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Coulomb breakup of 7Li for nuclear astrophysics
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A new Coulomb breakup experiment was performed for7Li with an improved experimental technique and
theoretical treatment. Energy spectra ofa particles and tritons were examined to find the signature of post-
Coulomb acceleration in the breakup of7Li at Eat50. The data revealed the delayed nature of nonresonant
breakup of astrophysical relevance that stems from quantum tunneling. Semiclassical discussions are presented
of the lifetime of continuum states in7Li and distortion of relative kinetic energies betweena and t by
post-Coulomb acceleration. Dynamical calculations of Coulomb breakup were performed by solving a time-
dependent Schro¨dinger equation. A simple potential model of7Li was employed. The dynamical calculations
reasonably reproduced experimental cross sections for both resonant and nonresonant breakup with two key
ingredients: higher order effects and mixture ofE1 andE2 multipoles. Considering the dominant role of the
first-orderE1 nature in adiabatic Coulomb breakup, cross sections in theva>v t branch at 7 ° –15 ° for64Zn
and 90Zr were used to deduce astrophysicalS factorsS(E) for t(a,g)7Li. They exhibit a moderate energy
dependence at small energies. The strongly energy-dependentS(E) resulted from the previous Coulomb
breakup experiment based on cross sections withva<v t ; they are most likely Coulomb distorted and are
revised in the present work.
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I. INTRODUCTION

The determination of cross sections for charged-part
reactions is of particular importance for astrophysics. Re
tion rates serve as input to various astrophysical models s
as primordial nucleosynthesis or stellar evolution. Idea
cross sections are measured directly in experiments, h
ever, in most cases a direct measurement is very difficul
even impossible at the relevant small energies since c
sections become very small because of Coulomb repulsio
the interacting particles. Often one has to rely on an extra
lation of the cross section to small energies. Alternat
methods have been proposed where the considered rea
is not studied directly but a closely related process can
measured in the laboratory.

In the case of radiative capture reactions the Coulo
dissociation method has been used successfully as an ind
method in recent years. Here, the inverse reaction to ra
tive capture, i.e., the breakup of the nucleus produced in
fusion process, is studied during the scattering on a hig
charged target, which supplies the necessary photons thr
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its Coulomb field. The method was first proposed in detai
Ref. @1# and is reviewed in Refs.@2,3#. From the dissociation
cross section the astrophysicalS factor of the capture reac
tion can be extracted with the help of nuclear reaction theo
In order to obtain reliable information, the reaction mech
nism has to be understood and the validity of the theoret
description has to be established.

The nuclide7Li is produced in the early universe via th
t(a,g)7Li reaction. The relevant energies are in the range
02500 keV atT950.8 @4#. Figure 1 summarizes availabl
astrophysicalS factors for thet(a,g)7Li reaction. As of
1991, three direct measurements raised a question whe
astrophysicalS factors are energy dependent at small en
gies or not. The data of Griffithset al. @5# showed constantS
factors @S(E)50.06460.016 keV b# at energies down to
350 keV, while that of Schro¨der et al. @6# showed a marked
rise toS(0)50.1460.02 keV b at small energies. The da
of Burzyński @7# did not help to resolve the difference be
tween the two data sets due to the limited energy range,
E>297 keV. A new direct measurement was undertak
by Brune, Kavanagh, and Rolfs@8#, providing S(E) in the
©2001 The American Physical Society01-1
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energy range 50–1200 keV with a systematic uncertainty
6%. The data showed thatS(E) are indeed energy depen
dent, but more moderate towardS(0)50.1067(4) keV b
than that of Schro¨der et al. @6#. There remains a significan
discrepancy between the different sets of direct meas
ments and earlier experiments show large uncertain
Thus, an independent determination of the low-energyS fac-
tor is worthwhile, but results from the previous Coulom
breakup experiment disagreed with direct measuremen
small a-t relative energies.

A comparison of7Li @9# and 6Li @10–12# Coulomb dis-
sociation highlights some problems in determining the as
physical S factor of the t(a,g)7Li reaction. The radiative
capture ofa and deuteron is dominated by anE2 transition
to the 6Li ground state, which is the only bound state of t
system. TheE1 contribution is extremely small, becomin
important only at very smalla-d relative energies. At smal
projectile energies in Coulomb breakup of6Li, E1 transi-
tions are strongly suppressed and can be neglected in
analysis. The fragments have nearly equal charge-to-m
ratios and effects from the postacceleration ofa and deu-
teron in the target Coulomb field are not expected to cha
the relative momentum substantially. The radiative capt
reaction t(a,g)7Li can populate both the ground and fir
excited state of7Li. Since in Coulomb dissociation we onl
have an excitation from the ground state, information on c
ture to excited states has to be obtained from differ
sources, e.g., using branching ratios. Thea-t radiative cap-
ture is dominated byE1 multipolarity with a smallE2 con-
tribution which is not known experimentally. In Coulom
excitation E2 transitions are enhanced as compared toE1
transitions. The angular distribution of the fragments c
change through interference effects and additionally thro

FIG. 1. AstrophysicalS factors fort(a,g)7Li. Results of direct
measurements~squares by Griffithset al. @5#, slashed-squares b
Burzyński et al. @7#, crosses by Schro¨der et al. @6#, filled diamonds
by Bruneet al. @8#! and the previous Coulomb breakup experime
~open triangles by Utsunomiyaet al. @9#! are shown. The solid line
stands for the result of our potential model calculation.
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post-Coulomb acceleration because of the different cha
to-mass ratio ofa and triton. All these effects have to b
considered if one tries to extract theS factor for the
t(a,g)7Li reaction from Coulomb breakup.

The importance of electromagnetic excitation in t
breakup of 7Li during the scattering on heavy targets w
concluded from early experiments by Shotteret al. @13#. Af-
ter that, Coulomb dissociation of7Li was extensively studied
under various experimental conditions@9,14–17#, however, a
theoretical explanation of the data within the framework
first order perturbation theories was not satisfactory. He
we report on new experimental results for both continu
and resonant breakup of7Li. They are compared to result
from improved theoretical calculations of Coulomb dissoc
tion which consider higher order effects as well asE1 and
E2 multipoles.

The present work is organized as follows. In Sec. II w
describe the experimental method used for the study of c
tinuum and resonant breakup of7Li. In Sec. III the data
reduction for determing the relative energy and cross sec
is presented. Effects of postacceleration of the fragment
the target Coulomb field are discussed for various obse
ables in simple semiclassical models in Sec. IV. Section
defines the theoretical framework for the quantu
mechanical calculation of7Li breakup. In Sec. VI experi-
mental results are compared to theoretical calculations.
astrophysicalS factor of the t(a,g)7Li reaction is deter-
mined in Sec. VII. Finally, we close with conclusions.

II. EXPERIMENTAL METHOD

A. Nonresonant breakup measurements

A beam of 42 MeV–7Li was provided by the 12 UD
Pelletron tandem accelerator of University of Tsukuba.
variety of self-supporting foils were irradiated. Table I lis
target nuclides and their areal densities. The beam cur
was collected by a micro Faraday cup with an electron s
pressor mounted inside the scattering chamber. The b
intensity was 30–300 nA on target.

Figure 2 depicts the experimental setup. An Enge s
pole magnetic spectrograph withrmax/rmin.2.8 andrmax
590 cm ~ESP90! was used to detect botha particles and
tritons from breakup of7Li. An entrance aperture of the
spectrograph was 20 mm wide, 10 mm high, at a distanc
270 mm from the target. Thus, pairs of the breakup fra
ments emitted into a solid angle of 2.74 msr we
momentum-analyzed according to their magnetic rigidity a
focused at different positions along the focal plane. A 37
~76 cm! focal plane detector consisting of a single resistiv
wire proportional counter backed by a plastic scintillator w
mounted on the low-momentum side~high-momentum side!
to detecta particles ~tritons!. The anode was a Nichrom
wire of 12.7 mm diameter. The pressure windows we
25.4 mm Kapton and the cathode foils were 25.4mm alu-
minized Mylar. The proportional counter was operated w
a P30 gas that flowed at 25 cm3/min under 1 atm. The dead
space between the two focal plane detectors was minim
to 10.5 cm. Photomultiplier tubes of 38 mm diamet
~Hamamatsu R580! were mounted on low and high momen

s
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TABLE I. Experimental parameters for the nonresonant breakup experiment.

Target Thickness Magnetic field Detection angle Classical grazing a
nuclide (mg/cm2) ~kG! ~deg.! ~deg.!

27Al 2.2 13.79 7, 10 15
58Ni 4.8 13.79 10 27
64Zn 3.9 13.79 7, 10, 12, 15, 17, 20 28
90Zr 5.2 13.79 7, 10, 12, 15, 17, 20, 25, 30 36
120Sn 6.4 13.79 25, 35 44
144Sm 3.3 13.79 20, 25, 30, 35, 40 55
197Au 10.3 13.79 30, 35, 40, 45, 50, 55, 60 73
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tum ends of the short and long plastic scintillators, resp
tively. A thick magnetic shield especially on the low m
mentum side was essential so as not to reduce the
output from the photomultiplier tube due to a fringing fie
of the ESP90. Elastically scattered7Li31 impinged on the
dead space between the two detectors. Thus, the intense
tic scattering did not disturb the coincidence measureme

The present detection of coincidenta particles and tritons
is called collinear detection, where the breakup fragment
well as their parent nucleus7Li, were emitted nearly at the
same laboratory angle. Figure 3 shows the velocity diag
of the collinear detection. In the rest frame of the par
nucleus, there are two kinds of collinear configurations
va>v t and va<v t , respectively. At the magnetic field o
13.79 kG, the detector arrangement covered the magn
rigidity Br.58.2–76.9 kG cm fora particles andBr
.83.4–119 kG cm for tritons. The magnetic rigidity cover
kinetic energies 17–26 MeV fora particles and 12–21 MeV
for tritons in the collinear breakup of7Li through continuum
states at excitation energies from 2.47 MeV~the a-t thresh-
old energy! to 2.97 MeV. In other words,a-t relative ener-
gies of 0–500 keV were covered. Measurements were m
inside the classical grazing angles. Detection angles and
classical grazing angles are also listed in Table I.

FIG. 2. Experimental setup fora-t coincidence measuremen
in nonresonant breakup of7Li at 42 MeV.
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The medium plane of the ESP90 was found by maxim
ing the count rate for elastic scattering12C(a,a). The focal
plane was found by achieving best energy resolution for
elastic scattering across the focal plane. The position~en-
ergy! resolutions of the short and long counters were 2.9 a
2.6 mm ~218 and 173 keV! in FWHM, respectively. The
energy calibration of the focal plane detectors was made w
reactions of 12C(a,a8)12C(01

1 ,21,02
1 ,32) for the a

counter and27Al( a,t)28Si(01
1 ,21,41,02

1 ,32) for the triton
counter at 29 MeV. A carbon foil of 99mg/cm2 and an
aluminum foil of 58 mg/cm2 were irradiated. An entrance
collimator of the ESP90 used for the calibration was 0.3
msr.

Seven kinds of signals were processed into NORTHE
NS623 ADCs: four (Ha , La , Ht , Lt) from the high and the
low momentum ends of the resistive wires of the two p
portional counters, two (PLa , PLt) from the plastic scintil-
lators andTAC started by thePLa from the short (a) de-
tector and stopped by thePLt from the long~triton! detector.
Energy loss information (DE) in the proportional counter
were obtained by summingHa(t) and La(t) . Focal position
spectra (POSa(t)) were software-generated into 1 k channels
by Ha(t) /(Ha(t)1La(t))31024.

B. Resonant breakup measurements

We performeda-t coincidence measurements in break
of 7Li through the 7/22 state at 4.63 MeV and the 5/22 state

FIG. 3. Velocity diagram for the collinear projectile breakup.
1-3
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Y. TOKIMOTO et al. PHYSICAL REVIEW C 63 035801
at 6.68 MeV. The measurement was limited to the collin
configuration ofva>v t because the momentum acceptan
of the ESP90 (;280%) was not large enough to covera-t
pairs from the 5/22 state in the other configuration. Kineti
energies expected in the resonant breakup wereEa
.31 MeV, Et.8.4 MeV for the 7/22 state withG593
68 keV and Ea.3460.5 MeV and Et.5.360.5 MeV
for the 5/22 state withG58752100

1200 keV @18#.
For the resonant breakup experiment, the 37 and 76

focal-plane detectors were mounted on the high and the
momentum sides, respectively. Special attention was pai
the detection of the low energy tritons. We replaced the p
sure windows and the cathode foils used for the nonreso
breakup experiment with thin Kapton (7.62mm) and alumi-
nized Mylar (7.62 mm), respectively. The proportiona
counter was operated with a P30 gas at 200 Torr. A mova
blocker of 4 cm wide and 1 mm thick aluminum was used
forward angles to prevent elastically scattered7Li31 from
entering the short focal plane detector. Tritons at 10, 8, an
MeV that were produced using27Al( a,t)28Si(01,21,41)
reactions at 19 MeV were successfully detected. The ene
calibration of the focal plane detectors was made us
(a,a8) reactions on12C at 19 MeV at different settings o
the magnetic field. Table II lists experimental parameters
resonant breakup.

III. DATA REDUCTION

A. Nonresonant breakup

1. Elastic breakup

Figures 4~a! and 4~b! show scatter plots of coincidenc
events in two planes: the light output from the plastic sc
tillator (PL) versus the focal plane position (POS) for the
short and long detectors, respectively. Kinematical loci oa
particles, deuterons, and tritons were clearly identified. T
types of coincidence events were observed, i.e.,a-t anda-d
coincidences.

Figure 5~a! shows an ungatedTAC spectrum. Three
peaksA, B, and C are seen in the spectrum. PeakA and
majority of peakB correspond toa-d events resulting from
one-neutron transfer reaction, i.e., (7Li, 6Li* ) primarily
leading to the 31 state in 6Li at 2.185 MeV. The one-
neutron transfer reaction was observed for all target nuc
PeakC and minority of peakB correspond toa-t events.
Figure 5~b! shows aTAC spectrum gated on thea-t coinci-

TABLE II. Experimental parameters for the resonant break
experiment.

Target Thickness Magnetic field Detection angle
nuclide (mg/cm2) ~kG! ~deg.!

58Ni 2.1 10.52 - 10.75 15, 20, 25, 30, 40
90Zr 5.2 10.66, 10.60 20, 30
120Sn 5.4 10.64, 10.58 30, 40
169Tm 4.8 10.66, 10.61 40, 50
208Pb 2.1 10.65 10
03580
r
e

m
w
to
s-
nt

le
t

5

gy
g

r

-

o

i.

dences. PeaksB and C correspond to coincidences withva

>v t andva<v t , respectively.
Sum energy spectra (Ea1Et) differentiated reactionQ

values were produced to select elastic breakup in whic
target nucleus remained in the ground state. A typical sp
trum is shown in Fig. 6. The elastic breakup was unambi
ously identified for such targets as144Sm, 120Sn, 90Zr, 64Zn,
58Ni, and 27Al that have first excited states at a few MeV
For 197Au and 169Tm, however, the present energy reso
tion left some ambiguity for the excitation of low-lying state
below 1 MeV.

A typical scatter plot ofa-t coincidences in thePOSa

versusPOSt plane is shown in Fig. 7. Kinematical loci fo
collinear elastic breakup withva>v t andva<v t are seen in
the figure.

2. c.m. energy distribution

The focal positions~magnetic rigidity! for a particles and
tritons were converted to laboratory kinetic energies. T
laboratory energies were corrected for energy losses in
target foils, assuming that the breakup occurred at the m
point of the target foil. The stopping power table of Nort
cliffe and Schilling@19# was used for this correction. Typica
energy losses were;400 keV for a particles and
;100 keV for tritons. The corrected energies were kin
matically converted into energies with respect to the cen
of mass of the7Li1target system.

FIG. 4. Scatter plots of coincidence events in the focal-pla
position (POS) versus the energy deposited in the plastic scintil
tor (PL) for the short detector~a! and for the long detector~b!.

p
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3. Relative energy distribution

Kinetic energies for a relative motion betweena and t
were computed from

Eat5
1

ma1mt
~mtKa1maKt22AmtmaKtKa cosx!,

~1!

wheremi andKi are, respectively, the mass and kinetic e
ergy of particlei ( i 5a or t), andx is the angle betweena
andt emission axes. In this equation,Ki andx can be either
laboratory or c.m. quantities. The distribution ofx was cal-
culated with a Monte Carlo method, resulting in a most pro
able value of 1.3 ° with a width of 2.3 ° in FWHM. The mo
probable value was used forx. The energy resolution wa
estimated to be;20 keV from error propagation based o
Eq. ~1! with DKi /Ki50.01 andDx52.3 °.

FIG. 5. TAC spectra: ungated~a! and gated ona-t coincidence
events~b!. Nonresonant breakup.
03580
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B. Resonant breakup

Figures 8~a! and 8~b! show scatter plots of coincidenc
events for the short detector in thePOSversusPL plane and
in the POS versusDE plane, respectively.a particles and
deuterons formed the same kinematical loci in thePOSver-
sus PL plane, while they were well separated in thePOS
versusDE plane. Figure 7~c! shows a scatter plot in thePOS
versusPL plane for the long detector. Tritons were separa
from a particles and deuterons in this plot. As in the no
resonant breakup experiment, abundanta-d coincidences
were observed again.

Figure 9 shows a scatter plot in thePOS1 versusPOS2
plane with gates ona-t coincidences.a-t pairs from elastic
breakup through the 7/22 state at 4.63 MeV formed lociA.
In contrast, we observed few events for the 5/22 state at 6.68
MeV in the present experimental condition, forming lociB.

FIG. 6. Sum-energy spectrum (Ea1Et). Energies correspond
ing to elastic breakup and inelastic breakup leading to the first
cited state in90Zr are indicated. Nonresonant breakup.

FIG. 7. Scatter plots of coincidence events in the focal-pla
position for the long detector versus that for the short detec
Nonresonant breakup.
1-5
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C. Breakup cross sections

Cross sections directly obtained from the coinciden
measurements are triple differential cross sections in
laboratory systemd3s/dEa(t)dVa(t)dV t(a) , whereEi is the
kinetic energy andV i is the solid angle for particlei. These
cross sections were transformed into those in the rest fr
of 7Li, d3s/dEatdVLidVat , whereVLi is the solid angle
for the motion of the center of mass of the7Li system;Eat
and Vat are the kinetic energy and the solid angle for
relative motion betweena and t, respectively. We discusse

FIG. 8. Scatter plots of coincidence events in three planes:
focal-plane position (POS) versus the energy deposited in the pla
tic scintillator (PL) for the short detector~a!, the focal-plane posi-
tion (POS) versus the energy deposited in the proportional coun
(DE) for the short detector~b!, and the focal-plane position (POS)
versus the energy deposited in the plastic scintillator (PL) for the
long detector~c!. Resonant breakup.
03580
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this transformation problem elsewhere@20# and performed
the cross section transformation with two methods: one w
Jacobians; and the other with a Monte Carlo method. T
two methods have proven to give the same cross sect
within statistical uncertainties.

IV. SEMICLASSICAL CONSIDERATION OF POST-
COULOMB ACCELERATION

A. Coulomb shift

Figure 10 shows c.m. energy distributions ofa particles
and tritons for90Zr at 15 ° and for197Au at 40 °. While the
distribution is symmetric for90Zr, it is highly asymmetric
for 197Au favoring forward-goinga ’s and backward-going
tritons. The coincidence yield is depleted at;19 MeV ~21
MeV! in the a spectrum and at;14 MeV ~15 MeV! in the
t spectrum for90Zr (197Au). The yield depletion ought to
correspond to breakup atEat50 MeV.

e
-

r

FIG. 9. Scatter plot ofa-t coincidence events in the focal-plan
position for the long detector (POS1) versus that for the shor
detector (POS2). Resonant breakup.

FIG. 10. c.m. energy distributions ofa particles and tritons for
90Zr and 197Au. Nonresonant breakup.
1-6



in
-
es
th
ti
ar

th
n

c
y

th

ng

b

th
a

ku
nt
th
fo
.m
rg
ar

al
so

e
fo
fo
i

an
he
he
of
nd
re
-
by

-
-
e

t ap-
D,
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We searched for the location of the yield depletion us
two methods:~A! fits to the spectra with a fourth order poly
nomial function and~B! event-by-event analyses of energi
leading to zero relative energy. The results of the two me
ods agree with each other within the estimated uncertain
(6200 keV). In the figure, the results are indicated by
rows A and B.

Kinematics of breakup atEat50 in the c.m. system is
simple as given in the Appendix. In a classical picture of
projectile breakup, energies ofa andt fragments depends o
the location of the7Li breakup:Ea(r ) andEt(r ). Using the
distancer from the target, they are expressed by

Ea~r !5Ea~`!1Da , ~2!

Et~r !5Et~`!1D t . ~3!

Here,Ei(`)( i 5a or t) is the c.m. energy for the aymptoti
breakup@Eq. ~A8!#, i.e., breakup at the distance of infinit
compared to the size of a nucleus, andD i is a Coulomb shift
with respect to the asymptotic breakup. It was assumed
after breakup at a distancer, the liberateda and t are under
the influence of the target Coulomb field without interacti
with each other.

The D i is expressed in MeV by

D i5
AT

Aa1AT

ZTZi
effe2

r
, ~4!

whereAi andZi are the mass number and the charge num
( i 5a, t, a for projectile,T for target! andZi

eff is the effec-
tive charge number given by

Zi
eff5Ai S Zi

Ai
2

Za

Aa
D . ~5!

In the limit of AT@Aa , Da52D t52ZTe2/7r MeV. Note
that a particles areacceleratedand tritons aredecelerated
with respect to the asymptotic breakup in such a way that
acceleration and the deceleration fully compensate e
other.

The arrow C represents the energy for asymptotic brea
@Ei(`)# in which no postacceleration of breakup fragme
in the target Coulomb field is expected. The energies for
breakup at the distance of closest approach in the Ruther
orbit are indicated by the arrows D. Figure 11 shows c
energy distribution for other targets. The difference in ene
between the arrows C and D increases with the target ch
number.

Figure 12 shows the location of the yield depletion for
targets and detection angles presently measured. The
and open circles represent energies fora particles and tri-
tons, respectively. The solid lines represent energies
pected for asymptotic breakup, while the dashed lines
breakup at the distance of closest approach in the Ruther
trajectory. Clearly the nonresonant breakup is consistent w
the asymptotic breakup.
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B. Quantum tunneling and lifetime of continuum states

It was tacitly believed that a7Li nucleus in continuum
states above thea-t threshold behaves as kernels of Indi
corn that burst to popcorn at the critical amount of heat. T
term direct breakup well reflects this prompt nature with t
threshold energy being the critical heat. However, the lack
post-Coulomb acceleration implies that the particle-unbou
system may survive for a significant amount of time befo
decaying into ana particle and a triton. Although such sys
tem is no longer bound by a nuclear potential, it is bound

FIG. 11. c.m. energy distributions ofa particles and tritons for
27Al, 58Ni, 64Zn, 120Sn, and144Sm. The yield depletion was lo
cated by the polynomial fit~arrow A! and the event-by-event analy
sis ~arrow B!. The location of the yield depletion expected for th
asymptotic breakup and the breakup at the distance of closes
proach in the Rutherford trajectory is shown by arrows C and
respectively. Nonresonant breakup.
1-7
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a Coulomb barrier betweena andt. One may remember tha
nonresonant thermonuclear reactions between two cha
particles in stars take place over the Gamow peak by tun
ing through a Coulomb barrier@21,22#. It is this continuum
state that is populated after tunneling through the Coulo
barrier.

Figure 13 schematically shows the nuclear and Coulo
potentials betweena and t as a function of the distancer.
The height of the Coulomb potential is 0.48 MeV atr

FIG. 12. Location of the yield depletion in comparison wi
those expected for the asymptotic breakup~solid lines! and for the
breakup at the distance of closest approach in the Rutherford
jectory ~dashed lines!. Nonresonant breakup.
03580
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56.0 fm. By definitionV(r )50 at thea-t threshold. As-
suming that a continuum state in7Li immediately above the
threshold is a cluster state consisting of ana particle and a
triton, it is possible to evaluate the tunneling lifetime of th
state. In an analogy to thea decay theory@23#, the particle
decay rate (l) of the unbound system can be defined by

l l5v l Pl , ~6!

where v l is the number of particles with relative angul
momentuml that appear at the nuclear surface per sec
andPl is the transmission probability of the potential barrie
For simplicity, we treat the casel 50 because radiative cap
ture at small energies is dominated bys waves.

The frequency ofs-wave vibration can be estimated b
v/2R with the velocity of a-t relative motionv and the
nuclear radiusR @23#. For a resonant state, one may expre
v0 by v05(3v/R)u0

2 @21#. Here u0
2 is the dimensionless

reduced width, representing a measure of to what degree
relevant state can be described as a cluster state ofa and t.
The simple estimate of thes-wave frequency corresponds t
u0

251/6.
We evaluated the transmission probability in the Wentz

Kramers-Brillouin~WKB! approximation as@21#

P0'S B

Eat
D 1/2

expH 24hFp2 2arcsinS Eat

B D 1/2

2S Eat

B D 1/2S 12
Eat

B D 1/2G J , ~7!

where h5ZtZae2/\v is the Sommerfeld parameter andB
5ZtZae2/R is the height of the Coulomb potential. AtEat
!B the exponent approaches22ph and we obtain the
Gamow factor exp(22ph) for s-wave capture. The WKB
solution for the transmission probability differs from th
Gamow factor by an additional factor (B/Eat)

1/2.
Figure 14 shows the lifetime (t51/l: reciprocal of the

decay rate! of the continuum states estimated withR of 4.75

a-

FIG. 13. Nuclear and Coulomb potentials betweena and t as a
function of distancer.
1-8
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COULOMB BREAKUP OF 7Li FOR NUCLEAR ASTROPHYSICS PHYSICAL REVIEW C 63 035801
– 6.0 fm andu0
2 of 0.1–1.0. The variation ofR well charac-

terizes the thickness of the potential barrier in view of t
fact that the microscopic intercluster nuclear plus Coulo
potential by Kajino@24# crosses zero at 4.75 fm and reach
a barrier top at 6.0 fm.

It is noted that the lifetime can readily exceed the nucl
transit time of the order of 100 fm/c which can be evaluated
from tn'(Ra1RT)/V with velocity at the distance of closes
approach~V! and radii of the projectile and target (Ra ,RT).
It can be even larger than those of resonance state
7Li: t5225 fm/c(G5875 keV) for the 5/22 state at
6.68 MeV and t52122 fm/c(G593 keV) for the 7/22

resonant state at 4.63 MeV. The lifetime against particle
cay naturally becomes very large at small energies. The
ticle decay may give way to gamma decay in the extrem

It may be instructive to roughly estimate the time need
for the two fragments to make a full separation without tu
neling through a Coulomb potential. Travelingr @fm# for a
full separation, it takes 894r /Eat

1/2 @ fm/c# at an energy
Eat @keV#. It takes 1287 fm/c to travel to the classica
turning point (r 514.4 fm) atEat5100 keV. One can see
that the traveling time is significantly prolonged by the qua
tum tunneling.

C. Relative energy distribution

Projectile breakup into two charged fragments throu
continuum states immediately above a particle threshol
not prompt breakup but delayed breakup. This delayed
ture stems from quantum tunneling through a Coulomb b
rier between two charged constituents. As a result, postac
eration of the breakup fragments in the target Coulomb fi
is strongly suppressed. This feature may help to resolve o
least to ease a potential problem known as post-Coulo
acceleration in the Coulomb dissociation method@25#.

Let us evaluate the Coulomb distortion of thea-t relative
energy caused by the post-Coulomb acceleration. For s

FIG. 14. Lifetimes of continuum states as a function of exci
tion energy from thea-t threshold at 2.47 MeV.
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plicity, we assume that the Coulomb excitation takes plac
the distance of closest approach.

To investigate to what extent this assumption is justifie
we consulted to the first-order perturbation theory of Co
lomb excitation@26#.

The differential cross section is written as

dsEl

dV
5S ZTe

\v D 2

a22l12B~El!
d fEl

dV
, ~8!

where v is the velocity,a is half the distance of closes
approach in a head-on collision, andB(El) is the reduced
transition probability with multipole orderEl. The function
d fEl /dV for orbital integrals can be written as

d fEl

dV
5 lim

t→`

hEl~u,v,t! ~9!

with

hEl~u,v,t!5
4p2a2lv2

~2l11!3
sin24

u

2 (
m

UYlmS p

2
,0D U2

3U E
2t

1t~x1 iy !m

r l1m11
eivtdtU2

. ~10!

The (x,y) are Cartesian coordinates andr is the radial coor-
dinate of the projectile in the focal system of the hyperbo
orbit @26#, v is the nuclear frequency for Coulomb excitatio
andu is the scattering angle. TheYlm(p/2,0) are the spheri-
cal harmonics. Note that the functionhEl can be evaluated
over the time interval from–t to t around time zero defined
at the classical turning point.

Figure 15 shows a typical time dependence ofhEl . The
time interval for Coulomb excitation essentially concentra
over 6500 fm/c aroundt50, independent of the multipo
larity E1 andE2.

Thenuclear clockof measuring the lifetime of continuum
states now starts at the time of Coulomb excitation

-

FIG. 15. Time-dependence of the quantityhEl defined by Eq.
~10!.
1-9
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Y. TOKIMOTO et al. PHYSICAL REVIEW C 63 035801
7Li( t50). In the focal system, the distance between proj
tile and target~r! is expressed by

r 5a~« coshs11!, ~11!

where the eccentricity parameter («) is related to the scatter
ing angle (u) by «51/sin(u/2). The parameters is related to
time t by

t5
a

v
~« sinhs1s!. ~12!

By putting the meanlife of the continuum states (t) into t,
one can obtain the location where breakup takes place.
location of breakup (r B) thus determined for197Au is shown
in Fig. 16. The Coulomb energy which the particlei ( i 5a or
t) gains after breakup is expressed by

Ei2Ei
l5

AT

Aa1AT

ZiZTe2

r B
, ~13!

where A is the mass number, the final kinetic energyEi

corresponds to the experimental observable, andEi
l is the

local kinetic energy at the breakup point.
The Coulomb shiftDE5Ei2Ei

l , for u0
251/6 is shown in

Fig. 17. For the collinear branch ofva>v t (va<v t), the
shift amounts to 0.47~–0.80! keV at Eat5100 keV, 7.9
~–17! keV at 200 keV, and 26~–67! keV at 300 keV.

The relative energy was calculated by putting either
asymptotic energy (Ei) or the local energy at the breaku
point (Ei

l) into Ki of Eq. ~1!. The results forEi and Ei
l are

shown by the solid and open circles, respectively, in Fig.
for the 90Zr data.

The cross sections in the collinear branch ofva>v t are
not much affected by the post-Coulomb accelerati
whereas those in the branch ofva<v t are seriously distorted
Thus, the post-Coulomb acceleration effect is literally va
ishing in the branch ofva>v t , whereas it is surviving in the
branch ofva<v t .

FIG. 16. Distance between projectile and target at which n
resonant breakup takes place. See text for details.
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V. QUANTUM-MECHANICAL TREATMENT OF
POST-COULOMB ACCELERATION

The traditional approach for the theoretical description
Coulomb excitation and breakup is the semiclassical
proximation @26#, i.e., the projectile moves on a classic
trajectory in the Coulomb field of the target and the exci
tion of the projectile is treated quantally. In principle, the fu
system of projectile and target should be treated quant
mechanically as it is done in a number of approaches us
different approximations depending on the system under
vestigation@27,28#. However, an exact quantum-mechanic
solution of the problem is beyond the current computatio
capabilities. Under most experimental conditions the se
classical approach is valid since the Sommerfeld parame

h5
ZaZTe2

\v
~14!

with charge numbersZa andZT of projectile and target and
relative velocityv is much larger than 1.

-

FIG. 17. Coulomb postacceleration@DE5Ei2Ei
l in Eq. ~13!# of

breakup fragments in the Coulomb field of target nuclei.

FIG. 18. Relative energy distributions obtained by putti
asymptotic energies of experimental observables~solid circles! or
local energies,Ei

l in Eq. ~13!, ~open circles! into Eq. ~1!.
1-10
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COULOMB BREAKUP OF 7Li FOR NUCLEAR ASTROPHYSICS PHYSICAL REVIEW C 63 035801
Usually one relies on first order perturbation theory
order to calculate the excitation probability, thus neglect
the dynamic evolution of the projectile system. This cor
sponds to one-photon exchange between target and proje
and gives rise to the introduction of equivalent~or virtual!
photon numbers depending on the multipolarity of the
changed photon. The perturbative approach has the ad
tage of being independent of the nuclear model of the s
tem. In the case of excitations of the projectile to bou
states higher order effects are conveniently included by
tending the perturbative approach to second order contr
tions to the excitation amplitude@26# or by coupled-channels
calculations considering all bound intermediate states. F
breakup into continuum states an extension of the first o
perturbation theory to second and third order contributio
was developed in Refs.@29–31# which can be applied for
high projectile energies. Other approaches to include hig
order effects are coupled-channels calculations@32,33#,
where the continuum has to be discretized in order to av
divergences in the transition matrix elements.

The most general nonperturbative method for the desc
tion of Coulomb ~1 nuclear! breakup in the semiclassica
approximation is the solution of the time-dependent Sch¨-
dinger equation. The time evolution of the projectile syst
is treated dynamically and the Coulomb~nuclear! potential
of the target acts as a time-dependent perturbation. T
framework has been used in order to study higher order
fects in the Coulomb dissociation of nuclei such as8B, 11Li,
and 11Be @34–39#. Here it will be used for the breakup o
7Li. The numerical methods and technical details for t
solution of the time-dependent Schro¨dinger equation are
given in Ref.@40# and only a few comments about the phy
ics input and theoretical improvements will be sufficie
here.

A. The nuclear model for 7Li

In our calculation we use a potential model for the7Li
nucleus. We assume that it consists ofa andt clusters which
remain unaffected during the excitation process. The w
functions for thea-t relative motion are obtained by solvin
the stationary Schro¨dinger equation with central potentials o
Woods-Saxon shape

Vc~r !5
2Vc

11exp@~r 2R!/a#
~15!

with radius R52.39 fm and diffuseness parametera
50.68 fm. The depthsVc of the potential are adjusted i
each partial wavec5(Jc ,l c) in order to give the experimen
tal energies of the bound states and resonances or the
tering phase shifts. The values forVc are given in Table III.

TABLE III. Depths of the Woods-Saxon potential for variou
partial wavesc in the 7Li potential model.

Jc 1/2 3/2 1/2 5/2 3/2 7/2 5/2
l c 0 1 1 2 2 3 3
Vc @MeV# 62.74 75.031 73.392 64.41 60.42 72.08 64.
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The total angular momentumJc is obtained by coupling the
orbital angular momentuml c with the spins5 1

2 of triton. In
our model we only considers, p, d, andf waves, resulting in
32 channels from all possible values ofJc and its projection
Mc .

In Table IV we compare properties of the7Li nucleus in
our model with experimental data. The astrophysicalS factor
of our model calculation is shown in Fig. 1 in compariso
with the results of the various direct measurements. We
good agreement with the experimental data. From these
sults we conclude that our model describes the7Li system
sufficiently well.

B. Solving the time-dependent Schro¨dinger equation

We assume that the center of mass of the7Li system
moves on a hyberbolic trajectory in the target Coulomb fi
during the scattering, see formulas~11! and~12!. The orbit is
determined by the initial velocity and the scattering ang
The projectile experiences a time-dependent Coulomb p
nuclear perturbation

V~rW,t !5VC~rW,t !1VN~rW,t !, ~16!

whererW5rWa2rW t is the relative vector between the two clu
ters. The Coulomb contribution to the perturbation is giv
by

VC~rW,t !5VC
aT~ urWa2RW ~ t !u!1VC

tT~ urW t2RW ~ t !u!2VC
Li T~ uRW ~ t !u!

~17!

with the Coulomb potential

VC
cT~R!5ZcZTe25

1

2RT
S 32

R2

RT
2D for R<RT ,

1

R
for R.RT

~18!

between nucleusc and the targetT. We assume a homoge
neous charged sphere for the target charge distribution
radiusRT51.3AT

1/3 @ fm# at positionRW (t). The Coulomb in-
teractionVC

Li T between7Li and the target is subtracted sinc

TABLE IV. Properties of the7Li system in the potential mode
in comparison to experimental data@18,8#.

Theory Experiment

Width G/keV of 7
2

2 resonance 88.3 9368

Width G/keV of 5
2

2 resonance 862 8752100
1200

Electric quadrupole moment
of ground stateQe /mb 243.1 240.660.8

B(E2,3
2

2→ 1
2

2)/e2 fm4 6.15 8.360.5

AstrophysicalS factor S(0)/keV b 0.1068 0.106760.0068
Branching ratio
R(DC→ 1

2
2/DC→ 3

2
2) 0.429 0.45360.020

0.43760.022
1-11
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Y. TOKIMOTO et al. PHYSICAL REVIEW C 63 035801
it is responsible for the Coulomb scattering of the c.m. wh
is already included in the description. The nuclear contri
tion to the breakup will be neglected in the following, sin
we are interested in higher order effects caused by the lo
range Coulomb interaction. The scattering angle of the7Li
system in the experiment was chosen to be smaller than
classical grazing angle~see Table I!. Therefore we expec
only small contributions from nuclear breakup, but see a
the discussion of the comparison between experimental
theoretical cross section.

The time-dependent wave function of the system is
panded into partial waves with all possible values ofJc and
Mc . The radial channel wave functions are discretized o
mesh with exponential increase of the step size. Starting w
0.3 fm at r 50 fm we cover a range of 900 fm with 40
mesh points. The perturbation potential~16! is expanded into
multipoles where we take into account only multipolariti
up to l52. We obtain a time-dependent coupling of t
different partial waves which causes the transitions dur
the scattering. Usually the Coulomb potential of a pointli
target is used where the multipole expansion can be d
analytically. We perform a numerical expansion of the mo
realistic Coulomb potential~18! in the full calculation.

The time integration is started with the normalized wa
function of the7Li ground state at a distancer int which cor-
responds to 15 times the minimal distance between the
jectile and the target. This value has been chosen since
are in the adiabatic regime of Coulomb excitation and
perturbation potential decreases at least withr 22, thus at this
distance it has a strength less than 0.5% of its maxim
value. The time-evolution is followed in time steps of a
proximately 1 fm/c until the distancer int is reached again
where the perturbation potential can be neglected. The fi
wave function is a linear combination of the ground state a
all bound and scattering states of thea-t system in our
model. Care has been taken that unphysical bound stat
our model are not populated during the excitation proce
Since we have a fourfold degeneracy of the ground stat
total angular momentum3

2 four independent calculation
have to be performed for every combination of target a
scattering angle.

Figure 19 shows the time evolution of the radial probab
ity ln Pcont(r ,t) of finding the projectile system in continuum
states for 197Au at 50 °. Here Pcont(r ,t)
5*dV r uCcont(rW,t)u2 with the continuum wave function
Ccont(rW,t). The continuum wave function was obtained
projecting the bound state contributions out of the full tim
dependent wave functionC(rW,t). t50 is defined at the dis
tance of closest approach. Beforet50, the Coulomb excita-
tion leads to an increase of the probability for small values
r corresponding to the spatial extension of the initial wa
function. After the maximum of the probability is reache
aroundt50, a wave packet starts to propagate outwards
the same time, a large fraction of the probability remains
the nuclear interior. This corresponds essentially to the e
tation of the 7/22 resonance which has a lifetime of approx
mately 2.13103 fm/c.
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Figure 20 shows the time-evolution of the triton angu
distribution lnPcont(r t ,w t ,t) in the rest frame of7Li within
the scattering plane. A coordinate system was employed s
that the projectile is at rest; it is oriented in a way where
z axis is perpendicular to the scattering plane and the tra
tory of the target is symmetric to thex axis.r t is the distance
of the triton from the center of mass of7Li and w t is the
azimuthal angle. The central peak corresponds to the 72

state. The time evolution of its excitation, survival, and d
cay is clearly seen. In the first order calculation, the triton
emitted preferably in the direction antiparallel to the targ
In contrast, the dynamical calculation shows a different d
tribution of the triton emission.

C. Calculation of cross sections

From the time-evolved wave function we obtain the a
plitude af i for the excitation of the7Li ground statei to a
final statef by projecting onto the corresponding wave fun
tion which is a solution of the stationary Schro¨dinger equa-
tion of the 7Li system. This can be either a bound state o
continuum state with relative momentumpW at . The transition
amplitudeaf i(pW at) contains the information about the dire
tion of the emitted fragments and enters into the express
for the triple differential cross section

FIG. 19. Time dependence of the probability lnPcont(r ,t) of
finding thea and t fragments at a distancer in a scattering state
~see text!. ~a! first order calculation,~b! dynamical calculation for a
197Au target, a projectile energy of 42 MeV, and a7Li scattering
angle of 50 °.
1-12
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COULOMB BREAKUP OF 7Li FOR NUCLEAR ASTROPHYSICS PHYSICAL REVIEW C 63 035801
FIG. 20. Probability lnPcont(r t ,w t ,t) of finding the triton at a
distancer t and an azimuthal anglew t in the scattering plane fo
different time-steps in the evolution of the breakup reaction. L
first order calculation, right: dynamical calculation for the sam
conditions as in Fig. 19. The position and size of the target in
scattering plane is indicated by a sphere.
03580
d3s

dEatdVatdVLi
5

dsR

dVLi

1

2Ji11 (
i f

uaf i~pW at!u2% f ~19!

for the breakup in the semiclassical approximation. The s
runs over all valuesMi of the initial state and all final state
of a given final momentumpW at . The density of final states is
denoted by% f anddsR /dVLi is the Rutherford cross sectio
for the elastic7Li-target scattering.

VI. ANGULAR AND ENERGY DISTRIBUTIONS

A. Resonant breakup

In Fig. 21 experimental cross sections in theva>v t
branch for the breakup of7Li through the 7

2
2 state at 2.16

MeV are shown in comparison with theoretical calculatio
for five different targets. The theoretical results were o
tained by integrating the triple differential cross section ov
the energy range 2.0622.26 MeV. This sharp resonance
populated in first order via anE2 transition from thep-wave
ground state. Because of its long lifetime ('2100 fm/c)
one would expect only small higher order corrections to
breakup cross section. However, the first order perturba
results considerably overestimate the cross section, while
dynamical calculation reasonably well reproduces the exp
mental data. Of course, the strength of theE2 transition,
which is not known from other experiments, strongly d
pends on the nuclear model for the7Li system. Thus, a re-
duction of theE2 coupling from a modification of our simple
potential model would result in a reduction of the first ord
cross section with better agreement with the experime
data. But we do not expect that reasonable change of
model would lead to the necessary reduction of theE2 cou-
pling since theE1 transition in our model seems to be

:

e

FIG. 21. Double differential cross section for the excitation
the 7/22 resonance in7Li for different targets and scattering angle
Solid circles: experimental data, diamonds: first order calculat
with E1 andE2 contributions, open circles: dynamical calculatio
1-13
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FIG. 22. ~a! Triple differential cross section for the breakup of 42 MeV7Li on a 64Zn target for different scattering angles as a functi
of thea-t energy. Positive~negative! energies correspond to the branchva>v t (va<v t). Solid circles: experimental data, dotted line: fir
orderE1 calculation, dashed line: first orderE11E2 calculation, solid line: dynamical calculation.~b! Same as~a!, but for a 90Zr target.~c!
Same as~a!, but for a 144Sm target.~d! Same as~a!, but for a 197Au target.
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correct size. In case of the58Ni target, the experimental cros
section becomes much smaller as compared to the theore
results at large scattering angles~larger than the grazing
angle; see Table II!. This can be related to nuclear break
and absorption which can substantially modify the cross s
tion for small impact parameters where projectile and tar
nucleus come very close to each other. In the case of the90Zr
and 169Tm target the results of the dynamical calculation s
overestimate the experimental cross section which is not
understood. Despite the model dependence of the interp
tion, we conclude that higher order effects cannot be
glected in the Coulomb excitation to thef-wave resonant
state.

B. Nonresonant breakup

Figure 22 shows triple differential cross sectio
d3s/(dEatdVatdVLi) as a function of relative energy fo
four targets and various scattering angles in comparison
03580
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theoretical calculations. Positive~negative! energies corre-
spond to the caseva>v t (va<v t). This highly differential
cross section is very sensitive to both interference effe
from different partial waves and higher order effects. Stro
forward-backward asymmetries can be observed in the
ergy dependence of the experimental data. A pureE1 first
order calculation shows no asymmetry since at small rela
energies only thes-wave state in the continuum is populate
resulting in an isotropic emission of the fragments in t
projectile system. At the same time, the cross section is
coming much too large at higher relative energies. A fi
order calculation includingE1 andE2 transitions as well as
the full dynamical calculation results in rather different e
ergy dependence in both branches. Higher order effects
clearly seen in cross sections withva>v t that are strongly
reduced from the first order excitation withE1 andE2 mul-
tipoles. Note also that the same effects rather enhance c
sections withva<v t for medium-Z targets (90Zr and 64Zn)
1-14
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FIG. 23. ~a! Double differential cross section for the breakup of 42 MeV7Li on a 64Zn target as a function of the scattering angle for t
two branchesva>v t ~right! andva<v t ~left, see text!. Solid circles: experimental data, squares: first orderE1 calculation, diamonds: firs
orderE11E2 calculation, open circles: dynamical calculation.~b! Same as~a!, but for a 90Zr target.~c! Same as~a!, but for a 144Sm target.
~d! Same as~a!, but for a 197Au target.
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except at backward angles. Admixture ofE2 multipole is
typically seen in cross sections withva<v t for 197Au and
144Sm, where both the first order and the dynamical calcu
tions with E1 andE2 multipoles give similar cross section
that are consistent with the experimental data, whereas
first order Coulomb excitation withE1 multipole overesti-
mate the data. Although there is no perfect reproduction
the experimental data, the results of the full dynamical c
culation seem to be in better agreement with the experim
than the first order calculation.

Integrating the triple differential cross section for bo
branches over relative energy we obtain the correspon
the double differential cross sections

d2s

dVatdVLi
5E

0

0.5 MeV

dEat

d3s

dEatdVatdVLi
~20!
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as a function of the scattering angle. The results are show
Fig. 23. It is obvious that the first orderE1 calculation can-
not explain the experimental data. Including theE2 contri-
bution leads to a too strong forward-backward asymme
Only the full dynamical calculation shows a reasona
agreement with the experimental data, for both the asym
try and the absolute cross section. As seen in the triple
ferential cross sections for medium-Z (64Zn and 90Zr) tar-
gets, higher order effects reduce the absolute cross sectio
the va>v t branch, while they rather enhance that in theva
<v t branch except at backward angles where nucl
breakup may contribute. The three results of the first or
E1, the first orderE11E2, and the dynamical calculation
tend to merge at small angles for the medium-Z targets. This
can be explained by the reduction of higher order effects
E2 multipole with decreasing scattering angle. Hence,
1-15
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Y. TOKIMOTO et al. PHYSICAL REVIEW C 63 035801
va>v t branch for small scattering angles and medium-Z tar-
gets is affected least of all by higher order effects andE2
multipole.

We remark that the semiclassical consideration of
postacceleration in Coulomb breakup~Sec. IV! is consistent
with the present quantum-mechanical analysis of higher
der effects. Both have revealed the importance of multis
Coulomb interactions between fragments (a,t) and the tar-
get, but in two different facets. The former emphasized
distortion of a-t relative kinetic energies, while the latte
revealed the reduction and enhancement of cross sectio

It is now interesting to consider the difference betwe
Coulomb postacceleration after breakup and chan
coupling before breakup. It should be noted that the ter
nology ‘‘post-Coulomb acceleration’’ is used throughout t
present paper in a broader sense, including these two eff
The semiclassical consideration took a geometrical view
breakup. It was assumed that Coulomb excitation to a c
tinuum state takes place at the distance of closest appro
After the excitation the projectile7Li continued to move
along a hyperbolic trajectory until the tunneling through t
Coulomb barrier is completed. After the tunneling, the7Li
lost its identity of a nucleus by liberating constituent clust
(a and t), that are independently accelerated in the tar
Coulomb field without interacting each other. Therefore, t
is purely Coulomb postacceleration after breakup. WhenEat

is small, the Coulomb postacceleration is strongly s
pressed because of the large tunneling lifetime. Note
possible coupled-channel effects before the breakup by
neling are beyond the semiclassical discussion.

In contrast, in the quantum-mechanical treatment, the
velopment of the 7Li wave function under the time
dependent Coulomb perturbation was investigated by solv
a Schro¨dinger equation. Similarly, the center of mass of t
7Li was assumed to move on a hyperbolic trajectory. Dur
the c.m. motion along the classical trajectory, the Coulo
perturbation modifiesa-t relative motion significantly,
where the channel coupling before breakup and the Coulo
postacceleration after breakup are treated on the same
ing. Although there is no strict separation, one way of se
rating these two effects would be to calculate the expecta
value of thea-t distance in the quantum-mechanical calc
lation. If one simply calculates the expectation value a
function of time one will find always a value which is ver
small since most of the total wave function is in the7Li
ground state. Only a small fraction is in an excited sta
Therefore, one has to project out the ground state par
total wave function~see Sec. V B!. As long as the expecta
tion value would be smaller than the channel radius of7Li, it
could be the coupled-channel effect caused by multis
Coulomb excitation. Although the study of these two effe
in the quantum-mechanical calculation is worthwhile, w
leave a detailed investigation in the future.

C. Forward-backward ratio

In Fig. 24 the forward-backward ratio
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R5
d2s

dVatdVLi
~va>v t!Y d2s

dVatdVLi
~va<v t! ~21!

of the energy integrated cross sections is shown for f
different targets as a function of the scattering angle. Aga
we observe a too strong asymmetry from the first orderE1
1E2 calculation, whereas the first orderE1 calculation
shows no asymmetry at all. The dynamical calculation c
reasonably explain the observed asymmetry although th
remain some differences at larger scattering angles wh
may be related to nuclear effects.

We cannot expect a complete agreement of the calcula
to the experiment within our simple model of7Li, though it,
in principle, can be improved. In addition to this, nucle
contributions to the breakup need to be investigated th
oughly. However, it is beyond the scope of the present an
sis. Also, such effects as interference from different class
trajectories as well as a change of the classical trajectory
to the overlap of projectile and target are beyond the se
classical treatment employed here.

VII. ASTROPHYSICAL S FACTOR

The potential model of7Li employed in this work pre-
dicted astrophysicalS factors fort(a, g)7Li as shown by the
solid line in Fig. 1. TheseS factors lie somewhere betwee
the upper limit set by Refs.@6,9# and the lower limit by Ref.
@5# at small energies. The energy dependence rather fo
the result of Ref.@8# though absolute values are slightly di
ferent. With theseS factors, the experimental data were re
sonably reproduced by the dynamical calculation of Co
lomb breakup with two key ingredients: higher order effe
and mixture ofE1 andE2 multipoles.

The method of Coulomb breakup@1# goes in the other
way around, aiming at deducingS factors from the data

FIG. 24. Forward-backward ratioR of energy integrated cros
sections for the breakup of 42 MeV7Li as a function of the scat-
tering angle for different targets~see text!. Solid circles: experimen-
tal data, squares: first orderE1 calculation, diamonds: first orde
E11E2 calculation, open circles: dynamical calculation.
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rather than reproducing the data withS factors. The method
was applied for the first time tot(a, g)7Li @9#. The data of
7Li breakup at 63 and 42 MeV nearly exhibited auniversal
energy dependence of the reduced transition probabi
Based on the empirical parallelism in nuclear and Coulo
excitation, the energy dependence of the astrophysicalS fac-
tor for t(a,g)7Li was deduced in the energy range 80–9
keV. After being normalized toS(0.5 MeV)50.06 keV b,
the S factors resulted in a strong energy dependence be
300 keV.

In this first Coulomb breakup experiment, cross sectio
were measured in the collinear branch ofva<v t . The
present semiclassical consideration has, however, shown
a-t relative kinetic energies at the time of breakup a
readily modified by the post-Coulomb acceleration when
served asymptotically. As a result, it destroys correct ene
dependence ofS factors.

Instead, cross sections in theva>v t branch can be use
provided that they are dominated by one-step Coulomb
citation with E1 multipolarity. In this respect, the prese
quantum-mechanical analysis~Sec. VII! has shown that
higher order effects andE2 multipole tend to diminish for
medium-Z targets at very forward angles. Cross sections r
idly decrease at these angles because the breakup bec
adiabatic, where the adiabaticity parameter

j~u!5
Ega

\v
1

2 S 11
1

sin
u

2
D ~22!

becomes large. For a given transition from an initial statei to
a final statef the strength of the excitation process and
importance of higher order effects are not independent.
strength parameter

x i→ f
E1 5

ZTe^ f uM ~E1!u i &
\vb

~23!

is a measure for the coupling strength between two st
during the excitation@41#. For large x we expect strong
higher order effects. Figure 25 shows the strength param
and the adiabaticity parameter for197Au and 90Zr. We find
that cross sections decrease at small angles becaus
breakup becomes adiabatic andj increases. At the same tim
the strength parameterx decreases, which represents sma
higher order effects. A small target charge reduces hig
order effects, too.

We attempted to deduce astrophysicalS factors with the
data for 90Zr and 64Zn at 7 ° –15 °. Double differential cros
sections for Coulomb excitation withE1 multipole are ex-
pressed by

d2sE1

dVdEg
5

9

16p3

ZT
2a

Eg
S v

cD 2 d fE1~j,u!

dV
sE1

photo, ~24!

with photoabsorption cross sectionsE1
photo. Herea is the fine

structure constant andEg is photon energy. The first-orde
perturbation theory of Coulomb excitation was used to c
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culated fE1(j,u)/dV with the symmetrized adiabaticitity pa
rameter@26#. The photoabsorption cross section is related
the radiative capture cross sectionsE1

capt by detailed balance
theorem:

sE1
capt5

2~2 j a11!

~2 j b11!~2 j c11!

kg
2

k2
sE1

photo, ~25!

wherej is the particle spin (a[7Li, b[a, c[t), k is
the wave number in thea1t channel, andkg is the photon
wave number. The astrophysicalS factor S(Eat) is defined
by

sE1
capt~Eat!5

1

Eat
S~Eat!exp~22ph!. ~26!

Since the Coulomb breakup experiment givesS(Eat) for
the ground state transition, the branching ratiog1 /g0
50.453 was assumed@8#. TheS(Eat) thus deduced for64Zn
and 90Zr are shown in Figs. 26~a! and 26~b!, respectively.
Due to the adiabatic trend of the breakup cross section,
tistical uncertainties are quite large; data at these angles
tuate to within 1s uncertainties in most cases. Weighte
average was taken for the64Zn and 90Zr data sets separately
Results are shown by the solid circles in the figures. Fina
the two data sets were combined. As shown in Fig. 26~c! the
resultantS(Eat) show a very moderate energy dependen
The S factors tend to be smaller than those of the dir
measurements. Possibly there are still higher order effec
the data which tend to reduce the cross section in theva
>v t branch. It should be pointed out that if cross sections
the va<v t branch are used, the result of the previous Te
A&M experiment is reproduced~open and solid triangles!.
However, these are most likely Coulomb distorted a
should be replaced by the presentS(Eat).

VIII. CONCLUSIONS

Breakup of 7Li through continuum states immediate
above thea-t threshold~2.47 MeV! and the 7/22 state was

FIG. 25. Schematic relation of the strength parameterx and the
adiabaticity parameterj for the present experiment with197Au
~solid line! and 90Zn ~dashed line! targets. Circles and squares co
respond to a transition from the7Li ground state to thea-t breakup
threshold at the experimental scattering angles~see Table I! for
197Au and 90Zn targets, respectively.
1-17
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FIG. 26. AstrophysicalS factors deduced from the64Zn data set
~a! and the 90Zr data set~b! ~open squares: 7 °, open diamond
10 °, open triangles: 12 °, crosses: 15 °); Weighted-average va
of S factors obtained by combining the two data sets~c!. ~Solid
circles:va>v t , solid triangles:va<v t.) For comparison, currently
availableS factors are also shown with the same keys as in Fig
03580
experimentally investigated to deduce information on rad
tive capture processt(a,g)7Li in conjunction with big-bang
nucleosynthesis. Coincidence measurements of breakup
ments,a and t, were performed in the collinear detectio
geometry with the broad range magnetic spectrograph.

The close examination of energy spectra of coincidena
particles and tritons has revealed that the breakup kinema
at Eat50 follow asymptotic breakup reaction, independe
of target and detection angle. In an analogy to thea-decay
theory, the tunneling lifetime of continuum states in7Li that
are bound by a Coulomb barrier betweena andt was evalu-
ated. The transmission probability was calculated in
WKB approximation. It was found that the lifetime is sig
nificantly larger than the nuclear transit time. It can beco
larger than that of the 7/22 state at 4.63 MeV (G593
68 keV; t'2100 fm/c) at small energies. Thus, it wa
concluded that the nonresonant breakup of astrophysical
evance is not prompt but delayed breakup. As a result,
Coulomb postacceleration after breakup is strongly s
pressed by the quantum tunneling.

Using the tunneling lifetimes, we semiclassically eva
ated the effect of the postacceleration onEat assuming that
the Coulomb excitation takes place at the distance of clo
approach in the Rutherford trajectory. The assumption w
reasonably supported by the first-order perturbation calc
tion of Coulomb excitation. It was found thatEat in the
collinear branch ofva>v t are essentially unaltered by th
postacceleration on their way to the asymptotic region, wh
these in theva<v t branch is severely Coulomb distorted.

The dynamical calculations of Coulomb excitation we
performed by solving the time-dependent Schro¨dinger equa-
tion. A simple potential model of7Li was employed. The
dynamical calculations reasonably reproduced cross sec
of both resonant and nonresonant breakup, indicating the
portance of higher order effects and mixture ofE1 andE2
multipoles. The higher order effects strongly reduce brea
cross sections in theva>v t collinear configuration. In the
va<v t branch, the same effects rather enhance nonreso
cross sections for mediumZ targets except at backwar
angles. Admixture of theE2 multipole was typically seen a
the reduction of theva<v t cross sections for heavy target

Considering the dominance of the first-orderE1 nature in
adiabatic Coulomb breakup, the small angle data
medium-Z targets in theva>v t branch were used to deduc
astrophysicalS factors fort(a,g)7Li. The resultantS factors
S(Eat) were less energy dependent than those from the
vious Coulomb breakup experiment at Texas A&M. The p
vious S(Eat) based on cross sections in theva<v t branch
are most likely Coulomb distorted and revised in the pres
work.
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APPENDIX: KINEMATICS OF PROJECTILE BREAKUP

Here we present some useful kinematical formulas as
ciated with the post-Coulomb acceleration in project
breakup reactions. Let us consider breakup of a projectil
a distancer from a target nucleus in the c.m. system. T
projectile breakup is divided into two stages: excitation
the projectile ~a! to a particle-unbound state (a1T→a*
1T) and decay of the state into a reaction channel consis
of two charged particles (a* →b1c). The particle-unbound
state can be either a resonant state or a nonresonant~con-
tinuum! state. The velocity diagram of the two stages
shown in Fig. 27.

In the stage of inelastic excitation, kinetic energies of
projectile at the distancer is given by

Ea~r !5
AT

Aa1AT
S E02Ex2

ZaZTe2

r D , ~A1!

whereAa andAT (Za andZT) are the mass~charge! num-
bers of the projectile and target, respectively,E0 is the bom-
barding energy, andEx is the excitation energy. For simplic
ity, we use the mass number instead of mass except
calculating reactionQ values. In the decay stage, kinetic e
ergies of breakup fragments (b, c) at the distancer are given
@1# by

Eb
l ~r !5

Ab

Aa
Ea~r !1

m

Ab
Ebc62Am

Aa
EaEbc cosF

~A2!

FIG. 27. Velocity diagram of breakup of projectilea into two
fragmentsb andc in the target field.
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l ~r !5

Ac

Aa
Ea~r !1

m

Ac
Ebc72Am

Aa
EaEbc cosF,

~A3!

whereAb(c) is the fragment mass number and in the defi
tion of the reduced massmbc one has, e.g.,mbc
5AbAc /(Ab1Ac). The superscriptl stands for a local ki-
netic energy defined at the distancer. Ebc is a relative kinetic
energy given byEbc5Ex–S where the separation energy
defined byS5@mb1mc2ma#c2 with massesmi . In the col-
linear breakup,F50.

The breakup fragments (b and c) are accelerated in the
Coulomb field of a target nucleus by

AT

Aa1AT

ZiZTe2

r
, ~A4!

wherei 5b or c.
Therefore, their final energies are

Ei~r !5Ei
l~r !1

AT

Aa1AT

ZiZTe2

r
. ~A5!

In the breakup atEbc50,

Ei~r !5
Ai

Aa

AT

Aa1AT
~E02Ex!1

AT

Aa1AT

Zi
effZTe2

r
~A6!

with the effective charge number

Zi
eff5Ai S Zi

Ai
2

Za

Aa
D . ~A7!

In the asymptotic breakup~breakup at the distance ofin-
finity compared to the size of a nucleus! at Ebc50, the frag-
ment energy is given by

Ei~`!5
Ai

Aa

AT

Aa1AT
~E02Ex!. ~A8!

From Eqs.~A6! and~A8!, the relation between breakup a
r and asymptotic breakup is given by

Ei~r !5Ei~`!1D i ~A9!

with

D i5
AT

Aa1AT

Zi
effZTe2

r
. ~A10!

In the case whereZa /Aa5Zb /Ab5Zc /Ac , there arises no
Coulomb shift:

Ei~r !5Ei~`!. ~A11!
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