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A new Coulomb breakup experiment was performed “farwith an improved experimental technique and
theoretical treatment. Energy spectracofarticles and tritons were examined to find the signature of post-
Coulomb acceleration in the breakup tfi at E,,=0. 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 iALi and distortion of relative kinetic energies betweenandt by
post-Coulomb acceleration. Dynamical calculations of Coulomb breakup were performed by solving a time-
dependent Schdinger equation. A simple potential model &fi was employed. The dynamical calculations
reasonably reproduced experimental cross sections for both resonant and nonresonant breakup with two key
ingredients: higher order effects and mixturekdf andE2 multipoles. Considering the dominant role of the
first-orderE1 nature in adiabatic Coulomb breakup, cross sections im tev, branch at 7 °—15° fof*Zn
and °°Zr were used to deduce astrophysiGalactors S(E) for t(«,y)’Li. They exhibit a moderate energy
dependence at small energies. The strongly energy-depeSfEntresulted from the previous Coulomb
breakup experiment based on cross sections wjtkv,; they are most likely Coulomb distorted and are
revised in the present work.
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[. INTRODUCTION its Coulomb field. The method was first proposed in detail in
Ref.[1] and is reviewed in Ref$2,3]. From the dissociation
The determination of cross sections for charged-particleross section the astrophysicafactor of the capture reac-
reactions is of particular importance for astrophysics. Reaction can be extracted with the help of nuclear reaction theory.
tion rates serve as input to various astrophysical models sudh order to obtain reliable information, the reaction mecha-
as primordial nucleosynthesis or stellar evolution. Ideally,nism has to be understood and the validity of the theoretical
cross sections are measured directly in experiments, howdescription has to be established.
ever, in most cases a direct measurement is very difficult or The nuclide’Li is produced in the early universe via the
even impossible at the relevant small energies since crogéa,y)’Li reaction. The relevant energies are in the range of
sections become very small because of Coulomb repulsion ¢i—500 keV atTq=0.8[4]. Figure 1 summarizes available
the interacting particles. Often one has to rely on an extrapoastrophysicalS factors for thet(e,y)’Li reaction. As of
lation of the cross section to small energies. Alternativel991, three direct measurements raised a question whether
methods have been proposed where the considered reactieatrophysicalS factors are energy dependent at small ener-
is not studied directly but a closely related process can bgies or not. The data of Griffithst al. [5] showed constar$
measured in the laboratory. factors [ S(E)=0.064+-0.016 keV H at energies down to
In the case of radiative capture reactions the Coulomi850 keV, while that of Schider et al. [6] showed a marked
dissociation method has been used successfully as an indirgite to S(0)=0.14+0.02 keV b at small energies. The data
method in recent years. Here, the inverse reaction to radiaf Burzyrski [7] did not help to resolve the difference be-
tive capture, i.e., the breakup of the nucleus produced in thaveen the two data sets due to the limited energy range, i.e.,
fusion process, is studied during the scattering on a highfg=297 keV. A new direct measurement was undertaken
charged target, which supplies the necessary photons throudly Brune, Kavanagh, and Rolf§], providing S(E) in the
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05— post-Coulomb acceleration because of the different charge-
to-mass ratio ofa and triton. All these effects have to be
considered if one tries to extract th® factor for the
0.20 - 1 t(a,7y)Li reaction from Coulomb breakup.

The importance of electromagnetic excitation in the
breakup of ‘Li during the scattering on heavy targets was
015} 1 concluded from early experiments by Shot¢al. [13]. Af-
ter that, Coulomb dissociation dt.i was extensively studied
under various experimental conditiofgs14—17, however, a
theoretical explanation of the data within the framework of
first order perturbation theories was not satisfactory. Here,
we report on new experimental results for both continuum
and resonant breakup JLi. They are compared to results
from improved theoretical calculations of Coulomb dissocia-
tion which consider higher order effects as wellE&s and
0.00 " ‘ =t ' ' ' E2 multipoles.

00 01 02 03 04 05 06 07 08 The present work is organized as follows. In Sec. Il we
E_(MeV) describe the experimental method used for the study of con-
tinuum and resonant breakup 6ti. In Sec. lll the data

FIG. 1. Astrophysicab factors fort(«,y)Li. Results of direct  reduction for determing the relative energy and cross section
measurementgsquares by Griffithset al. [5], slashed-squares by s presented. Effects of postacceleration of the fragments in
Burzynski et al. [7], crosses by Schderet al. [6], filled diamonds  the target Coulomb field are discussed for various observ-
by Bruneet al.[8]) and the previous Coulomb breakup experimentsgpes in simple semiclassical models in Sec. IV. Section V
(open triangles by Utsunomiyet al._[9]) are shown. T_he solid line defines the theoretical framework for the quantum-
stands for the result of our potential model calculation. mechanical calculation ofLi breakup. In Sec. VI experi-

mental results are compared to theoretical calculations. The
energy range 50—1200 keV with a systematic uncertainty oéistrophysicalS factor of thet(a,y)’Li reaction is deter-
6%. The data showed th&(E) are indeed energy depen- mined in Sec. VII. Finally, we close with conclusions.
dent, but more moderate towa®(0)=0.1067(4) keV b
than that of Schider et al. [6]. There remains a significant Il. EXPERIMENTAL METHOD
discrepancy between the different sets of direct measure-
ments and earlier experiments show large uncertainties.
Thus, an independent determination of the low-en&¢pc- A beam of 42 MeV-/Li was provided by the 12 UD
tor is worthwhile, but results from the previous Coulomb Pelletron tandem accelerator of University of Tsukuba. A
breakup experiment disagreed with direct measurements @triety of self-supporting foils were irradiated. Table | lists
small @-t relative energies. target nuclides and their areal densities. The beam current

A comparison of’Li [9] and °Li [10—12 Coulomb dis-  was collected by a micro Faraday cup with an electron sup-
sociation highlights some problems in determining the astropressor mounted inside the scattering chamber. The beam
physical S factor of thet(a,y)’Li reaction. The radiative intensity was 30—300 nA on target.
capture ofe and deuteron is dominated by &2 transition Figure 2 depicts the experimental setup. An Enge split
to the ®Li ground state, which is the only bound state of thepole magnetic spectrograph Wihy,as/ prmin=2.8 and pmax
system. TheE1l contribution is extremely small, becoming =90 cm (ESP90 was used to detect botf particles and
important only at very smalk-d relative energies. At small tritons from breakup of’Li. An entrance aperture of the
projectile energies in Coulomb breakup @fi, E1 transi- spectrograph was 20 mm wide, 10 mm high, at a distance of
tions are strongly suppressed and can be neglected in tf#70 mm from the target. Thus, pairs of the breakup frag-
analysis. The fragments have nearly equal charge-to-massents emitted into a solid angle of 2.74 msr were
ratios and effects from the postaccelerationaofind deu- momentum-analyzed according to their magnetic rigidity and
teron in the target Coulomb field are not expected to changéocused at different positions along the focal plane. A 37 cm
the relative momentum substantially. The radiative capturé76 cm focal plane detector consisting of a single resistive-
reactiont(a,y)’Li can populate both the ground and first wire proportional counter backed by a plastic scintillator was
excited state of Li. Since in Coulomb dissociation we only mounted on the low-momentum sideigh-momentum side
have an excitation from the ground state, information on capto detecta particles(tritons). The anode was a Nichrome
ture to excited states has to be obtained from differentvire of 12.7 um diameter. The pressure windows were
sources, e.g., using branching ratios. The radiative cap- 25.4 um Kapton and the cathode foils were 25idm alu-
ture is dominated b¥1 multipolarity with a smallE2 con-  minized Mylar. The proportional counter was operated with
tribution which is not known experimentally. In Coulomb a P30 gas that flowed at 25 &hmin under 1 atm. The dead
excitation E2 transitions are enhanced as compared1lo space between the two focal plane detectors was minimized
transitions. The angular distribution of the fragments carto 10.5 cm. Photomultiplier tubes of 38 mm diameter
change through interference effects and additionally througliHamamatsu R580vere mounted on low and high momen-
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A. Nonresonant breakup measurements
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TABLE |. Experimental parameters for the nonresonant breakup experiment.

Target Thickness Magnetic field Detection angle Classical grazing angle
nuclide (mglcr) (kG) (deg) (deg)

27A| 2.2 13.79 7,10 15

58N 4.8 13.79 10 27

647n 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

1205 6.4 13.79 25, 35 44

1495m 3.3 13.79 20, 25, 30, 35, 40 55

B7ay 10.3 13.79 30, 35, 40, 45, 50, 55, 60 73

tum ends of the short and long plastic scintillators, respec- The medium plane of the ESP90 was found by maximiz-
tively. A thick magnetic shield especially on the low mo- ing the count rate for elastic scatterif@C(a,«). The focal
mentum side was essential so as not to reduce the lightlane was found by achieving best energy resolution for the
output from the photomultiplier tube due to a fringing field elastic scattering across the focal plane. The positen

of the ESP90. Elastically scatterédi®* impinged on the €rgy resolutions of the short and long counters were 2.9 and
dead space between the two detectors. Thus, the intense elds6 mm (218 and 173 keYin FWHM, respectively. The
tic scattering did not disturb the coincidence measurement.€N€rgy callbratllon of thelfocalflane detectors was made with

The present detection of coincidestparticles and tritons  reactions  of *C(a,a’)*C(0; ,2%,0;,37) for the «

is called collinear detection, where the breakup fragments agounter and®’Al( «,t)?*si(0; ,2",4",0, ,3") for the triton
well as their parent nucleu&i, were emitted nearly at the counter at 29 MeV. A carbon foil of 99.g/cn and an
same laboratory angle. Figure 3 shows the velocity diagrargluminum foil of 58 pglent were irradiated. An entrance
of the collinear detection. In the rest frame of the parenﬁtCnOS"r'matOr of the ESP90 used for the calibration was 0.343
nucleus, there are two kinds of collinear configurations o : . . .

v,>v; andv,<uv,, respectively. At the magne?ic field of Seven klnd.s of signals were processed into NORTHERN
13.79 kG, the detector arrangement covered the magnet 5623 ADCs: four H,, La. Hy, L) from the high and the
rigidity Bp=58.2-76.9 kG cm fora particles andBp ow momentum ends of the resistive wires of the two pro-

=83.4-119 kG cm for tritons. The magnetic rigidity covered portional counters, twoRL,, PL,) from the plastic scintil-

K t" 65 17—26 M V1; il 41221 MeV lators andT AC started by thePL, from the_short &) de-
INetic energies 17— eV fat particles an -1 MEV tector and stopped by tHeL, from the long(triton) detector.

for tritons in t_he_colllnear l_)reakup diLi through continuum Energy loss information AE) in the proportional counter

states at excitation energies from 2.47 Mékle a-t{ thresh-  \\ere obtained by summinti ¢y and L, . Focal position

o!d energy to 2.97 MeV. In other wordsq-t relative ener- ¢ cira POS, ) Were software-generated it k channels

gies of 0—500 keV were covered. Measurements were maqé; H.oo /(H o + L oy) X 1024,

inside the classical grazing angles. Detection angles and the = *®"% " © =a®

classical grazing angles are also listed in Table I.
9 g ang B. Resonant breakup measurements

ENGE SPLIT POLE SPECTROGRAPH

We performeda-t coincidence measurements in breakup
of Li through the 7/2 state at 4.63 MeV and the 5/Xtate

1. forward-going o

0 ~~J* Beam
TRITONS
7Li3+ t TLi
t-DETECTOR Vo>Vt o

ALPHAS
o -DETECTOR

FOCAL PLANE

SCATT. FARADAY CUP
CHAMBER TARGET

42MeV-7Li BEAM

FIG. 2. Experimental setup fat-t coincidence measurements
in nonresonant breakup JLi at 42 MeV. FIG. 3. Velocity diagram for the collinear projectile breakup.
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TABLE Il. Experimental parameters for the resonant breakup

1000

PHYSICAL REVIEW C 63 035801

T T T
experiment. short detector 90 Zr, 15°
Target Thickness Magnetic field Detection angle = (@)
nuclide (mg/cr) (kG) (deg)

S8Nj 2.1 10.52 - 10.75 15, 20, 25, 30, 40
90zr 5.2 10.66, 10.60 20, 30
1205 5.4 10.64, 10.58 30, 40
189Tm 4.8 10.66, 10.61 40, 50 . . .
20%pp 2.1 10.65 10 0 250 500 750 1000
POS (ch)
at 6.68 MeV. The measurement was limited to the collinear 1000 ' ' '
long detector 0 7, 15°

configuration ofv ,=v,; because the momentum acceptance
of the ESP90 {-280%) was not large enough to cowett
pairs from the 5/2 state in the other configuration. Kinetic
energies expected in the resonant breakup werge
=31 MeV, E;=8.4 MeV for the 7/2 state withI'=93
+8 keV andE_=34+0.5 MeV andE;=5.3£0.5 MeV
for the 5/2° state withl'=875'3% keV [18].

For the resonant breakup experiment, the 37 and 76 cm
focal-plane detectors were mounted on the high and the low
momentum sides, respectively. Special attention was paid to
the detection of the low energy tritons. We replaced the pres-

t

250 I 500
POS (ch)

750 1000

sure windows and the cathode foils used for the nonresonant

breakup experiment with thin Kapton (7.62m) and alumi- FIG. 4. Scatter plots of coincidence events in the focal-plane
nized Mylar (7.62um), respectively. The proportional position (POS versus the energy deposited in the plastic scintilla-
counter was operated with a P30 gas at 200 Torr. A movabl®r (PL) for the short detectofa) and for the long detectaib).
blocker of 4 cm wide and 1 mm thick aluminum was used at
forward angles to prevent elastically scatterdd®" from  jonces peakg andC correspond to coincidences with,
entering the short focal plane detector. Tritons at 10, 8, and iv andv,<v,, respectively

MeV that were produced using’Al( «,t)?8Si(0",2",4™) ! @b :

' n . . .
reactions at 19 MeV were successfully detected. The ener%/alﬁg;nVf;irgxofj%igga% selzlgctdgrzgﬁgtlg:ggk[;ea(i:rtllov:/(ﬁich a
calibration of the focal plane detectors was made usin P P

(a,a') reactions on’C at 19 MeV at different settings of EEarget nucleus remained in the ground state. A typical spec-

the magnetic field. Table Il lists experimental parameters foffum i_s shqun in Fig. 6. The elastic bregkup ngs uaambigu-
resonant breakup. ously identified for such targets a&'Sm, 12°Sn, °zr, %4zn,

58Ni, and %’Al that have first excited states at a few MeV.
For °7Au and '%°Tm, however, the present energy resolu-
tion left some ambiguity for the excitation of low-lying states
below 1 MeV.

A typical scatter plot ofa-t coincidences in thé?OS,
versusPOS plane is shown in Fig. 7. Kinematical loci for

Figures 4a) and 4b) show scatter plots of coincidence collinear elastic breakup with,=v andv ,<v are seen in
events in two planes: the light output from the plastic scin-the figure.
tillator (PL) versus the focal plane positiolPQ 9 for the
short and long detectors, respectively. Kinematical locivof
particles, deuterons, and tritons were clearly identified. Two
types of coincidence events were observed, &é.,and a-d
coincidences.

Figure 5a) shows an ungated AC spectrum. Three
peaksA, B, and C are seen in the spectrum. Peakand
majority of peakB correspond tax-d events resulting from

Ill. DATA REDUCTION

A. Nonresonant breakup

1. Elastic breakup

2. c.m. energy distribution

The focal positiongmagnetic rigidity for « particles and
tritons were converted to laboratory kinetic energies. The
laboratory energies were corrected for energy losses in the
target foils, assuming that the breakup occurred at the mid-
point of the target foil. The stopping power table of North-
one-neutron transfer reaction, i.e’L{, °Li*) primarily  cliffe and Schilling[19] was used for this correction. Typical
leading to the 3 state in ®Li at 2.185 MeV. The one- energy losses were~400 keV for « particles and
neutron transfer reaction was observed for all target nuclei~100 keV for tritons. The corrected energies were kine-
PeakC and minority of peakB correspond toa-t events. matically converted into energies with respect to the center
Figure 3b) shows aT AC spectrum gated on the-t coinci-  of mass of the’Li + target system.
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FIG. 5. TAC spectra: ungate@) and gated or-t coincidence
events(b). Nonresonant breakup.

3. Relative energy distribution

Kinetic energies for a relative motion betweenand t
were computed from

1
m,+my

E = (mK,+mK;—2ymm,KK,cosy),

D

wherem; andK; are, respectively, the mass and kinetic en-

ergy of particlei(i=« ort), andy is the angle between
andt emission axes. In this equatiol; and y can be either
laboratory or c.m. quantities. The distribution pfwas cal-

culated with a Monte Carlo method, resulting in a most prob-

able value of 1.3 ° with a width of 2.3 ° in FWHM. The most
probable value was used fgr. The energy resolution was
estimated to be-20 keV from error propagation based on
Eqg. (1) with AK;/K;=0.01 andAy=2.3°.

PHYSICAL REVIEW C 63 035801

200 T T T T
: ¥zr 15°

160 [ *Zr (gr) 1

120 - l ]

Counts

40 . I . P T L . I
30 35 40 45 50

Ea + Et (MeV)

55

FIG. 6. Sum-energy spectrunie{+E;). Energies correspond-
ing to elastic breakup and inelastic breakup leading to the first ex-
cited state in°%Zr are indicated. Nonresonant breakup.

B. Resonant breakup

Figures 8a) and 8b) show scatter plots of coincidence
events for the short detector in tR&® SversusPL plane and
in the POS versusAE plane, respectivelya particles and
deuterons formed the same kinematical loci in @ Sver-
susPL plane, while they were well separated in tR©S
versusAE plane. Figure (&) shows a scatter plot in tHeO S
versusPL plane for the long detector. Tritons were separated
from « particles and deuterons in this plot. As in the non-
resonant breakup experiment, abundantl coincidences
were observed again.

Figure 9 shows a scatter plot in tRROSL versusPO 2
plane with gates om-t coincidencesa-t pairs from elastic
breakup through the 7/2state at 4.63 MeV formed lodh.

In contrast, we observed few events for the 5&2ate at 6.68
MeV in the present experimental condition, forming I&i

1000 T T T
90 7;, 15°
v, <V,
750 F o "7t
=
Q
= =
o 500 | : _
g i Vo= Vi
250 |
ol
0 250 500 750 1000
POS, (ch)

FIG. 7. Scatter plots of coincidence events in the focal-plane
position for the long detector versus that for the short detector.
Nonresonant breakup.
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1000 T T T 1000 T T T

short detector 58N , 40° ra—t //‘\\711'(4.63 MeV,7/27) 58Ni, 40°
[ % )

750 | (a) 1 750F  p -~ .

~ )

'_= N

& 500 | g w5001 @ i
3 o

E A B

250 b _ 2501 7Li(6.68 MeV,5/2°)

o TN T O L v o 8 00 e e g
0 250 500 750 1000 0 250 500 750 1000
POS, (ch) POS, (ch)

T FIG. 9. Scatter plot ofr-t coincidence events in the focal-plane
ok t;fto ' S8 .o position for the long detectorROSL) versus that for the short
short ¢ : T Ni, 40 detector POS?2). Resonant breakup.

[ ' (b) ] _ :
70 AN this transformation problem elsewher20] and performed
- the cross section transformation with two methods: one with
S 500 [ Jacobians; and the other with a Monte Carlo method. The
o two methods have proven to give the same cross sections
4 within statistical uncertainties.
250 [ 1
L IV. SEMICLASSICAL CONSIDERATION OF POST-
[ B s a5 0§ 56 5 4 COULOMB ACCELERATION
0 250 500 750 1000
POS, (ch) A. Coulomb shift
1
Figure 10 shows c.m. energy distributions @fparticles

1000 ! ' P S and tritons for®%Zr at 15° and for!®’Au at 40 °. While the
long; detectar Ni, 40 distribution is symmetric for°°Zr, it is highly asymmetric

o | ©) ] for 9Au favoring forward-goinga’s and backward-going

tritons. The coincidence yield is depleted-al9 MeV (21
% MeV) in the « spectrum and at-14 MeV (15 MeV) in the
=500 T t spectrum for®%Zr (*°7Au). The yield depletion ought to
i correspond to breakup &,=0 MeV.
250 | R ) N : 80
o { P7r 0=15° o
% 250 500 750 1000 4obl { 40
POS, (ch) EEY EEY
&) &)
FIG. 8. Scatter plots of coincidence events in three planes: the °f - 0
focal-plane positionPOY9) versus the energy deposited in the plas- 20} JA( 1 20
tic scintillator (PL) for the short detectofa), the focal-plane posi- P . 0 : ‘
tion (POY) versus the energy deposited in the proportional counter 15 16 17 18 19 20 21 22 23 11 12 13 14 15 16 17 18 19
(AE) for the short detectafb), and the focal-plane positioPQ S % E, MeV) 20 L
versus the energy deposited in the plastic scintillaft) for the 40§ 40 YTAu 0 =40°
long detector(c). Resonant breakup. 30;§ o
C. Breakup cross sections 2 20 {220
=} [
Cross sections directly obtained from the coincidenced 18
measurements are triple differential cross sections in the ©: 1 O
laboratory systend®c/d Ea(tydQ 4(1dQ¢(4) » WhereE; is the -104 ¥ -10
kinetic energy and); is the solid angle for particle These 20 A 20
cross sections were transformed into those in the rest frame 30 Lo Coiiiiii] 30 bt
) . . 16 17 18 19 20 21 22 23 24 25 11 12 13 14 15 16 17 18 19 20
of 'Li, d3¢/dE,dQ,;dQ,,, whereQ; is the solid angle E_(MeV) E, (MeV)

for the motion of the center of mass of tAei system;E
and Q,, are the kinetic energy and the solid angle for a FIG. 10. c.m. energy distributions of particles and tritons for
relative motion betweer andt, respectively. We discussed °°Zr and **’Au. Nonresonant breakup.
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We searched for the location of the yield depletion using 60— pos — 60 T
two methods(A) fits to the spectra with a fourth order poly- | Al 8=79 o p Al 8=7
nomial function andB) event-by-event analyses of energies p[C
leading to zero relative energy. The results of the two meth- 220 l
ods agree with each other within the estimated uncertaintie:é
(=200 keV). In the figure, the results are indicated by ar- ~ °
rows A and B. 20l _H 1 0]

Kinematics of breakup aE_;=0 in the c.m. system is B -t
simple as given in the Appendix. In a classical picture of the 4015155 1e 7 078 ¢ 1 1T 13 13 14
projectile breakup, energies afandt fragments depends on E (MeV) E (MeV)
the location of the’Li breakup:E ,(r) andE,(r). Using the 100 e et

100

distancer from the target, they are expressed by 23 i
Eo(N=E(*)+4,, @ g | a0
E 20} ] g 20 .
of 1 0 o, ) '--""
E(()=Eq() + A, G M fjr
Here,Ei(»)(i=a ort) is the c.m. energy for the aymptotic | . j)g L
breakup[Eqg. (A8)], i.e., breakup at the distance of infinity 14 15 16 17 18 19 20 21 9 10 11 12 13 14 15 16 17
compared to the size of a nucleus, aids a Coulomb shift oy MeV) © E (MeV)
with respect to the asymptotic breakup. It was assumed tha ,,t'*sn 9 =25°
after breakup at a distancethe liberatedr andt are under 30l
the influence of the target Coulomb field without interacting  ,,t
with each other. § 10t
The A; is expressed in MeV by S of
-10F
AT ZTZieﬁez 20t :‘- T
e Ny — 4 o2 D1 B
aT AT 1516 17 18 1920 21 22 23 24 11 12 13 14 15 16 17 18 19
E (MeV) E (MeV)
whereA; andz; are the mass number and the charge number PPV % ‘ I“‘“ISm' e‘_'30°
(i=a, t, a for projectile, T for targe} and Zieff is the effec- R
AC

tive charge number given by

zZ Z ] 18 ol
szf:Ai(' - a) . (5) i ]
A Aa 200 i L ) ] JAF
E B D E D B
Inthe limit of Ay>A,, A= —At=2_ZTe2/7r MeV. Note T I 1050 5 3 25 he 13 13 14 15 16 17 18 19 20
that o particles areacceleratedand tritons aredecelerated E (MeV) E (MeV)

with respect to the asymptotic breakup in such a way that the
acceleration and the deceleration fully compensate each FIG. 11. c.m. energy distributions ef particles and tritons for
other. 27Al, 58N, ®zn, 2%n, and!*“Sm. The yield depletion was lo-
The arrow C represents the energy for asymptotic breakupated by the polynomial fitarrow A) and the event-by-event analy-
[Ei(>)] in which no postacceleration of breakup fragmentssis (arrow B). The location of the yield depletion expected for the
in the target Coulomb field is expected. The energies for th@symptotic breakup and the breakup at the distance of closest ap-
breakup at the distance of closest approach in the Rutherfoffoach in the Rutherford trajectory is shown by arrows C and D,
orbit are indicated by the arrows D. Figure 11 shows c.mrespectively. Nonresonant breakup.
energy distribution for other targets. The difference in energy
between the arrows C and D increases with the target charge
number. It was tacitly believed that dLi nucleus in continuum
Figure 12 shows the location of the yield depletion for all states above the-t threshold behaves as kernels of Indian
targets and detection angles presently measured. The soligrn that burst to popcorn at the critical amount of heat. The
and open circles represent energies doparticles and tri- term direct breakup well reflects this prompt nature with the
tons, respectively. The solid lines represent energies exhreshold energy being the critical heat. However, the lack of
pected for asymptotic breakup, while the dashed lines fopost-Coulomb acceleration implies that the particle-unbound
breakup at the distance of closest approach in the Rutherforsistem may survive for a significant amount of time before
trajectory. Clearly the nonresonant breakup is consistent witdecaying into anv particle and a triton. Although such sys-
the asymptotic breakup. tem is no longer bound by a nuclear potential, it is bound by

B. Quantum tunneling and lifetime of continuum states
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: i e g D
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19 e spasn. 22 e AARaannt l«—— nuclear radius R,
18 Q—‘-;_—‘ (] & L] b71] S s 1st
17 -7 " ] excited state 1127 (- 1.990 MeV)
S 16 % 18} * ground state 327 (- 2467 MeV)
2 #7n 2 %, 7L-
Sls 16} Zr 1
M4 ® FIG. 13. Nuclear and Coulomb potentials betweeandt as a
Bla . o T3 14'%?2????’_8_6_2 function of distance-.
e s 10168202 BTS20 3 6.0 fm. By definitionV(r)=0 at thea-t threshold. As-
8 (deg) 0 (deg) suming that a continuum state fi.i immediately above the
24 R % T threshold is a cluster state consisting of amparticle and a
77 S pyy! triton, it is possible to evaluate the tunneling lifetime of the
- L I S state. In an analogy to the decay theory23], the particle
gzo o gm ¢ * decay rate X) of the unbound system can be defined by
144 [
§18 Sm %18 120SIl \=wP, ©6)
m"16 M6t
“ o al 8 5 where w, is the number of particles with relative angular
---------------------------------- momentuml that appear at the nuclear surface per second
12 T ho andP, is the transmission probability of the potential barrier.
20 25 30 35 40 45 24 26 28 30 32 34 36 LN e
8 (deg) 0 (deg) For simplicity, we treat the cade=0 because radiative cap-
) SO — ture at small energies is dominated &yaves.
S S The frequency ofs-wave vibration can be estimated by
il v/2R with the velocity of a-t relative motionv and the
£ 20 v nuclear radiuk [23]. For a resonant state, one may express
g s o wo by wo=(3v/R) 63 [21]. Here 63 is the dimensionless
e Au reduced width, representing a measure of to what degree the
M6 GO o relevant state can be described as a cluster stateafdt.
14l _ The simple estimate of thewave frequency corresponds to
---------------- 65=1/6.
125730 35 40 4550 55 60 65 We evaluated the transmission probability in the Wentzel-
0 (deg) Kramers-Brillouin(WKB) approximation a$21]
FIG. 12. Location of the yield depletion in comparison with B \2 T [Eg\ Y2
those expected for the asymptotic breaksplid lineg and for the Po”() exp{ —47 2 arcsw(B)
breakup at the distance of closest approach in the Rutherford tra- ot
jectory (dashed lines Nonresonant breakup. E.| Y2 E.\Y?
%) (%)) "

a Coulomb barrier betweem andt. One may remember that

nonresonant thermonuclear reactions between two chargavhere n=2,Z,.% v is the Sommerfeld parameter aid
particles in stars take place over the Gamow peak by tunnel=Z,Z /R is the height of the Coulomb potential. A&,
ing through a Coulomb barri¢f1,22. It is this continuum <B the exponent approaches2wz and we obtain the
state that is populated after tunneling through the Coulomitsamow factor expf2wz) for swave capture. The WKB

barrier. solution for the transmission probability differs from the
Figure 13 schematically shows the nuclear and CoulomiSamow factor by an additional factoB(E ,)*/2.
potentials betweem andt as a function of the distanae Figure 14 shows the lifetimer& 1/\: reciprocal of the

The height of the Coulomb potential is 0.48 MeV mat decay ratgof the continuum states estimated wiRhof 4.75
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FIG. 15. Time-dependence of the quantity, defined by Eq.
Em MeV) (10).

FIG. 14. Lifetimes of continuum states as a function of excita-plicity, we assume that the Coulomb excitation takes place at

tion energy from thex-t threshold at 2.47 MeV. the distance of closest approach.
To investigate to what extent this assumption is justified,

— 6.0 fm and#j of 0.1-1.0. The variation oR well charac-  we consulted to the first-order perturbation theory of Cou-
terizes the thickness of the potential barrier in view of thelomb excitation[26].
fact that the microscopic intercluster nuclear plus Coulomb The differential cross section is written as
potential by Kajino[24] crosses zero at 4.75 fm and reaches
a barrier top at 6.0 fm. dogy _ (f

It is noted that the lifetime can readily exceed the nuclear dQ hv
transit time of the order of 100 fra/which can be evaluated ] ) ) ]
from ,~ (R,+ Ry)/V with velocity at the distance of closest Wherev is the velocity,a is half the distance of closest
approachV) and radii of the projectile and targeR{,R;). ~ @PProach in a head-on collision, aB{E\) is the reduced
It can be even larger than those of resonance states fransition probaplhty_ with multipole orde_lE)\. The function
Li:  7=225 fmic(I'=875 keV) for the 5/2 state at dfg, /dQ for orbital integrals can be written as
6.68 MeV and r=2122 fmk(I'=93 keV) for the 7/2 df
resonant state at 4.63 MeV. The lifetime against particle de- EX _ lim hex (6, w,7) 9
cay naturally becomes very large at small energies. The par- o I
ticle decay may give way to gamma decay in the extreme.

It may be instructive to roughly estimate the time neededVith
for the two fragments to make a full separation without tun- o on o
neling through a Coulomb potential. Travelindfm] for a he(6,0,7) = Amav sin"‘g 2 ‘Y (z O)
full separation, it takes 894EY2 [fm/c] at an energy ENLTH (2 +1)3 24| w2
E.: [keV]. It takes 1287 fm¢ to travel to the classical
turning point ¢ =14.4 fm) atE_,.=100 keV. One can see x‘ fﬂ X+iy)#

2

df
a72)\+ZB(E)\) d(E))\ ’ (8)

2

2

( iw
that the traveling time is significantly prolonged by the quan- et (10

ANut+l
tum tunneling.

r

) o The (X,y) are Cartesian coordinates and the radial coor-
C. Relative energy distribution dinate of the projectile in the focal system of the hyperbolic
Projectile breakup into two charged fragments throughorbit[26], w is the nuclear frequency for Coulomb excitation
continuum states immediately above a particle threshold ignd @ is the scattering angle. The, ,(7/2,0) are the spheri-
not prompt breakup but delayed breakup. This delayed nasal harmonics. Note that the functidig, can be evaluated
ture stems from quantum tunneling through a Coulomb barever the time interval from=to r around time zero defined
rier between two charged constituents. As a result, postacceit the classical turning point.
eration of the breakup fragments in the target Coulomb field Figure 15 shows a typical time dependencengf. The
is strongly suppressed. This feature may help to resolve or dime interval for Coulomb excitation essentially concentrates
least to ease a potential problem known as post-Coulombver =500 fm/c aroundt=0, independent of the multipo-
acceleration in the Coulomb dissociation methaf]. larity E1 andE2.
Let us evaluate the Coulomb distortion of thet relative The nuclear clockof measuring the lifetime of continuum
energy caused by the post-Coulomb acceleration. For sinstates now starts at the time of Coulomb excitation of
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Eat MeV) FIG. 17. Coulomb postacceleratipA E=E; — E! in Eq.(13)] of

breakup fragments in the Coulomb field of target nuclei.
FIG. 16. Distance between projectile and target at which non-
resonant breakup takes place. See text for details. V. QUANTUM-MECHANICAL TREATMENT OF

. ) ) POST-COULOMB ACCELERATION
Li(t=0). In the focal system, the distance between projec-

tile and targe(r) is expressed by The traditional approach for the theoretical description of
Coulomb excitation and breakup is the semiclassical ap-
r=a(e coshs+1), (1)  proximation[26], i.e., the projectile moves on a classical

L ) trajectory in the Coulomb field of the target and the excita-
where the eccentricity parameter)(is related to the scatter- +jon of the projectile is treated quantally. In principle, the full
ing angle ) by £ =1/sin(0/2). The parametesis related 0 gystem of projectile and target should be treated quantum-
time t by mechanically as it is done in a number of approaches using

a different approximations depending on the system under in-
t=—(e sinhs+s). (12)  vestigation[27,28. However, an exact quantum-mechanical
v solution of the problem is beyond the current computational
capabilities. Under most experimental conditions the semi-

By putting th? meanlife .Of the continuum state {nto t, classical approach is valid since the Sommerfeld parameter
one can obtain the location where breakup takes place. The

location of breakupi(g) thus determined fot%’Au is shown

2
in Fig. 16. The Coulomb energy which the partic{é= « or 7= A (14)
t) gains after breakup is expressed by ho
. Ar ZiZge? , -
E,—El= , (13)  With charge numberZ, andZy of projectile and target and
AatAr Tg relative velocityv is much larger than 1.

where A is the mass number, the final kinetic energy
corresponds to the experimental observable, Ehciis the
local kinetic energy at the breakup point.

The Coulomb shifAE=E;—E|, for §3=1/6 is shown in
Fig. 17. For the collinear branch of,=v, (v,<v,), the
shift amounts to 0.44-0.80 keV at E, ;=100 keV, 7.9
(=17 keV at 200 keV, and 26-67) keV at 300 keV.

The relative energy was calculated by putting either the
asymptotic energyH;) or the local energy at the breakup
point (E}) into K; of Eq. (1). The results foiE; andE! are
shown by the solid and open circles, respectively, in Fig. 18
for the %%Zr data.

The cross sections in the collinear branchvgi=v, are 04 02 0 02 04
not much affected by the post-Coulomb acceleration, E (MeV)
whereas those in the branchwf<wv, are seriously distorted. ot
Thus, the post-Coulomb acceleration effect is literally van-  FIG. 18. Relative energy distributions obtained by putting
ishing in the branch of ,=v,, whereas it is surviving in the asymptotic energies of experimental observaltsid circle$ or
branch ofv ,<v;. local energiesE! in Eq. (13), (open circleginto Eq. (1).

6
5

ot

Li

d’o/dE_dQ dQ_ [ub/(sr® 50 keV)]
W
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TABLE IIl. Depths of the Woods-Saxon potential for various TABLE IV. Properties of the’Li system in the potential model

partial waves: in the Li potential model. in comparison to experimental ddts8,8].

Je 1/2 3/2 1/2 5/2 3/2 712 5/2 Theory Experiment

le 0 1 1 2 2 3 3 . 7

V. [MeV] 62.74 75.031 73.392 64.41 60.42 72.08 64.25 VidthI/keVoof z_resonance 88.3 93-8
Width T'/keV of 2~ resonance 862 8757299
Electric quadrupole moment

Usually one relies on first order perturbation theory inof ground stateQ./mb —43.1 —40.6£0.8
order to calculate the excitation probability, thus neglectingg(e22~—1)/e? fm? 6.15 8.3-0.5

the dynamic evolution of the projectile system. This corre-pstrophysicalS factor S(0)/keVb ~ 0.1068  0.1067 0.0068
sponds to one-photon exchange between target and projectiganching ratio

and gives rise to the introduction of equivalépt virtual) R(DC—1-/DC—2") 0.429 0.453 0.020
photon numbers depending on the multipolarity of the ex- 0.437-0.022
changed photon. The perturbative approach has the advan-
tage of being independent of the nuclear model of the sys-

tem. In the case of excitations of the projectile to boundrhe total angular momentudy, is obtained by coupling the
states higher order effects are conveniently included by exprpjtal angular momenturh, with the spins= £ of triton. In
tending the perturbative approach to second order contribly,r model we only consides; p, d, andf waves, resulting in

tions to the excitation amplitud@6] or by coupled-channels 35 channels from all possible valuesqfand its projection
calculations considering all bound intermediate states. For g

. . . . C
breakup into continuum states an extension of the first order |, Taple IV we compare properties of tH&i nucleus in

perturbation theory to second and third order contributiong),; model with experimental data. The astrophys&fctor
was developed in Ref§29-31 which can be applied for ot our model calculation is shown in Fig. 1 in comparison
high projectile energies. Other approaches to include high&g;ith the results of the various direct measurements. We find

order effects are coupled-channels calculatid@®,33, é;ood agreement with the experimental data. From these re-
where the continuum has to be discretized in order to avoi ults we conclude that our model describes Thé system

divergences in the transition matrix elements. _ sufficiently well.
The most general nonperturbative method for the descrip-

tion of Coulomb(+ nucleaj breakup in the semiclassical

approximation is the solution of the time-dependent Schro

dinger equation. The time evolution of the projectile system We assume that the center of mass of thé system

is treated dynamically and the Coulongbucleaj potential ~moves on a hyberbolic trajectory in the target Coulomb field

of the target acts as a time-dependent perturbation. Thiguring the scattering, see formuldsl) and(12). The orbit is

framework has been used in order to study higher order efdetermined by the initial velocity and the scattering angle.

fects in the Coulomb dissociation of nuclei such®® 'Li,  The projectile experiences a time-dependent Coulomb plus

and 'Be [34-39. Here it will be used for the breakup of nuclear perturbation

’Li. The numerical methods and technical details for the . . .

solution of the time-dependent Schiioger equation are V(r,t)=Ve(r,t) +Vy(r,t), (16)

given in Ref.[40] and only a few comments about the phys- . L )

ics input and theoretical improvements will be sufficientWherer=r,—r is the relative vector between the two clus-

here. ters. The Coulomb contribution to the perturbation is given

by

B. Solving the time-dependent Schrdinger equation

A. The nuclear model for Li - T . .
_ | o Ver)=Ve(r,—ROD+VE(Ir—RmD Ve (IR
In our calculation we use a potential model for thiei (17)

nucleus. We assume that it consistsxafindt clusters which _ _

remain unaffected during the excitation process. The wav#/ith the Coulomb potential

functions for thea-t relative motion are obtained by solving

the stationary Schobnger equation with central potentials of 1 R_2 for R<R
Woods-Saxon shape ; 2Rt R2 B
VE(R)=2Z.Z:€?
c (15) 5 for R>R;

Vel = I exg(r=R)/a] R
(18

with radius R=2.39 fm and diffuseness parameter

=0.68 fm. The depthd/, of the potential are adjusted in P&tween nucleus and the targeT. We assume a homoge-

each partial wave=(J.,l.) in order to give the experimen- N€OUS charged sphere for the target charge distribution with

tal energies of the bound states and resonances or the sceadiusRr= 1.%%/3 [fm] at positionR(t). The Coulomb in-
tering phase shifts. The values fgg are given in Table Il teractionVé‘ T between’Li and the target is subtracted since
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it is responsible for the Coulomb scattering of the c.m. which (a)
is already included in the description. The nuclear contribu-
tion to the breakup will be neglected in the following, since
we are interested in higher order effects caused by the long
range Coulomb interaction. The scattering angle of the
system in the experiment was chosen to be smaller than th N
classical grazing anglésee Table )l Therefore we expect
only small contributions from nuclear breakup, but see also
the discussion of the comparison between experimental an
theoretical cross section.
The time-dependent wave function of the system is ex-3000 0

. . . . 2000 r [fm]
panded into partial waves with all possible valueslpfind 1000
M. The radial channel wave functions are discretized on a t [fm/c]
mesh with exponential increase of the step size. Starting wit

SO0
A
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R \‘\\“\\\\‘\\\\ N

\e‘\\s‘
NN
MY
AN
%WM\M

N

N

N
RN

3000 60
g0 ' [fm]

100
120

1000
t [fm/c] 0

0.3 fm atr=0 fm we cover a range of 900 fm with 400 (b)
mesh points. The perturbation potentiab) is expanded into
multipoles where we take into account only multipolarities \s\s\\\
up to A=2. We obtain a time-dependent coupling of the . \\\\\‘\\\\\\“\\\\
different i i iti i N W\\\\\\\\\\\\\\“\W‘\
partial waves which causes the transitions during _ \\\\\\\\\x\\\\x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\“\\Qggsss

the scattering. Usually the Coulomb potential of a pointlike N@N&@%@\\@\\\\\\\\\\\\\\\\\\\\\\\\\\\\\Mﬁbbﬂ:
target is used where the multipole expansion can be dont \\M\:\\\\\\\\\\\\\\\\X\\\\X\\\\\L
analytically. We perform a numerical expansion of the more \\*‘\\1\\\:::\\\:\\:\\\‘\:\\\\\\\‘\\\\\\\\\\\\ ' 0
realistic Coulomb potentig|18) in the full calculation. \\\\\\\\\*\\\\\ 20

The time integration is started with the normalized wave
function of the ’Li ground state at a distaneg, which cor-
responds to 15 times the minimal distance between the pro
jectile and the target. This value has been chosen since w.
are in th_e adiabati_c regime of Coulomb excitation an(_JI the FIG. 19. Time dependence of the probabilityFlg,(r.t) of
perturbation potential decreases at least with, thus at this finding the « andt fragments at a distanaein a scattering state
distance it has a strength less than 0.5% of its maximunisee texx (a) first order calculation(b) dynamical calculation for a
value. The time-evolution is followed in time steps of ap- 1974y, target, a projectile energy of 42 MeV, and’hi scattering
proximately 1 fm¢t until the distance;, is reached again angle of 50°.
where the perturbation potential can be neglected. The final ) _ )
wave function is a linear combination of the ground state and Figure 20 shows the time-evolution of the triton angular
all bound and scattering states of taet system in our distribution InPeoa(r, ¢ ,t) in the rest frame of Li within
model. Care has been taken that unphysical bound states i€ Scattering plane. A coordinate system was employed such
our model are not populated during the excitation procesdhat the projectile is at rest; it is oriented in a way where the
Since we have a fourfold degeneracy of the ground state of @Xis is perpendicular to the scattering plane and the trajec-
total angular momentuni four independent calculations fory of the target is symmetric to theaxis.r is the distance
have to be performed for every combination of target andPf the triton from the center of mass dti and ¢, is the
scattering angle. azimuthal angle. The central peak corresponds to the 7/2

Figure 19 shows the time evolution of the radial probabil-State. The time evolution of its excitation, survival, and de-
ity In Peon(r,t) Of finding the projectile system in continuum €&y is clearly seen. In the first order calculation, the triton is
states  for 197Au  at 50°. Here  Poon(r.t) emitted preferably in the direction _antlparallel to.the targgt.

In contrast, the dynamical calculation shows a different dis-

tribution of the triton emission.

=[dQ,| ¥ on(r.t)|?> with the continuum wave function

‘Ifconl(F,t). The continuum wave function was obtained by
projecting the bound state contributions out of the full time-

dependent wave functioW(F,t). t=0 is defined at the dis- . . .
tance of closest approach. Befdre0, the Coulomb excita- ) From the tlme-evolyeq wave fu?cpon we obtaln_ the am-
tion leads to an increase of the probability for small values oflitude a;; for the excitation of the‘Li ground statei to a

r corresponding to the spatial extension of the initial wave/in@l Statéf by projecting onto the corresponding wave func-

function. After the maximum of the probability is reached tion which 1sa solution of the stationary Schibger equa-
aroundt=0, a wave packet starts to propagate outwards. alion of the ‘Li system. This can be elthFr a bound state or a
the same time, a large fraction of the probability remains incontinuum state with relative momentym, . The transition

the nuclear interior. This corresponds essentially to the exciamplitudeas;(p,;) contains the information about the direc-
tation of the 7/2Z resonance which has a lifetime of approxi- tion of the emitted fragments and enters into the expression
mately 2.1X 10° fm/c. for the triple differential cross section

C. Calculation of cross sections
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FIG. 21. Double differential cross section for the excitation of
the 7/2° resonance ifLi for different targets and scattering angles.
Solid circles: experimental data, diamonds: first order calculation
with E1 andE2 contributions, open circles: dynamical calculation.
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for the breakup in the semiclassical approximation. The sum
runs over all valued/; of the initial state and all final states

of a given final momenturﬁat. The density of final states is

ap v [fm] denoted by anddor/d(}; is the Rutherford cross section
for the elastic’Li-target scattering.
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VI. ANGULAR AND ENERGY DISTRIBUTIONS
A. Resonant breakup

In Fig. 21 experimental cross sections in the=uv,
branch for the breakup ofLi through the: ™~ state at 2.16
MeV are shown in comparison with theoretical calculations
for five different targets. The theoretical results were ob-
tained by integrating the triple differential cross section over
the energy range 2.662.26 MeV. This sharp resonance is
populated in first order via aB2 transition from thep-wave
ground state. Because of its long lifetime=2100 fmfk)
one would expect only small higher order corrections to the
breakup cross section. However, the first order perturbation
results considerably overestimate the cross section, while the
dynamical calculation reasonably well reproduces the experi-
mental data. Of course, the strength of 2 transition,
which is not known from other experiments, strongly de-
pends on the nuclear model for tHei system. Thus, a re-

FIG. 20. Probability IPo(f:,¢:,t) of finding the triton at a  duction of theE2 coupling from a modification of our simple
distancer, and an azimuthal angle, in the scattering plane for Potential model would result in a reduction of the first order
different time-steps in the evolution of the breakup reaction. Left:Cross section with better agreement with the experimental
first order calculation, right: dynamical calculation for the samedata. But we do not expect that reasonable change of the
conditions as in Fig. 19. The position and size of the target in themodel would lead to the necessary reduction ofE2ecou-
scattering plane is indicated by a sphere. pling since theE1l transition in our model seems to be of

-80 -60 40 20
- 0 20
a x [fm~ 40 60 80
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FIG. 22. (a) Triple differential cross section for the breakup of 42 MéM on a ®4Zn target for different scattering angles as a function
of the a-t energy. Positivénegative energies correspond to the brancfev, (v,<wv,). Solid circles: experimental data, dotted line: first
orderE1 calculation, dashed line: first ordefL.+E2 calculation, solid line: dynamical calculatiaib) Same aga), but for a°%Zr target.(c)
Same aga), but for a'#‘Sm target(d) Same aga), but for a ®’Au target.

correct size. In case of th&Ni target, the experimental cross theoretical calculations. Positivénegative energies corre-
section becomes much smaller as compared to the theoreticgond to the case,=v; (v,<v;). This highly differential
results at large scattering angléarger than the grazing cross section is very sensitive to both interference effects
angle; see Table )l This can be related to nuclear breakup from different partial waves and higher order effects. Strong
and absorption which can substantially modify the cross sedorward-backward asymmetries can be observed in the en-
tion for small impact parameters where projectile and targeérgy dependence of the experimental data. A Eitefirst
nucleus come very close to each other. In the case oftre  order calculation shows no asymmetry since at small relative
and %°Tm target the results of the dynamical calculation still energies only the-wave state in the continuum is populated
overestimate the experimental cross section which is not Y&Esulting in an isotropic emission of the fragments in the
understood. Despite the model dependence of the interpretgrojectile system. At the same time, the cross section is be-
tion, we conclude that higher order effects cannot be negoming much too large at higher relative energies. A first
glected in the Coulomb excitation to thfevave resonant qrqer calculation including1 andE2 transitions as well as
state. the full dynamical calculation results in rather different en-
ergy dependence in both branches. Higher order effects are
clearly seen in cross sections with=uv, that are strongly

Figure 22 shows triple differential cross sectionsreduced from the first order excitation witl andE2 mul-
d3¢/(dE,dQ ,dQ,;) as a function of relative energy for tipoles. Note also that the same effects rather enhance cross
four targets and various scattering angles in comparison witsections withv ,<uv, for mediumz targets £°zZr and %4zn)

B. Nonresonant breakup
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FIG. 23. (a) Double differential cross section for the breakup of 42 M&Y on a ®*Zn target as a function of the scattering angle for the
two branchew ,=v, (right) andv ,<uv, (left, see text Solid circles: experimental data, squares: first offercalculation, diamonds: first
orderE1+ E2 calculation, open circles: dynamical calculatidn. Same aga), but for a°%Zr target.(c) Same aga), but for a4‘Sm target.
(d) Same aga), but for a*®’Au target.

except at backward angles. Admixture B2 multipole is  as a function of the scattering angle. The results are shown in
typically seen in cross sections with,<v, for Au and  Fig. 23. It is obvious that the first ord&1 calculation can-
144Sm, where both the first order and the dynamical calculanot explain the experimental data. Including #2 contri-
tions withE1 andE2 multipoles give similar cross sections bution leads to a too strong forward-backward asymmetry.
that are consistent with the experimental data, whereas th@nly the full dynamical calculation shows a reasonable
first order Coulomb excitation witle1l multipole overesti- agreement with the experimental data, for both the asymme-
mate the data. Although there is no perfect reproduction ofry and the absolute cross section. As seen in the triple dif-
the experimental data, the results of the full dynamical calferential cross sections for mediuth-(%4Zn and °°zr) tar-
culation seem to be in better agreement with the experimergets, higher order effects reduce the absolute cross section in
than the first order calculation. thewv ,=v, branch, while they rather enhance that in the
Integrating the triple differential cross section for both <v, branch except at backward angles where nuclear
branches over relative energy we obtain the correspondingreakup may contribute. The three results of the first order
the double differential cross sections E1l, the first ordelE1+E2, and the dynamical calculations
tend to merge at small angles for the medidntargets. This
can be explained by the reduction of higher order effects and
E2 multipole with decreasing scattering angle. Hence, the

3

d?o 0.5 MeV
[ "

40,40~ Jo “gE d0,d0, 20
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v ,=v; branch for small scattering angles and mediirtar- 10° —— 10° . T T

gets is affected least of all by higher order effects &l Zn Zr

multipole. 10' L B - J10tL PP S
We remark that the semiclassical consideration of the, i 00070? [}

postacceleration in Coulomb break(fec. 1\) is consistent 100 L 5 LA 00 b = ]

with the present quantum-mechanical analysis of higher or- 0_5_5.0—0’°

der effects. Both have revealed the importance of multistep . L . . . .

Coulomb interactions between fragmentgt) and the tar- s 0 5 20 280 o 10 20 30

get, but in two different facets. The former emphasized the 10’ T T 10° T T T

distortion of a-t relative kinetic energies, while the latter , | Sm I Au -§

revealed the reduction and enhancement of cross sections. ° f i 1o e ’%“; .
It is now interesting to consider the difference betweeng o' [ o-o--0-F% |

Coulomb postacceleration after breakup and channel- gd:ﬁ:g ol o—g-o-o-a0

coupling before breakup. It should be noted that the termi- 10" 1

nology “post-Coulomb acceleration” is used throughout the - ) ) . 107 . . ,

present paper in a broader sense, including these two effect: 10 20 3 40 50 20 30 40 50 60
The semiclassical consideration took a geometrical view of 0 ldeg] 6 [deg]
breakup. It was assumed that Coulomb excitation t0 & €on- g6 24, Forward-backward ratig of energy integrated cross

tinuum state takes place at the distance of closest approacctions for the breakup of 42 MeLi as a function of the scat-
After the excitation the projectil€Li continued to move tering angle for different targetsee text Solid circles: experimen-
along a hyperbolic trajectory until the tunneling through thetal data, squares: first ord&1 calculation, diamonds: first order
Coulomb barrier is completed. After the tunneling, the E1+E2 calculation, open circles: dynamical calculation.
lost its identity of a nucleus by liberating constituent clusters
(« andt), that are independently accelerated in the target d’o _ / d’o _
Coulomb field without interacting each other. Therefore, this R_antdQLi (va=vy) dQ,.dQ, (va=vy) (22)
is purely Coulomb postacceleration after breakup. WiBgn
is small, the Coulomb postacceleration is strongly supof the energy integrated cross sections is shown for four
pressed because of the large tunneling lifetime. Note thadiifferent targets as a function of the scattering angle. Again,
possible coupled-channel effects before the breakup by turwe observe a too strong asymmetry from the first oigér
neling are beyond the semiclassical discussion. +E2 calculation, whereas the first ord&l calculation

In contrast, in the quantum-mechanical treatment, the deshows no asymmetry at all. The dynamical calculation can
velopment of the ‘Li wave function under the time- reasonably explain the observed asymmetry although there
dependent Coulomb perturbation was investigated by solvingemain some differences at larger scattering angles which
a Schralinger equation. Similarly, the center of mass of themay be related to nuclear effects. .
’Li was assumed to move on a hyperbolic trajectory. During V€ cannot expect a comple_:te agreement (_)f the calc_ulat|on
the ¢.m. motion along the classical trajectory, the CoulomH© the experiment within our simple model 6ti, though it,
perturbation modifiesa-t relative motion significantly, N Principle, can be improved. In addition to this, nuclear

where the channel coupling before breakup and the Coummgontributions to the breakup need to be investigated thor-

postacceleration after breakup are treated on the same fooq_yghly. However, itis beyond the scope of the present analy-

ing. Although there is no strict separation, one way of sepas'>: Also, such effects as interference from different classical

rating these two effects would be to calculate the expectatiotraJeCtor'eS as well as a change of the classical trajectory due

: . ) tb the overlap of projectile and target are beyond the semi-
value of thea-t distance in the quantum-mechanical calcu- b Of proj 9 y

, . . classical treatment employed here.
lation. If one simply calculates the expectation value as a ploy

function of time one will find always a value which is very
small since most of the total wave function is in tAki VIIl. ASTROPHYSICAL S FACTOR
ground state. Only a small fraction is in an excited state. ¢ potential model of Li employed in this work pre-

Therefore, one 'has to project out the ground state part Qfjiieq astrophysicabfactors fort(a, y)’Li as shown by the
total wave functionsee Sec. VB As long as the expecta- g jine in Fig. 1. These factors lie somewhere between
tion value would be smaller than the channel radiudlof it . the upper limit set by Ref$6,9] and the lower limit by Ref.
could be thg cgupled-channel effect caused by mUIt'StePS] at small energies. The energy dependence rather follow
Coulomb excitation. Although the study of these two effectSyg regylt of Ref[8] though absolute values are slightly dif-
in the quantum-mechanical calculation is worthwhile, Weggrent with theses factors, the experimental data were rea-
leave a detailed investigation in the future. sonably reproduced by the dynamical calculation of Cou-
lomb breakup with two key ingredients: higher order effects
and mixture ofE1 andE2 multipoles.

The method of Coulomb breakdpd] goes in the other
In Fig. 24 the forward-backward ratio way around, aiming at deducin§ factors from the data

C. Forward-backward ratio
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rather than reproducing the data wifactors. The method 6

was applied for the first time t(a, y)’Li [9]. The data of

’Li breakup at 63 and 42 MeV nearly exhibitecuniversal

energy dependence of the reduced transition probability. 4r

Based on the empirical parallelism in nuclear and Coulomb

excitation, the energy dependence of the astrophySitat-

tor for t(«,y)’Li was deduced in the energy range 80—980 2F

keV. After being normalized t&(0.5 MeV)=0.06 keV b,

the S factors resulted in a strong energy dependence below

300 keV. 0 ” : L :
In this first Coulomb breakup experiment, cross sections £

were measured in the collinear branch of<v,. The

present semiclassical consideration has, however, shown that FIG. 25. Schematic relation of the strength paramgtend the

a-t relative kinetic energies at the time of breakup areadiabaticity parameteg for the present experiment with®’Au

readily modified by the post-Coulomb acceleration when ob<{solid line) and °Zn (dashed lingtargets. Circles and squares cor-

served asymptotically. As a result, it destroys correct energyespond to a transition from thi ground state to the-t breakup

dependence df factors. threshold at the experimental scattering andkese Table )l for
Instead, cross sections in thg=v, branch can be used '*’Au and *Zn targets, respectively.

provided that they are dominated by one-step Coulomb ex-

citation with E1 multipolarity. In this respect, the present culatedfg;(£,6)/d() with the symmetrized adiabaticitity pa-

guantum-mechanical analysiSec. VI) has shown that rameterf26]. The photoabsorption cross section is related to

higher order effects ang2 multipole tend to diminish for the radiative capture cross sectiofi}” by detailed balance

mediumZ targets at very forward angles. Cross sections raptheorem:

idly decrease at these angles because the breakup becomes

adiabatic, where the adiabaticity parameter cap__ 2(2jat1) 2 photo
(2jp+1)(2jc+1) K2
)= a2l 1+ ! 22
&6)= hv 2 0 (22 wherej is the particle sping="Li, b=a, c=t), kis

Siny the wave number in the+t channel, and, is the photon
wave number. The astrophysic8lifactor S(E,;) is defined
becomes large. For a given transition from an initial state by
a final statef the strength of the excitation process and the 1
importance of higher order effects are not independent. The cap _ = _
strength parameter BB = EMS(E“‘)EXp( 2mn). 26

1 Ze(fIM(EL1)li) Since the Coulomb breakup experiment gi&& ;) for
T (23)  the ground state transition, the branching ratq/y,
=0.453 was assumd8]. TheS(E,,) thus deduced fof*Zn

is a measure for the coupling strength between two stated"d *’Zr are shown in Figs. 28) and 28b), respectively.
during the excitation41]. For large y we expect strong Due to the adiabatic trend of the breakup cross section, sta-
higher order effects. Figure 25 shows the strength parametdigtical uncertainties are quite large; data at these angles fluc-
and the adiabaticity parameter f&%’Au and %zr. We find  tuate to within Ir uncertainties in most cases. Weighted
that cross sections decrease at small angles because f¢erage was taken for tHézn f_md_QOZr data sets separately.
breakup becomes adiabatic ahihcreases. At the same time Results are shown by the solid circles in the figures. Finally
the strength parametgrdecreases, which represents smallerthe two data sets were combined. As shown in FigcPthe
higher order effects. A small target charge reduces higheiesultantS(E,,) show a very moderate energy dependence.
order effects, too. The S factors tend to be smaller than those of the direct

We attempted to deduce astrophysigdiactors with the ~Measurements. Possibly there are still higher order effects in
data for°°Zr and ®“zn at 7 °~15°. Double differential cross the data which tend to reduce the cross section inuthe

sections for Coulomb excitation witi1 multipole are ex- =Vt branch. It should be pointed out that if cross sections in

pressed by thev ,<v, branch are used, the result of the previous Texas
A&M experiment is reproducedopen and solid triangles
d2 9 Z2a 24¢ 0 However, these are most likely Coulomb distorted and
. Q(;II:_El = 6 ET (%) Eé(é )UET’“’, (24)  should be replaced by the pres&(E ;).
Y T Y

. . . . ) VIIl. CONCLUSIONS
with photoabsorption cross sectiofi®°. Here« is the fine

structure constant anél,, is photon energy. The first-order Breakup of ‘Li through continuum states immediately
perturbation theory of Coulomb excitation was used to cal-above thea-t threshold(2.47 MeV) and the 7/2 state was
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S(E_) (keV b)

025

SE,) (keV b)

005 - % i é i

boO e+ XO
o0 X
b O X
& X O

(

020

0.15

S@E,) (keV b)

0.10

025 . experimentally investigated to deduce information on radia-
ments,« andt, were performed in the collinear detection
0.15 | 8 ; _ ) .
particles and tritons has revealed that the breakup kinematics
' E R o theory, the tunneling lifetime of continuum states’in that
005 | i % $
° - WKB approximation. It was found that the lifetime is sig-
+8 keV; 7~2100 fmk) at small energies. Thus, it was
Coulomb postacceleration after breakup is strongly sup-
ated the effect of the postacceleration B assuming that
reasonably supported by the first-order perturbation calcula-
postacceleration on their way to the asymptotic region, while
performed by solving the time-dependent Schinger equa-
E_(MeV) of both resonant and nonresonant breakup, indicating the im-
at
cross sections in the,=v, collinear configuration. In the
angles. Admixture of th&2 multipole was typically seen as
adiabatic Coulomb breakup, the small angle data for
S(E,;) were less energy dependent than those from the pre-
005
are most likely Coulomb distorted and revised in the present

@) tive capture process «,y)’Li in conjunction with big-bang
nucleosynthesis. Coincidence measurements of breakup frag-
geometry with the broad range magnetic spectrograph.

¢ The close examination of energy spectra of coincident
at E, =0 follow asymptotic breakup reaction, independent

0.10 | 5 . of target and detection angle. In an analogy to dhdecay

o are bound by a Coulomb barrier betweerandt was evalu-
g - 7 ated. The transmission probability was calculated in the

0.00 ‘ ‘ . ‘ ‘ nificantly larger than the nuclear transit time. It can become

00 01 02 03 04 05 06 larger than that of the 772 state at 4.63 MeV I[=93
concluded that the nonresonant breakup of astrophysical rel-
evance is not prompt but delayed breakup. As a result, the

)] pressed by the quantum tunneling.

020 - ] Using the tunneling lifetimes, we semiclassically evalu-
the Coulomb excitation takes place at the distance of closest

0.15 - 1 approach in the Rutherford trajectory. The assumption was

o tion of Coulomb excitation. It was found th&, in the

0.10 r = collinear branch o ,=v, are essentially unaltered by the
these in they ,<v, branch is severely Coulomb distorted.

The dynamical calculations of Coulomb excitation were

0.00 J ‘ \ ‘ \ ] tion. A simple potential model of Li was employed. The

00 01 02 03 04 05 06 dynamical calculations reasonably reproduced cross sections
portance of higher order effects and mixtureEsf andE2

025 : : : multipoles. The higher order effects strongly reduce breakup
v ,=<v; branch, the same effects rather enhance nonresonant
cross sections for mediurd targets except at backward
the reduction of the ,<uv, cross sections for heavy targets.

Considering the dominance of the first-ordet nature in
mediumZ targets in the ,=v, branch were used to deduce
astrophysica$ factors fort(«,y)‘Li. The resultanSfactors
vious Coulomb breakup experiment at Texas A&M. The pre-
vious S(E ;) based on cross sections in the<wv; branch

000 L 1 L 1 L L 1 ] WOI’k

00 01 02 03 04 05 06 07 08
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A M M
EL(r)= —SE,(r)+ —Ep.F2\/—E,E,.cosd,
c Aa a Ac bc Aa albc

(A3)

and

whereAy, ) is the fragment mass number and in the defini-
tion of the reduced massu,. one has, e.g., upc
=ALA./(AptA;). The superscript stands for a local ki-
netic energy defined at the distancé&,,.. is a relative kinetic

1 energy given byeE,.=E,—S where the separation energy is

O defined byS=[m,+m.—m,]c? with massesn; . In the col-
/ linear breakup®=0.
O The breakup fragmentd(andc) are accelerated in the

. Coulomb field of a target nucleus by

FIG. 27. Velocity diagram of breakup of projectiéeinto two

2
fragmentsb andc in the target field. At ZiZre (A4)
A+AT r
Sports and Culture, the Japan Private School Promotion .
Foundation, and the U.S. Department of Energy under Granfyherei=b orc. _— .
No. DE-FG03-93ER40773. Therefore, their final energies are
| Ar  ZZ€?
APPENDIX: KINEMATICS OF PROJECTILE BREAKUP Ei(n)=E()+ 3 AT (AS5)
a
Here we present some useful kinematical formulas asso- In the breakup aE. =0
ciated with the post-Coulomb acceleration in projectile P abpc=0,
breakup reactions. Let us consider breakup of a projectile at A Ar Ay Z87.e?
a distancer from a target nucleus in the c.m. system. TheE;(r)= A—m(EO—EXH—A vy . (AB6)
projectile breakup is divided into two stages: excitation of aal ;T at T
the projectile(a) to a particle-unbound stateafrT—>a*_ _ with the effective charge number
+T) and decay of the state into a reaction channel consisting
of two charged particlesa®* —b+c). The particle-unbound Zof_ o Zi Zg A7
state can be either a resonant state or a nonresdoamt i A A (A7)
tinuum) state. The velocity diagram of the two stages is ) ) _
shown in Fig. 27. In the asymptotic breakufbreakup at the distance of-
In the stage of inelastic excitation, kinetic energies of thefinity compared to the size of a nuclews E,.=0, the frag-
projectile at the distanceis given by ment energy Is given Ry A
i T
Ei(w)—'A\—am(Eo Ex). (A8)

Ea(r)=

2
Z,Z+€e ) | (A1)

.
- E — —
Aat AT( o From Eqgs(A6) and(A8), the relation between breakup at

r and asymptotic breakup is given b
whereA, andA; (Z, andZ;) are the masgcharge num- ymp Pi1sg y

bers of the projectile and target, respectivédy,is the bom- Ei(r)=E;()+A; (A9)
barding energy, an#, is the excitation energy. For simplic-
ity, we use the mass number instead of mass except fgpith

calculating reaction values. In the decay stage, kinetic en- — At Z?ﬁZTez (A10)
ergies of breakup fragmentb,(c) at the distance are given bOAtAT ro’
[1] by | A, “ “ In the case .wherza/Aa=Zb/Ab=ZC/Ac, there arises no
Ep(r)= 5 Ea(r)+ 7= Epc* 2 \/ 7 EaEpc COSP Coulomb shift:
Aa Ab Aa
(A2) Ei(r)=E;(e). (Al11)
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