds@7#! are also shown. The best leas
squares fit is shown by the solid lines~thick solid line for sum and
thin solid lines for breakdown!.
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TABLE I. Comparison of the present work with results of (e,e8) scattering experiments.

ER ~MeV! B(E1↓) (e2 fm2) G.Gn (keV)
I p Xl (e,e8) Present (g,n) (e,e8) Present (g,n) (e,e8) Present (g,n)

1/21 E1 1.7860.03a 1.74860.01 0.05060.020a 0.10760.007 283642
1.68460.007b 0.05460.004b 217610b

5/22 M1 2.4460.02a 2.43 0.08960.010a,c 0.04960.012c

5/21 E1 3.0460.03a 3.08260.012 0.01060.008a 0.03960.002 533619

aReference@11#.
bReference@12#.
cGg in eV.
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Gg~M1!5
16p

9
a~2Mc2!22Eg

3B~M1!, ~5!

wherea is the fine-structure constant,M is the proton mass
and B(E1) andB(M1) are reduced transition probabilitie
given in units ofe2 fm2 and (e\/2Mc)2. Gn for s-wave
neutrons from 1/21 was taken@22# as

Gn52AeR~Eg2ET!. ~6!

This form of neutron decay width leads to single-level a
proximation ofR-matrix theory@23#. Gn for other states was
taken to be energy-independent.

We used the energy-integrated cross section@24# to de-
duceGg for the narrow resonance state at 2.44 MeV:

E
0

`

sg,ndEg5
3p2

2 S \c

ER
D 2

Gg . ~7!

The least-squares fit was performed to 49 data points
to 4.5 MeV. The 49 data points did not include the data
the 2.44 MeV state, but did include those of Fujishiroet al.
@10#. The E1 andM1 parametrizations were employed f
the positive- and negative-parity states (1/21,5/21,1/22), re-
spectively. A straight-line background (s50.38Eg21.21
mb! was assumed in the high-energy region. The lea
squares fit resulted in thex2 minimum with B(M1)50 for
1/22. Thus, the presence of 1/22 was not confirmed as wa
the case in the electron scattering. The best fit (x252.7 per
degree of freedom! is shown by the thick solid line in Fig. 2

The best-fit parameters along with 1s uncertainties from
the error matrix are listed in Table I. For comparison, t
results of (e,e8) scattering are also listed. TheB(E1↓) value
for 1/21 is approximately twice those of@11,12#, while it is
close to that (0.10620.016

10.019) deduced fromR-matrix fit to
Fujishiro data alone@25#. Gg for 5/22 is roughly half the
(e,e8) value. B(E1↓) for 5/21 is four times the (e,e8)
value. It was pointed out@25# that the discrepancy for 1/21

between the (g,n) @10# and the (e,e8) @11# results may be
due to background subtraction in the electron scattering
was shown that good agreement between the two was
tained by integrating the (g,n) cross section up to 2 MeV
@25#.

Woosley and Hoffman used the rate^aan& of the Caugh-
lan and Fowler compilation@26# for the nucleosynthesis ca
culation in core-collapse supernovae@1#. This reaction rate
01880
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has been updated in the 1999 compilation@27# which relied
on three resonances, neglecting 5/22. It employed Gg
50.5160.10 eV for 1/21 from (g,n) @10#, Gg50.9060.45
eV for 5/21 from (e,e8) @3# with an increased error, an
assumedGg51 W.u. for 1/22 with 80% error.

We evaluated the ratêaan& based on the resonant con
tribution to the reactiona1a
8Be with Ga(8Be)56.8
61.7 eV. This resonant condition is known to hold atT
.2.83107 K @28#.

The rate^n8Be& is calculated from

^n8Be&5NAS 8

mp D 1/2

~kT!23/2E
0

`

scapt~E!E

3expS 2
E

kTDdE. ~8!

The best fit cross section of Breit-Wigner form was co
verted by the detailed balance theorem to radiative cap
cross sections (scapt) for n18Be→9Be1g. As for 5/22, the
presentGg was used together withER52429 keV andG
50.7760.15 keV@19#. The ratio of the result to the rate i
the 1999 compilation is shown by the thick solid line in Fi

FIG. 3. Ratio of the present̂aan& to the rate of the 1999
compilation @27# ~thick solid line for sum and thin solid lines fo
breakdown!. The ratio of the Caughlan and Fowler 1988 rate@26# to
that of the compilation is also shown by the dotted line.
1-3
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3. The deviation ranges from225% to 111% atT9>0.1.
The relatively small deviation is because of theGg employed
for the leading 1/21 state in the compilation. The breakdow
of the rate into contributions from each states is also sho
by thin solid lines. The contribution of 5/22 become impor-
tant atT9.1.0, while the 5/21 state marginally contribute
even at high temperatures. Since the rate in@27# neglected
the 5/22 contribution, it is most likely that the strength~1
W.u.! takena priori for 1/22 compensated the rate.

In summary, the LC photon source was used to meas
photoneutron cross sections for9Be ~Fig. 2!. Resonance pa
rameters for 1/21, 5/22 and 5/21 states were deduced from
the least-squares fit as well as the integrated Breit-Wig
form ~Table I!. In the context of nuclear astrophysics, it w
ss

s

ci.
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found that the rate of the 1999 compilation@27# is consistent
with the present evaluation within 36% atT9>0.1 ~Fig. 3!,
while the Caughlan and Fowler rate needs a consider
modification in bothT9 dependence and magnitude to with
a factor of62 over the temperature range.
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