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Coulomb dissociation of sB into 7Be + p: Effects of multiphoton exchange
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Coulomb dissociation of B into the Be-p low energy continuum is studied theoretically in first-
and second-order perturbation theories and in the sudden approximation. The summation over
all intermediate continuum states in the second-order amplitude is achieved by closure, using an
expansion which is valid for low excitation energies. In view of the importance of the Be(p,p) B
reaction for the B solar neutrino problem we investigate especially the optimal conditions for
possible experiments. Double as well as triple diR'erential cross sections are calculated for 5 MeV/A,
46.5 MeV/A, and 200 MeV/A beam energy as a function of the B' scattering angle, the Be-p
relative energy, and momentum.

PACS number(s): 25.70.De, 25.40.Lw, 27.20.+n, 96.60.Kx

I. INTRODUCTION

The Coulomb dissociation approach has been sug-
gested as an indirect method to obtain information about
radiative capture reactions, relevant for nuclear astro-
physics [1]. A few reactions have been studied so far, both
experimentally and theoretically. A review was given re-
cently [2]. Of particular interest is the radiative capture
reaction 7Be(p,p)sB, which is relevant for the B solar
neutrino problem. This is a key process in the high en-

ergy solar neutrino production through the sB P+ decay
(see, e.g. , [3]).

A first attempt was made to study the B ~ "Be +
p Coulomb dissociation in the Geld of Pb with a ra-
dioactive B beam of 46.5 MeV/A [4]. It is the aim of
such kinds of experiments to obtain information on the
astrophysical S factor for the Be(p,p)sB reaction. As is
reviewed, e.g. , in Ref. [2], there are various assumptions,
which enter in such an analysis. One is the inHuence of
nuclear excitation effects. This question was studied re-
cently for this particular example, and the effects were
found to be very small [5]. These effects are neglected
in the present paper. We want to study the purely elec-
tromagnetic excitation effects of higher order for various
kinematical conditions. Their knowledge will serve in
optimizing future experiments. The difference between
equivalent photon spectra of different multipolarity could
also cause problems: Under the presently envisaged kine-
matical conditions we have n~2 ) n~q ) nMq. The E2
effects are expected to be disproportionally enhanced in
the Coulomb dissociation process, whereas the Ml con-
tribution, an effect of the order of about 10% in the rele-
vant relative energy region, is suppressed in the Coulomb
dissociation cross section, which leads to a lack of the
corresponding information. This question is also under
study presently [6—8].

The dominant effect is the El Coulomb dissociation
into the p + Be continuum. With the unequal charge-

depends on the energy difference between initial and Gnal

states, half the distance at closest approach in a head-on
collision, a, and the projectile velocity v. In the case of
forward scattering the quantity [2]

2 ( sin(8/2))
(2)

with the scattering angle 8 of the projectile is of interest.
First-order theory is applicable for small y and all ((8),
the sudden approximation for small ((8) and all y (Fig.
1). A recently developed method [10] for the calculation
of second-order effects is a step into larger y for values of
((8), where the sudden approximation will no longer be
a good approximation. Unfortunately, stepping further
into the larger y and ((8) territory will lead to increas-
ingly complex theoretical calculations. While this can be
important for some aspects of the electromagnetic disso-
ciation of very loosely bound systems, like ~ Li [11—13],
the present method will be suitable for the B case, where
the penetration of the proton is reduced by the Coulomb
barrier as compared to the neutrons in the I i case.

In Sec. II we give the theoretical framework. We study

to-mass ratio of the &agments p and Be the effects of
"post acceleration" could distort the information on the
relative energy. In terms of purely classical ideas, one
could imagine that the effects are rather conspicuous. It
is the purpose of the present paper to give a quantum me-
chanical account of higher-order, or "post-acceleration"
effects.

Two parameters serve to characterize electromagnetic
excitation, the adiabaticity parameter (, which is defined

by the ratio of the collision time to the nuclear transition
period and the strength parameter y (see, e.g. , [9]). The
adiabaticity parameter

(EI —E;)a
hv
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breakup threshold
for the sudden approximation.

The ground state ii) of the projectile is excited to the
final state

i f) by the external tiine-dependent perturba-
tion
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FIG. 1. The range of validity of the di8'erent approxima-
tions for the breakup amplitude is shown schematically. It
depends on the strength parameter y and the adiabaticity
parameter $(8). First-order (///) and second-order ($$$) per-
turbation theories in the low ( approach of Sec. IIB, sudden
approximation (=).

d tT dog 1 ~ 2 pbcq
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where p(q ) is the charge density operator, j (r) is the cur-
rent density operator, and R(t) gives the time-dependent
position of the target with charge number Z in the pro-
jectile &arne. From the excitation amplitude af;, which
is given in the various approximations below, we get the
triple differential cross section from

higher-order effects in the sudden approximation, where
all orders are taken into account, and in the new ap-
proach, where second-order effects are contained in the
limit of small values of the adiabaticity parameter. Using
the nuclear model of B as given in Sec. III for the direct
capture calculation, this theory is applied in Sec. IV to
the case of B Coulomb dissociation at various projectile
energies. The electromagnetic excitation is determined
by electromagnetic matrix elements between the nuclear
states. If the "no penetration condition" holds [2] these
are taken at the "photon point. " Since we treat higher-
order effects by closure, new types of nuclear matrix-
elements [see, e.g. , Eq. (12) below] appear. We evaluate
them here in realistic models. However, this model de-
pendence will not lead to ambiguities in our conclusions,
which are given in Sec. V.

for the excitation of the ground state with angular mo-
mentum J; to the final state with spin I, relative momen-
tum hq, and energy E between the two fragments b and
c with reduced mass p~. The Rutherford cross section
&&R is calculated for the scattering of the center of mass
of the projectile in the direction AA', . The angular corre-
lation of the fragments [Eq. (4)] can be expressed as a
sum over contributions &om different spherical harmon-
ics depending on the direction of hq [14]. An integration
over these directions yields the double differential cross
sections in which the contributions of different multipo-
larity are summed up incoherently.

A. First-order electromagnetic excitation

In perturbation theory the full excitation amplitude is
given as a sum

II. THEORETICAL TREATMENT OF
HIGHER-ORDER ELECTROMAGNETIC
EXCITATION INTO THE CONTINUUM

Typically we study the medium energy light ion disso-
ciation on heavy nuclei. The semiclassical method, where
the c.m. motion of the projectile is treated classically, is
well applicable. On the other hand, it seems indispens-
able to treat the projectile system in a fully quantal way.
This is already evident &om the fact that only low par-
tial waves, l = 0, 1, or 2, say, are involved. There is no
classical analogue and the concepts of breakup radius,
initial breakup configurations, &om where a classical tra-
jectory calculation is started, are, at best, rather vague.
No quantitative conclusion can be drawn from such cal-
culations. In order to fix notation, we review in Sec. II A
the formulas for first-order excitation. Following the de-
velopment of Ref. [10],we give in detail the second-order
formulas in Sec. IIB. In Sec. IIC we give the formulas

ay; = by; + ay,. + ay,. +.. .(~) (2)

of contributions of different order. The first-order ampli-
tude

wjfh ~ = (Ey —E;)/ti is calculated in a standard way by
expanding the perturbation H(t) in multipoles

n'y', '= 4~ . )-(fi~(~& —u) li) ~-~~(~) (7)

with the usual electric (x = E) and magnetic (m = M)
multipole operators M(orbal), the electric orbital inte-
grals
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OO iwt
S "( ) = « „,Y"(R(t)) (8)

B. Second-order electromagnetic excitation for small
adiabaticity parameters

and the magnetic orbital integrals

OO ~%4P t

SMp„(~) = — dt „,R(t) LYp„(R(t)) (9)

with L = —iR x V~. For relativistic corrections at
higher projectile energies see [15].

The second-order contribution to the excitation ampli-
tude in the perturbation expansion is given by

OO 'H' 'H

af,. —— (f~ dt dt'e " H(t) e 2 e

.H(t') —
~ I')

where 00 is the Hamiltonian of the projectile system. In
the limit of fast collisions this can be approximated by
[10]

OO OO I

ott, t —— (f] dt dt' tt(t —t )e' t '+ t H(t)H(t') ——]Ho, H(t)]H(t ) 'H(t)]Ho, H(t')]) ]e')
( ~)2

with |I)(t —t') = 1(0) if t ) t' (t ( t') The m. ultipole expansion of the perturbation leads to
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&
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+—„(f]tot(e,1, —tt, )]Ho, 2d(ee1o —tto)]]e)q(H, t o, (to)2', t o, (~))), (12)

where new types of nuclear matrix-elements appear. Here we introduce the modified electric orbital integrals

OO @at

R~f,„((u) = i dt „—,—Yg„(R(t)),

the modified magnetic orbital integrals

g~t4P t

RMp„(pf) = —— dt
q R(t) LYp„(R(t)), (14)

and the abbreviation

1 i dq
Qf ((tel (t)2) f ((tf1 (t)2) + + f ((tf1 (1 (tf2 + (1).

2 2' (15)

We define the functions

((dl1 (t)2) ) (Al((f1A2P2 ~AP) StttAtftt ((tf1)Stt2A2ft2 ((tf2) (16)

((tf1 1 (tf2) ) (A1V'1 A2P2
~
AP') Sttt At(21 ((of1)+tt2 A2tt2 ((tf2) t

P1P2
(17)

((t)le (d2) —) (AlglA2P2~AV)RtttAtftt ((tf1)S 2A2)t2 ((d2)1 (18)

by angular momentum coupling with the symmetry properties

Tttl lltt2el2
( ) ( 1 )+1+42 ~Ttt2~2~1~1

( )Ap. 4a)i) &2 Ay, (19)

Uttl+1ot2~2 (~ ~ ) ( 1 )~1++2 ++tt2~2ttl~1 (~ ~ )Age ~l) ~2
AJLt

(20)
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and the new multipole operators

Af"'~'(A —p) = ) (AiyiA2p2IAp)M(~iAi —)(di)M(~2A2 —p2), (21)

lc"'"'(A —p) = ) (Ai)(diA2pqlAp)M(vriAi —pi)HoJM(7(2A2 —p2). (22)

%ith these de6nitions the second-order amplitude becomes

(g) ( Ze l . (—1)('

ibad

)-„(2Ai+1)(2A2+1)

(flN."'"'(A — )li) I
&C„'"'""'(~~)+ „q'&Ui "'""'(~~) —„q'&&i '" '(~ ~)

I

(f—lK—"'"'(A —y)li)l QU„„'"' '"'(~, ~) —Qv„„'"' ' '((u, ~)
I

This expression can be simpli6ed by using the symmetry relations and choosing the energy scale so that E; + Ey ——0.
In the special case where we restrict ourselves to, e.g. , only one electric multipole (A' = Ai ——A2) we get for even
2A' —A

2

et =
~1

dx
I ) q, t (fl&Q (-& —p)lt)(&i„" "(~ ~)+('tt»„' "(~ ~))

OO

——(fl&xz (A-) )li)-& —Ui„" "(~—~ ~+~)
vn 7l ~ Q

(24)

with the adiabaticity parameter ( [Eq. (1)). In the limit of vanishing ( we will remain with

2

(25)

as is expected &om the expansion of the amplitude in sudden approximation to second order.

C. Sudden approximation

The excitation amplitude in sudden approximation is
given by

ih(2A+ 1)
4' Ze

( OO

x f dttexp
~

— dt d,d(t)
~

—t t'»e(e)
gib

ay' = (flexp I

—. «H( )tl li)
gib

(26)

It takes all orders of the interaction into account but is
only valid if the time ordering can be neglected, i.e., for
small $(8). The amplitude can be expanded into a sum
of contributions of different multipolarity

through angular integration over the directions of the
relative coordinate r = rg —v between the fragments.
These operators differ in their radial dependence from
the usual electromagnetic multipole operators, especially
at large r. Considering only electric excitations the ar-
gument of the exponential function can be expressed as

aP = 4~ . ) (flurg~(r)Y& „(r)lz)
Ze . (—1)"
'"

A.
' + (27)

1 «H(t) = 4~ ) ~ r"Y„*„(r)S&&„(0)
xh ih - 2A+1

like the first-order amplitude [Eq. (7)j by defining the
radial operators

The orbital integrals S@g„(0)can be calculated analyti-
cally. The effective charge number is given by
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z&"'=z, '
[ +z,

i

i ms+ mc) i my+ mc)
(30) V (r) = —V 1+exp

~
(32)

with the charge numbers Zg and Z and the masses mg
and m of the &agments. Even if only a small number of
multipolarities in the sum is considered the action of the
exponential function will produce all kinds of multipole
contributions representing the higher-order effects.

III. DIRECT CAPTURE MODEL

We describe the B system in a Be-p cluster model,
where the relative wave functions for the bound and scat-
tering states are generated &om simple Woods-Saxon po-
tentials. The Be nucleus is assumed to be in the ground
state with angular momentum j = &, which is coupled
with the spin of the proton to the channel spin I = 2. In
this approach we have neglected contributions of channel
spin 1, which is also possible in principle. The orbital an-
gular momentum of the relative motion is then coupled
with the channel spin to the total angular momentum
and parity J of the ground and the scattering states.
The bound state of B with total angular momentum 2+
is described as a p wave while for the scattering states
we use s, p, and d waves, which will be sufhcient at small
relative energies E. The Be-p potential is given by

L S
V = V~(r) + Vl.s(r)

with a central and a spin-orbit part. They have a com-
mon shape (z = C, respectively, LS)

but different depths depending on the relative orbital
angular momentum L. The parameters of the poten-
tial are chosen starting from the set of Barker [16] with
R = 2.95 fm and a = 0.65 fm for the radius and dif-
fuseness parameter. For the wave functions with L = 0,
respectively, L = 2 the central depths are taken to be
V~ ——56.18 MeV, respectively, V&~ ——50 MeV. The spin-
orbit part is only used for the p-wave states. We choose
V~ ——48.07 MeV and VLs

——1.51 MeV to reproduce
the binding energy of sB (E~ = 137.4 keV, referring to
the rBe-p breakup threshold) and the resonance energy
of the 1+ state (E = 633 keV). The radial wave func-
tion of the bound state is matched asymptotically to a
Whittaker function, and the matrix elements of the elec-
tric multipole operators are calculated without using the
long wavelength approximation. The radial integration
is carried out up to 300 fm because of the far reaching
inte grand.

The ground state of 8 and the s- and d-wave scatter-
ing states are suKciently well described in our model to
give an astrophysical S factor for the E1 direct capture
reaction similar to earlier and more elaborate calcula-
tions [16—20]. The result also agrees with the low-energy
direct capture measurements of the S factor within the
experimental uncertainties (Fig. 2). The E2 contribu-
tions to the capture cross section can be neglected at
small energies (Fig. 3). We get a resonant quadrupole
contribution only &om the 1+ state but not kom the
p-wave states with other total angular momenta. Our

10

100 200 300 400 500

E [keV]

FIG. 2. S factor of the Be(p,p) B reaction for the Fl capture from s and d waves to the p-wave ground state. Experimental
data: Parker et aL (o, [24]), Kavanagh et aL (0, [25]), Filippone et al. (, [26]).
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FIG. 3. Capture cross section of the Be(p,p) B reaction (solid line) with multipole contributions from El (dashed line), E2
(dotted line) and Ml (dashed-dotted line).

E2 contribution is smaller than in the studies which are
carried out in Refs. [17,19,20]. This behavior is caused
by the use of a different potential and the neglection of
the f-wave contributions in our calculation. At the res-
onance we have to consider the Ml contribution to the
cross section. The actual structure of the 1+ resonance in
B is quite di8erent &om our simple 78e-p cluster model.

We get a resonance width of 78 keV, about twice the ex-
perimental value of (37 + 5) keV [21]. The radial wave
functions of the ground state and the resonance are al-
most orthogonal, resulting in a strong suppression of the
Ml contribution [19]. Therefore we have to scale the Ml
contribution to the capture cross section to give approx-
imately the experimental magnitude. This was done by
multiplying the reduced matrix elements with the factor
15. The scaling is appropriate in the resonance region.
In the continuum region we will get a too large spurious
Ml contribution, hence we neglect it in the S factor (Fig.
2). This defect in our calculation will, however, not affect
the conclusions where the Coulomb dissociation is con-
cerned, since only the model-independent reduced transi-
tion probability B(M1) enters and the Ml contribution
to the breakup will be important only in the resonance
region.

Our model for the Be(p,p) B reaction is only a test
model, which cannot give precise quantitative results of
all aspects of the process. Especially the E2 and M1
contributions might be considerably difFerent in a better
theoretical description of the reaction. But the simple
model allows us to study the qualitative features of the
Coulomb dissociation as compared to the radiative cap-
ture reaction.

IV. COULOMB DISSOCIATION

Using the wave functions and electromagnetic multi-
pole matrix elements as calculated in the direct capture
model we will now examine in detail the breakup reac-
tion 8 + 2 Pb ~ Be + p+ SPb. In order to reveal
the physics of the process, we give here results for dif-
ferent values of various parameters (incident energy, sB'
scattering angle, and B excitation energy). The cal-
culation includes relativistic corrections as given in [15).
First-order cross sections contain E1,E2, and Ml contri-
butions. The second-order amplitude in our model gets
monopole and quadrupole contributions &om E1E1 and
E2E2 couplings. Additionally there are dipole contribu-
tions &om the E1E2 coupling. Second-order contribu-
tions from M1 couplings are neglected because they are
expected to be very small in the continuum region. The
amplitude in sudden approximation is calculated includ-
ing electric dipole and quadrupole contributions in the
argument [Eq. (29)] of the exponential function, which
leads to the relevant monopole, dipole and quadrupole
operators. We neglect the magnetic contribution in the
sudden approximation. The terms with the operator
K"'"'(A —p) in the second-order amplitude [Eq. (23)]
are neglected because of their smallness. In the long
wavelength limit the first-order electric quadrupole oper-
ator and the second-order quadrupole operator &om the
E1E1 coupling have the same v dependence. The ratio
of the corresponding amplitudes is therefore independent
of the radial and angular integrals. In the limit ( ~ 0 we
get for the ratio of the corresponding cross sections
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differential cross section as a function of the relative en-

ergy E of the &agments. We choose scattering angles cor-
responding to impact parameters, which are typical for
the RIKEN experiment. The first-order Ml excitation is

very small, as expected due to a (—) factor. The first-
order E2 contribution relative to the El contribution is
strongly enhanced as compared to the E2/El ratio in the
capture cross section as was noticed earlier [6 . For small

f this ratio can be approximated by 4/(k~6)2 [2] with the
momentum hk~ of the exchanged photon and the impact
parameter b. Higher-order effects are important at small
breakup energies and decrease at higher energies. The
E1E1, E1E2, and E2E2 couplings in the second-order
amplitude change the electric dipole and quadrupole con-
tributions to the breakup cross section and cause an elec-
tric monopole contribution. We did not include the cou-

plings with the magnetic dipole transition in the second-
order amplitude because the change of the total breakup
cross section in the continuum region is negligible but in
the used nuclear model it would be overestimated. At
a larger impact parameter, i.e., smaller scattering angle,
higher-order contributions become rather small and first-
order El excitation clearly dominates.

The sudden approximation overestimates the cross sec-
tion at higher relative energies and small scattering an-
gles as the interaction becomes adiabatic. At very small
excitation energies it tends to be smaller than the re-
sults &om the first- and second-order perturbation the-
ories. This can be understood &om the r dependence
of the multipole operators in the radial integral. In the
limit ( ~ 0, i.e. , the long wavelength approximation, the
usual multipole operators rise like a power of r, and the
essential contributions in the integral are far outside the

nucleus for a system like B with a small binding en-
ergy. The radial operators in the sudden approximation
[Eq. (28)] show an oscillatory behavior like Bessel func-
tions because of the finite strength parameter. So even
for moderately small values of y they will attain a maxi-
mum at rather small distances of the &agments, and the
integrand will decrease faster. More tightly bound sys-
tems will be much less sensitive to higher-order effects as
the main contributions are confined to the range of the
nucleus. This effect must be taken more care of in the
future.

There are ideas [22] to study the sB dissociation at
energies below the Coulomb barrier. Since the binding
energy of B is more than a factor 10 lower as compared
to the deuteron, this seems a point worthy of study. (For
a review of deuteron breakup, see, e.g. , [23. In this
case, the post-form DWBA leads to a good description
of the process. This may be even qualitatively different
for the case of the extremely loosely bound B.) We look
at the excitation cross section at a projectile energy of
5 Me%/A and a scattering angle of 15' (Fig. 5). Higher-
order effects become very important in the interesting
region of small relative energy. At increasing relative en-
ergies the total cross section vanishes rapidly and higher-
order effects are unimportant. The sudden approxima-
tion is not really applicable, in general, even very close
to the breakup threshold as the adiabaticity parameter
is always larger than ((tl) = 0.22. The study of the sB
sub-Coulomb breakup shows very interesting features, in
some contrast to the much more tightly bound deuteron.

In Fig. 6 we look at the dependence of the breakup
cross section on the scattering angle for a fixed relative
energy of the fragments. The maximum in the cross sec-
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FIG. 5. Breakup cross section of the reaction B + Pb + "Be + p + Pb as a function of the relative energy E for a
B scattering angle of 8 = 15' and a projectile energy of 5 MeV/A. See Fig 4for an exp.lanation of the marks
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FIG. 7. Angular distribution of the proton in the reaction plane for an impact parameter b = 50 fm, a relative energy
E = 250 keV, and a projectile energy of (a) 5 MeV/A, (b) 46.5 MeV/A, and (c) 200 MeV/A. Results of first order El (dashed
line), first order El + E2+ Ml (dotted line), first + second order calculation (solid line) in b/(MeV sr ). Upper half plane:
8„, lower half plane: 360' —8„.

In a recent paper [5] it was shown that nuclear excita-
tion eKects are very small. We conclude that a system-
atic experimental investigation of 8 Coulomb dissocia-
tion will be a useful method to extract the astrophysical
9 factor for the rBe(p, p) B capture reaction. We hope
that our investigation stimulates the planning of experi-
ments and leads to an optimal selection of the experimen-
tal conditions. We further hope that the present paper
provides a theoretical framework for an analysis which
can be done as model-independently as possible. The
consistency of the data with the theoretical analysis will

hopefully convince us of the reliability of the extracted S
factors.
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