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Determination of the 9Be„a,n…12C reaction rate

R. Kunz, S. Barth, A. Denker,* H. W. Drotleff,† J. W. Hammer, H. Knee,‡ and A. Mayer
Institut für Strahlenphysik der Universita¨t Stuttgart, Germany

~Received 10 October 1995!

In a neutron-rich,a-rich environment that could arise during a supernova explosion the reaction c
4He(an,g) 9Be(a,n) 12C dominates the creation of carbon, which leads to the creation of heavier eleme
the subsequentr process@S. E. Woosley and R. D. Hoffman, Astrophys. J.395, 202 ~1992!; B. S. Meyer, G.
J. Matthews, W. M. Howard, S. G. Woosley, and R. D. Hoffman,ibid. 399, 656 ~1992!; W. M. Howard, S.
Goriely, M. Rayet, and M. Arnould,ibid. 417, 713 ~1993!#. For this reason the excitation function of th
reaction9Be(a,n) 12C has been measured in the energy range fromEa5366 keV up to 3552 keV~correspond-
ing Ec.m.5254–2450 keV in the center-of-mass system! to obtain consistent data in the whole range, whi
were lacking in the literature. The measurements have been performed with a 4p detector and the yield
contributions of then0 and n1 neutron group could be resolved. Solid metallic targets of thickness 43
~7.75mg/cm2! and 650 Å (11.72mg/cm2) were used. Reaction rates and an analytic expression for them
been evaluated for 0.001<T9<10. @S0556-2813~96!03205-0#

PACS number~s!: 25.55.Hp, 26.30.1k, 27.20.1n
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I. ASTROPHYSICAL SIGNIFICANCE

In the scenario for ther process proposed by Woosle
and Hoffman @1#, the reaction9Be(a,n) 12C may play a
dominant role as a linkage to the creation of12C. In a type-II
supernova a so-called hot bubble is created between
emitted shell and the collapsing core. The material in
bubble is heated by neutrinos, which escape from the
maining core. A region of low density and high temperatu1

(T9'10) is generated. Due to the high temperatures
heavier nuclei break up into neutrons and protons. With
expansion of the shell and of the hot bubble, the temp
tures are dropping. AtT9.6 the protons and neutrons sta
to recombine intoa particles, and further to12C. This hap-
pens either by the triple-a process or by the neutron cat
lyzed reaction chain4He(an,g) 9Be(a,n) 12C. In a neutron-
rich environment the creation of12C by the reaction
4He(an,g) 9Be(a,n) 12C is favored by a factor of approx
mately 10 compared with the triple-a process.12C again is
the seed nucleus for the creation of heavier nuclei by fus
reactions with charged particles.

If the temperature drops belowT9.3 the charged particle
reactions start to freeze out. This freeze out stops atT9.2.
The nuclei that have been built up to this moment are
seed nuclei for the succeedingr process. The described pr
ceding process for ther process is calleda-rich freezeout or
neutron-richa-rich freezeout, depending on a neutron-ri
environment. In this process elements up to a mass of a
A.80 are created. In the succeedingr process heavier ele
ments are produced by neutron capture.

Because the creation of12C is only possible by the triple

*Now at Hahn-Meitner-Institut, Berlin, Germany.
†Now at Technischer U¨ berwachungsverein Hannover–Sachs

Anhalt e.V., Hannover, Germany.
‡Now at Sligos Industries, Stuttgart, Germany.
1T9 denotes the temperature in 109 K.
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a process or by the reaction4He(an,g) 9Be(a,n) 12C, it is
necessary to get exact knowledge of the reaction rate
both involved reactions in the temperature range of ab
1<T9<6.

II. EXPERIMENTAL SETUP

The measurements have been performed at the 4 M
DYNAMITRON accelerator of the Institut fu¨r Strahlenphysik at
Stuttgart in the context of a diploma thesis@2–5#. The reac-
tion 9Be(a,n) 12C has been examined in the whole ener
range from 366 up to 3552 keV~in the laboratory system!,
the range being determined by the energy range of theDY-

NAMITRON. In the 9Be(a,n) 12C reaction only very moderate
He1 currents have been requested due to the rather
neutron yield. These for our accelerator small currents in
range of 30 nA to 3mA have been measured by a ve
sensitive electrometer~Keithley model 617! with good com-
mon mode ripple suppression. The converted signal has b
digitized by an Ithaco 385 analogue to digital converter.

The beam energy has been adjusted by a 90° magn
analyzer, which has been calibrated using graphite tar
and a narrow resonance atEa5 1056.3 keV of the reaction
13C(a,n) 16O ~data from the Ajzenberg compilation@6#!.
Furthermore two resonances at the laboratory ener
1336.7 keV and 1340.6 keV have also been used for
calibration.

The beryllium targets for the actual measurements w
solid metallic targets. The beryllium has been evaporated
a copper backing using a protected evaporation facility. D
ing evaporation the target thickness has been controlled
a quartz oscillator. For the experiments Be targets
thicknesses 5.1831017 atoms/cm2 ~430 Å! and 7.83
31017 atoms/cm2 ~650 Å! have been used. The exact dete
mination of the target thickness has been done using
narrow resonance atEa, lab5620keV. The thickness of the
targets correspond to an energy loss of thea particles of
13.8 keV and 20.8 keV atEa5600 keV.

The neutrons were detected by a 4p detector of high ef-

n-
2486 © 1996 The American Physical Society
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53 2487DETERMINATION OF THE 9Be(a,n)12C REACTION RATE
ficiency, which is described in more detail by Drotleff@7#.
The target backings were water-cooled and were loca

at the end of a vacuum recipient with very clean conditio
~Fig. 1!. The targets have been similar to those used a
described in a polarized neutron scattering experiment@8,9#.
The vacuum was provided by a turbomolecular pump wit
large LN2 cryotrap in front of it. The beam tube wa
equipped with two long copper tubes held at liquid nitrog
temperature to prevent all carbon build up on the target s
face. The beam was guided through three apertures prev
ing any deviation from the central position at the target. T
vacuum in the last section of the beam line could be kep
231028 mbar with the beam on the target.

III. NEUTRON DETECTION

For neutron detection a special designed 4p detector@10#
~Fig. 2! has been used. This detector consists of a cylindr
polyethylene moderator and a matrix of 163He-filled pro-
portional counters. These counters are placed in two con
tric rings around the target chamber, with each ring cons
ing of 8 counters. The distances from the axis of the tar
chamber to the counter rings were 8 cm and 12 cm, resp
tively. This configuration of the detector leads to a lar
efficiency of up to 38%, which is due to the moderator ma
the small distances between the counters and the target
the large number of passes of the neutrons through
counters due to neutron diffusion, combined with rather l
absorption in the moderator.

The efficiency of the detector in dependence of the n
tron energy has been determined by Monte Carlo simulati
using the codeMCNP @11#. The resulting curve is shown in
Fig. 3. These calculations have been tested by efficie
measurements with a calibrated252Cf-neutron source and

FIG. 1. Setup of the experiment for the measurement of9Be
(a,n) 12C. The beam line in front of the water-cooled Be target w
equipped with two long copper tubes held atLN2 temperature to
prevent any target contamination. The turbomolecular pump w
also used together with aLN2 cryotrap to improve the vacuum to
about 231028 mbar with the beam on the target. On the right si
the target is surrounded by the 4p neutron detector which is shown
in detail in Fig. 2. All measures are given in mm.
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some other nuclear reactions. These tests resulted in a
agreement of better than 3% relative deviation between m
surement and simulation. The uncertainty assigned to the
ficiency was less than 5%, depending on the neutron ene

In the energy range of our measurements three poss
neutron groups of the reaction9Be(a,n) 12C can be released
with Q values ofQ0 5 5.704 MeV,Q15 1.265 MeV, and
Q2521.949 MeV. Because of the negativeQ value a
threshold ofEs5 2.8 MeV exists for neutrons of then2
group. Van der Zwan and Geiger@12# showed that the yield
contribution of then2 group is rather small for energie
Ea, lab,3.7 MeV, therefore thisn2 group was not considere
in this investigation.

With the 4p detector a rough energy determination of t
neutron energies could be performed making use of the
ergy dependence of neutron diffusion. The count rate ratio
the inner 3He detectors to the outer3He detectors has a
significant energy dependence sufficient for resolving
neutron groups of the9Be(a,n) 12C reaction, because th
energy of the two groups is in principle well separated due
the difference in theQ value, but it is smeared out accordin
to reaction kinematics.

The efficiency«(Q,E) for neutrons of a neutron grou
with theQ valueQ in dependence of thea energyE could
be obtained by the relation

«~Q,E!5E E dV«n@En~Q,E,u!#P~Q,E,u!. ~1!

Here «n(En) is the efficiency in dependence of the ne
tron energy andEn(Q,E,u) is the neutron energy for neu
trons emitted with an angleu, if the incidentinga particle
had an energyE. This neutron energy is given solely b
reaction kinematics@13#. P(Q,E,u) is the angular distribu-

as

as

e

FIG. 2. Cross section of the 4p neutron detector. The projectile
are incidenting perpendicular to the shown plane along the axi
the target chamber. Around the target chamber the3He-filled pro-
portional counters are located in two concentric rings in a dista
of 8 cm and 12 cm from the axis of the target chamber to the ce
of a 3He counter. Each counter is 2.5 cm in diameter and 50
long. The counters are embedded in a cylindrical polyethylene m
erator of 35 cm diameter. In the outer parts the detector is shie
by layers of boron paraffin, boron polyethylene and cadmium. T
cadmium tube has a diameter of 50 cm.
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FIG. 3. Energy dependence of the efficien
«n of the two counter rings separate and as s
for neutron energies from 0.5 to 10 MeV.
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tion for these neutrons and it could be obtained from t
distribution in the center-of-mass system by the transform
tion P(Q,E,u)5Pc.m.(Q,Ec.m.,uc.m.)I kin(Q,E,u), where
I kin(Q,E,u) is also completely determined by reaction kine
matics @13#. The angular distribution in the center-of-mas
system was assumed to be isotropic. The possible error
sulting from this assumption was tested using some angu
distributions from literature@14,15# and it proved to be less
than 0.5%.

The resulting experimentally determined yield for on
neutron group is

Yexpt~Ea ,t !5E
0

t

dxns@E~x,Ea!#«@Q,E~x,Ea!# ~2!

if straggling effects and the energy spread caused by
accelerator ripple are neglected. Heret is the thickness of the
target,n is the number of target atoms per volume unit,s the
cross section andE(x,Ea) the energy of the projectiles at the
depthx in the target, decreasing due to energy loss.Ea is the
energy of the projectiles atx50 on the target surface. This
energy loss is described by the use of the stopping pow
e:
e
a-

-
s
re-
lar

e

the

er

dE~x,Ea!

dx
52ne~E!,

E~0,Ea!5Ea . ~3!

Here e(E) denotes the energy lossdE in a layer of ndx
target atoms per cm2. This function is obtained from the
tables of Ziegler@16#. For the target thicknesses used in th
experiment (DE, 25 keV!, Eq. ~3! can be approximated by

E~x,Ea!.Ea2e~E!nx. ~4!

Normally the thickness of the target is small enough
treat the efficiency«@Q,E(x,Ea)# as constant within the in-
tegration interval and in this experiment the relative variatio
is less than 0.3%.

If one distinguished both neutron groupsn0 andn1 and if
one makes use of the two counter rings of the detector,
measured neutron yield could be obtained by

Yinn~Ea!5« inn~Q0 ,Ea!Y0~Ea!1« inn~Q1 ,Ea!Y1~Ea!

1Yback, inn~Ea!, ~5!
r

ld
-

FIG. 4. Yield curve for the reaction9Be
(a,n) 12C in comparison with a pure coppe
backing. Because the9Be(a,n) 12C yield is sev-
eral orders of magnitude larger than the yie
from the backing, neutrons arising from back
ground reactions could be neglected.
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53 2489DETERMINATION OF THE 9Be(a,n)12C REACTION RATE
Yout~Ea!5«out~Q0 ,Ea!Y0~Ea!1«out~Q1 ,Ea!Y1~Ea!

1Yback, out~Ea!.

Here the indices inn and out indicate the inner and o
counter rings.Yi is the yield for neutrons of the groupni ,
« ring is the efficiency in the corresponding counter rin
Yring is the measured yield andYback, ringis the contribution of
the background to the measured yield.

The efficiencies« inn and «out have been calculated vi
Monte Carlo simulations and according to Eq.~1!, and the
yield Yinn andYout has been measured. If the yieldYback, inn
andYback, outhas also been measured or could be neglecte
in the case of the9Be(a,n) 12C reaction~Fig. 4!, equation
system~5! can be solved to obtain the yieldY0 andY1 for
the two neutron groups. The total yield is then

Y5Y01Y1 . ~6!

IV. EXCITATION FUNCTION AND S FACTOR

The connection between the cross section and the
yield is given by the equation

Y~Ea!5E
0

t

dxns@E~x,Ea!#. ~7!

The astrophysicalS factor is introduced to separate th
energy dependence of the Coulomb barrier penetration f
the cross section and it is obtained by

S~E!5s~E!Eexp~2ph!5s~E!EexpSAEG

E D , ~8!

where

EG5S e2

2 «0\
Z1Z2D 2m

2
~9!

is the Gamow energy and

h5
Z1Z2e

2

4p«0\
A m

2E
~10!

is the Sommerfeld parameter.Z1 and Z2 are the nuclea
charges of the target and projectile nuclei andm is the re-
duced mass. The energyE has to be taken in the center-o
mass system.

If the variation of the cross section in the energy ran
given by the energy loss of the projectiles in the target co
be neglected, Eq.~7! could simply be written as

Y~Ea!5nts~Ea,eff!, ~11!

whereEa,eff is the effective energy of the projectiles in th
target. In a first approachEa,eff can be written as
Ea,eff.Ea2DE/2, wereDE is the target thickness.

The Breit-Wigner formula has been applied to the re
nant cross section:

s res~E!5p|2vg
G

~E2ER!21~G/2!2
, ~12!
ter

g,

d as

otal

e
rom

f-

ge
uld

e

o-

|25
\2

2mEc.m.
,

~13!

vg5v
GaGn

G
.

Herevg denotes the strength,G the total width,Ga and
Gn the partial widths of the resonance. As an approximatio
the energy dependence of the partiala-width in the entrance
channel isGa}exp(2AEG /E). If the energy dependence of
the partial width of the neutron channel and the total widt
are neglected, a resonance is described with respect to
S-factor function by the formulas

Sres~E!5SR
~G/2!2

~E2ER!21~G/2!2
, ~14!

SR5
2p\2

m

~vg!R
GR

expSAEG

ER
D . ~15!

From the thick-target yield for the only narrow resonanc
at Ea, lab5620 keV the determination of the target thicknes
is possible. The measured yield and the fitted thick-targ
yield for this resonance for both targets is shown in Fig. 5

All other resonances of the reaction9Be(a,n) 12C are
broad in comparison with the energy loss of thea particles
in the target, so the yield expression for a thin target fro
Eq. ~11! could be applied. The resulting excitation function
for the two neutron groups are shown in Fig. 6, the tot
cross section is shown in Figs. 7 and 8 in different scale

FIG. 5. Yield for the resonance atEa, lab5620 keV
(Ec.m.5429 keV! for both targets. The solid line is a fit for the
thick-target yield. The various symbols for the data points indica
different runs in the experiment.
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FIG. 6. Excitation function of9Be(a,n) 12C
for the two neutron groups n0 and n1 in the en-
ergy range 1–3.5 MeV. The indicated band
shows the region of uncertainty.

FIG. 7. Excitation function of the reaction
9Be(a,n) 12C in the energy range of this experi-
ment ~366–3552 keV!, for the sum of both neu-
tron groupsn0 andn1 in a logarithmic scale. The
uncertainty of the experimental data is well be-
low 15%. In the inserted window the part around
the 620 keV resonance is shown enlarged.

FIG. 8. Total cross section in linear represen-
tation, so that the resonances in the upper energy
region are visible more clearly.
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53 2491DETERMINATION OF THE 9Be(a,n)12C REACTION RATE
FIG. 9. S factor for the reaction9Be(a,n)
12C in the energy range of this experiment o
logarithmic scale. For energies belowEc.m.5254
keV the extrapolations towards lower energ
are shown. AtEc.m.5166 keV a known resonanc
@18# is included. Because of a state in the co
pound nucleus a further resonance atEc.m.5106
keV has to be taken into consideration. T
curves shown are related to three cases:~a! no
resonance at 106 keV,~b! the maximal possibl
strength multiplied by 0.1, estimated as descri
in the text, and~c! the maximal possible streng
to obtain an upper limit.
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The two resonances atEa, lab5511 keV and 620 keV ar
given enlarged as an inset of Fig. 7. The resultingS-factor
curve is plotted in Fig. 9.

V. RESONANCE PARAMETERS

The resonance parameters have been determined b
plying a sum of Breit-Wigner resonances as in Eq.~14! to
theS-factor curve:

S~E!5(

Sj

~G j /2!2

~E2Ej !
21~G j /2!2

. ~16!

The use of a Breit-Wigner formula with constantG j in the
S factor corresponds to the consideration of an approxi
tion of the energy dependence of the partial widths in
cross sections, as described in the previous section.

This function has been converted to the reaction y
using Eqs.~8! and ~7!, which leads to

Y~Ea ,t !5E
0

t

dxn
S~E!

E
expS 2AEG

E D . ~17!
ap-

a-
he

ld

Finally this expression was fitted to the experimentally d
termined yield, whereE was evaluated from Eq.~3! by nu-
merical integration. The resonance strength (vg) j has been
obtained fromSj by Eq. ~15!.

The resonances in the upper energy region have been
ted with the assumption that only the resonances given
Table I are contributing to the cross section. But in this
gion further states in the compound nucleus are known,
that one has to consider contributions from these states.

At Ea, lab.3400 keV (Ec.m..2354 keV! a small bump in
the cross section~Figs. 7 and 8! and in theS factor ~Fig. 9!
has been detected. At the corresponding excitation energ
Ex513 MeV a state in the compound nucleus is known@17#.
But this resonance is so small that numerical evaluation
not possible.

At Ea, lab.1700 keV (Ec.m..1177 keV! a shoulder is
showing up between the two surrounding resonances~Figs.
7–9!. Because of a state in the compound nucleus
Ex511.83 MeV@17# this shoulder was assigned to the res
nance. For this resonance the parameters could not be e
ated with a reasonable error.

Compared with previous publications of our experime
@2–4# the resonance parameters have changed, due to
different way of their determination. Previously Eq.~12! was
used directly in the cross section data, neglecting all ene
TABLE I. Resonance parameters in the center-of-mass system for the reaction9Be(a,n) 12C obtained by
this experiment. All parameters have been determined by fitting Eq.~16! to the measured yield. The strength
(vg)c.m. has been determined fromSR,c.m. using Eq.~15!. The last column shows the excitation energyEx

from the Ajzenberg compilation@17# that was assigned to the measured resonances.

Energy Width Strength 13C*
Ea, lab ~keV! Ec.m. ~keV! Gc.m. ~keV! SR,c.m. ~MeV b! (vg)c.m. ~eV! Ex ~MeV!

5116 7 3546 5 566 5 (2.060.3)3105 2.866 1.00 10.996
6206 4 4296 3 , 4.8 (1.460.3)3105 1.316 0.34 11.080
15676 22 10856 15 1226 20 (6.561.5)3103 27006 900 11.748
' 1700 ' 1177 — — 11.848
18796 7 13016 5 1506 13 (3.360.4)3104 50 3006 8000 11.950
21576 29 14936 20 2436 40 (6.961.0)3103 36 8006 9 700 12.140
25266 29 17496 20 3366 50 (3.560.6)3103 58 5006 1 500 12.438
' 3400 ' 2354 — — — 13.000



e

d

2492 53R. KUNZ et al.
FIG. 10. Extension of the excitation function
of 9Be(a,n) 12C for energies up toEc.m.511
MeV. The data of Gibbons and Macklin@22# in-
clude neutrons from the breakup reaction, th
data of Geiger and van der Zwan@23# include the
neutron groupsn0 to n3 and neutrons from the
breakup reaction, the data of van der Zwan an
Geiger@12# include the neutron groupsn0 to n2
and the data of Schmidtet al. @15# include the
neutron groupsn0 to n6 .
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dependences of the partial widths. The use of the Br
Wigner formula in theS factor corresponds to an approx
mation of the energy dependence of the partiala width as
described above. From this the parameters given in Tab
are derived. These parameters are only valid for the desc
tion of the measured data using the procedure mentio
above. Only the parameters for the narrow resonance
Ea, lab5620 keV are not strongly affected by different eval
ation procedures.

Comparing our new data on the9Be(a,n) 12C resonances
~Table I! with data from literature, there is agreement
some cases but disagreement in others. For instance the
disagreement concerning theEa5620 keV resonance with
the values given by Davids@14#: Ea5600 keV and
(vg)c.m.50.88 eV. In this investigation we detected we
resonances atEa51567 keV andEa52157 keV which are
not listed in the Ajzenberg compilation@17#. However a
resonance atEa52240 keV reported by Ajzenberg could n
be observed in this experiment. Due to the broad structu
in the 9Be(a,n) 12C excitation function it cannot be ex
cluded that some structures have to be assigned to more
one level in the compound nucleus.

VI. REACTION RATES

The reaction rateNA^sv& has been determined by nu
merical integration of the equation
eit-
i-

le I
rip-
ned
at

u-

in
re is

k

t
res
-
than

-

NA^sv&5NAS 8

pm D 1/2 1

~kT!3/2
E
0

`

dEs~E!EexpS 2
E

kTD
~18!

so differences in the determination of the resonance par
eters make no effect in the finally evaluated reaction ra
Because the integration has to be taken from energy zero
to `, the measured excitation function had to be extended
higher and lower energies.

For energiesEc.m.,254 keV, which cannot be reache
with our accelerator, the cross section was extrapolated w
the tails of the observed resonances. AtEc.m.5166 keV an
additional resonance was taken into account, using the
of Wrean, Brune, and Kavanagh@18#. This resonance is ap
proximately a factor of 10 stronger than assumed by Cau
lan and Fowler for their calculation of the reaction rates@19#.
Because of a known state in the compound nucleus
Ex510.753 MeV@17# a further resonance has been assum
at Ec.m.5106 keV. The strength of this resonance can
estimated using Eq.~13!. The partial width of the neutron
channel Gn,c.m.5(43.460.9) keV and the total width
Gc.m.5(50.960.6) keV are given by Cierjackset al. @20#,
the partial widthGa,c.m. of thea channel could be estimate
by
FIG. 11. Reaction rate for9Be(a,n) 12C vs
temperatureT9 . The dashed curves indicate the
band of uncertainty.
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53 2493DETERMINATION OF THE 9Be(a,n)12C REACTION RATE
Ga,c.m.5
2 \

Rn
A2Ec.m.

m

1

FL~h,r!21GL~h,r!2
uL
2 ~19!

as given by Rolfs and Rodney@21#. HereRn is the nuclear
radius,h is the Sommerfeld parameter given in Eq.~10!,
r5RnA2mEc.m./\

2, L is the angular momentum of thea
particle,FL(h,r) andGL(h,r) are the Coulomb wave func
tions and uL

2 is the reduced width withuL
2<1. For the

strength of this resonance we assumed three cases~a!
strength zero,~b! the maximal possible strength given in Eq
~13! and ~19! multiplied by 0.1, which is almost the valu
adopted by Caughlan and Fowler@19#, and~c! the maximal

TABLE II. Coefficients for the analytical expression of the re
action rate.

C0 C1 C2 C3

4.5631013 8.3 580 0.363

i 1 2 3 4

Ai 5.131026 0.92 63106 2.23108

Bi 1.14 1.84 7.46 12.9
s
-

.

possible strength. The resulting extensions for theS factor
are shown in Fig. 9.

For Ec.m..2.45 MeV data of Gibbons and Macklin@22#
and van der Zwan and Geiger@12,23,24# are available. Be-
cause Gibbons and Macklin could not distinguish neutro
groups their yield included also neutrons from the breaku
reaction 9Be(a,a8)9Be*→8Be1n, which contributes sig-
nificantly to the neutron yield forEa, lab.4 MeV @23#. So the
Gibbons and Macklin cross section values are higher th
that for the pure9Be(a,n) 12C reaction. For this reason we
used the data of van der Zwan and Geiger to cover the e
ergies between the range of our data (Ec.m.52.5 MeV! and
Ec.m.54.86 MeV. BetweenEc.m.54.86 MeV and 10.87 MeV
data of Schmidt et al. @15# have been used, for
Ec.m..10.87 MeV the cross section was assumed to be co
stant, which seems to be reasonable from the general trend
the excitation function. This extension towards higher ene
gies is shown in Fig. 10.

The uncertainty in the resulting reaction rate is less tha
15% in the relevant temperature region. Consideration of t
possible resonance atEc.m.5106 keV leads to an increase of
the reaction rate and the uncertainty band, but only for lo
temperatures. The resulting reaction rate is plotted in Fig. 1

To obtain an analytical expression the formula given i
Eq. ~20! was fitted to the numerical reaction rate data:

-
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2/3expS 2
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1/3 2S T9C3
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5/3!1(
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T9
3/2expS 2
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T9
D 1A4expS 2

B4

T9
D . ~20!
d
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-

The coefficients of this fit are given in Table II, and it i
valid for 0.001<T9<10. In this region the difference be
tween the fit and the numerical data is less than 10%. T
single expressions in this fit look like resonant and no
resonant contributions, but all parameters have been allow
to vary during the fit, so the coefficients don’t reflect an
physical quantities.
he
n-
ed
y

VII. CONCLUSION

In comparison with the evaluation by Caughlan an
Fowler @19# our rates agree within 50% forT9.0.3. For
lower temperatures our results are up to a factor of 10 high
than those of Caughlan and Fowler~Fig. 12!. This is due to
the resonance atEc.m.5166 keV, which has been underesti
mated by Caughlan and Fowler.
te
s
r
r-

y

h

FIG. 12. Ratio of our reaction rate of9Be
(a,n) 12C compared to the compilation rate of
Caughlan and Fowler@19#. The solid line is our
final recommended rate, the dashed lines indica
the region of uncertainty. For higher temperature
this region is determined by the uncertainty in ou
measured cross section data and by the unce
tainty of the additional data. Towards lower tem-
peratures the area of uncertainty is determined b
the extrapolation of the excitation function to-
wards lower energies and especially the strengt
of the resonance atEc.m.5106 keV. The curves
(a), (b) and (c) have the same meaning as in
Fig. 9.
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FIG. 13. Ratio of our reaction rate of9Be
(a,n) 12C compared to the rate of Wreanet al.
@18#. The curves (a), (b), and (c) have the same
meaning as in Figs. 9 and 12. Curve (d) displays
the influence of the extension towards higher e
ergies using the data of Gibbons and Mack
@22#. This curve has been added because Wr
et al. took the Gibbons and Macklin data for the
extension towards higher energies. Both resu
agree excellent~within 10%, which is better than
the uncertainty of the data!.
a

a
s

t

u-
-

Compared with the fit for the reaction rates of Wre
et al. @18# our rates fit within 10% forT9.0.1, which is in
the error range of both data sets~Fig. 13!. For temperatures
T9.6 the difference is getting higher because Wreanet al.
used for their extension towards higher energies the dat
Gibbons and Macklin@22#, which are too high for reason
given above.

In the temperature range of interest for the reaction ch
4He(an,g) 9Be(a,n) 12C (1<T9<6) the reaction rate is no
affected by the low energy resonances at all and agrees
n

of

ain

rea-

sonably with previous evaluations. Compared with the eval
ation by Wreanet al. the agreement is excellent, so the re
action rate can be considered as fully evaluated.
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