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Abstract

The breakup of the radioacti®’F nucleus into a proton antfO is studied for the reaction
17F 4 208pp _;, p 4+ 160 4 208pp at 65 MeVnucleon. The possibility of using this reaction as a
test case for studying dynamical Coulomb reacceleration effects is assessed. It is shown that the
reaction is dominated by elastic nuclear breakup (diffraction dissociation).
0 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Coulomb dissociation method [1] is now a standard experimental tool as a source
of information on radioactive capture processes of astrophysical interest. It can be shown
that the breakup cross sections of a projectile nucleus in the Coulomb field of a target
is proportional to the cross section for photo-dissociation [2]. The radiative capture cross
sections can be obtained via detailed balance [1]. Thus, by measuring the Coulomb breakup
of nuclear projectiles, specially at high bombarding energieS@-200 MeV/nucleon),
one can obtain information on the radiative capture cross section of interest. This goal
has indeed been achieved in numerous experiments for the stuthyedd, y)8Li [3],
12¢(n, y)13C [4,5], 11C(p, )2N [6], and 12C(«, )80 [7]. More recently, this method
has been used exhaustively in the study of the reaéBexp, )8B [8—13], considered the
most important one for the standard solar model [14].
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Under some circumstances the relation between the Coulomb breakup measurements
and the radiative capture cross sections of interest is not so straightforward. First, the
radiative capture cross sections contain contributions of different electric and magnetic
multipolarities which enter with different weights in the Coulomb breakup cross sections.
For example, while the radiative E2 capture is very small in the reac@mip, y)B

within the solar environment, its contribution is amplified in the Coulomb breakup
experiments. Separation of the two contributions one depends on the structure model used
for the 8B nucleus [15-18]. Secondly, the nuclear contribution to the breakup has to be
separated from the Coulomb breakup [17]. Finally, Coulomb reacceleration effects [19—
23] have to be controlled.

The Coulomb reacceleration effects are indeed one of the main concerns in extracting
the astrophysica$-factor for the reactioiBe(p, y)8B. These effects are filtered from the
data by comparing them with dynamical calculations of Coulomb breakup [19-23]. Due
to its relevance for the application of the Coulomb dissociation method, it is desirable
to study a system where the astrophysi€dhctors have been measured directly at the
stellar energies and where dynamical effects can be tested. Apparently, the breakup of
1’F is a good candidate. The ground staté @ is loosely-bound (600 keV of separation
energy into protoa- 10) and its only excited state is one of the best halo states known
so far in nuclear physics, being bound by only 100 keV. BesidesStfector for the
radiative capture reactioffO(p, y)1’F has been measured down to 200 keV [24]. Indeed,
the breakup of the weakly bourlddF well above the barrier has been considered as an
important test of the dynamical breakup mechanism [25]. First theoretical analysis of this
reaction has been done in Ref. [26].

In this work we study the breakup &fF into protor+ 180, which would be relevant
for the purpose of testing Coulomb dynamical effects by a comparison with experimental
results. Thus, we do not consider the stripping of the proton ftéf or the breakup
into other channels. We will only consider two breakup mechanisms: the Coulomb and the
elastic nuclear breakup (or diffraction dissociation). If the proton and&Befragments
are measured in coincidence, these are the only two mechanisms of interest. We restrict our
calculation to first order perturbation theory, as we want to learn about the feasibility of
such experiments. We also restrict ourselves to bombarding energies of 65e®on,
typical of laboratories like GANIL/France, GSI/Germany, NSCL/USA and RIKEN/Japan,
where previous Coulomb dissociation experiments have been carried out.

We show that the Coulomb breakup cross sections are too small to allow for a reliable
experimental counting rate. Also, the reaction is dominated by the elastic nuclear breakup
mechanism which is more model dependent than the Coulomb breakup. The details of
our calculations are presented in Section 2, where we show that a single particle model
is able to explain the astrophysicsifactor for 1%0(p, )’F at the lowest energies. In
Section 3 we present our calculations for Coulomb breakup and in Section 4 for elastic
nuclear breakup. Our conclusions are presented in Section 5.
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2. Potential model for 1'F

In the present calculation, we trédF as the combination of a proton and an iné®
core with spin 0. The proton—oxygen wavefunction is given by

Z (l%mlms |Jm) Yim, (f)XmS, 1)
m,mg
wherey,,, is the spinor wavefunction.

The radial wave function®;;(r) are solutions of the radial Schrédinger equation for
the proton-core motion with the potential

upj(r)

i (r) =

_ -1
V() = Vo[l— Fso (l- s)rr—odi} [1+ exp(%)} Ve, )

r

where

8¢2
VC(I")ZT, fOrr>RC,

2 2
Vc(r)=4i<3—r—2>, for r < Re. 3)
r RC
We usea = 0.6 fm, Rc = R = 3.27 fm, Fso = 0.341 fm, andrg = 1.25 fm. For the
5/2% d-wave ground state, we use the potential dépte: —49.66 MeV, which reproduces
the separation energy of 0.6 MeV. For th&1 s-wave, we us&p = —50.65 MeV, which
reproduces the separation energy of 0.1 MeV of the only excited stAfE.in
The continuum wavefunctions are calculated with the same potential model parameters
as the 32 ground state. They are normalized so as to satisfy the relation

(WelWe) =8(Ec — Ec’)ajj/(sll’amm/a (4)
what means, in practice, that the continuum wavefunctiofg(r) are normalized to
\/ Zmbc/r[hzk sin(kr 4 &;;) at larger, wherek is the relative momentum of the fragments
b andc (oxygen and proton, respectively).
The S-factor for the direct capture from a continuum state to the bound state, with spin

jo, is given by

@13 +1) 1
20 [(2L +DIM2 k

wherei = 1, or 2, for E1, or E2 transitions, respectively. The electromagnetic matrix
elementD; (Ecm; Ij; lojo) is given by

E, 20+1 2
$).(Ecm) = (E) eXF{ZHU(Ecm)] |Ok(Ecm§ lj; le0)| . (9

A A

|:1+ (_1)l+lo+)»i|kjo

> 5 (joz20173)

X /uElj(r)ulojO(r)r)‘ dr, (6)

g e ) i
Ox(Ecm; Lj; lojo) = %(_1)Jo+lo+l j
vV 47T

with the notationj = /2j + 1, andey, = Zpe(—Ac/Aa)* + Zee(Ap/Aa)*, wherea = 17F,
b =160 andc = p, respectively.



202 C.A. Bertulani, P. Danielewicz / Nuclear Physics A 717 (2003) 199-213

In a similar fashion, the photo-absorption cross section for the reagtion — b + ¢
is given by

UJEM(Ecm) =

)3 +1) (g) (é
AL+ D12\ K% )\ A

while the photo-absorption cross section for the ground state to excited state transition
y +a(5/27) — a(1/2") is given by

-1 2
) |Ok(Ecm§ lj; le0)| ) (1)

2130+ 1) (Ex P! o
%(E) |Ox 1 j1; IOJo)|28(Ef —E;—E,), (8)

where |0, (I1j1; lojo)| is given by Eq. (6), with the wavefunction of the/Z" state
replacingug;; (r), and withE y — E; = 0.5 MeV.

In Fig. 1, we show theS-factor for the radiative capture reactiéfO(p, y)1’F. The
data points are from Ref. [24]. We only show the low-energy part of the spectrum, up to
Ecm =2 MeV. The solid curves are the result of calculations following the direct capture
model as described above. The data are reasonably well described by the model, but the
model overestimates the capture cross sections into tB& 4tate for energies greater
than 1 MeV.

In Fig. 2, we show the photo-absorption cross sections for transitions from the ground
state (upper figure) and from the first excited state (lower figure) to the continuum. The
curves are calculated within the direct capture model and are given as a function of the
photon energyE, = E, = Ecm+ S,, WhereE, is the excitation energy ansl, is the
separation energy. Only shown are the E1 transition cross sections as the E2 cross sections
are at least a factor of $@maller. The p-waves dominate the transitions for lower energies
from the ground state to the continuum, but the f-wave contributions dominate at higher

oV (Ey) =

8
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0 0.5 1 1.5 2
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Fig. 1. S-factor for the reactiorJrGO(p, 1)L7F. The upper (lower) data represent the capture to 1& %xcited
(5/2* -ground) state it’F. The solid curves are the result of a calculation for the direct capture with a potential
model described in the text. The data are from Ref. [24].
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Fig. 2. The upper (lower) figure shows the photo-absorption cross sectidi éor transitions from the ground

(first excited) state to the continuum. The curves are calculated within the direct capture model explained in the
text and are given as a function of the photon endfgy= Ex = Ecm+ S, whereE; is the excitation energy
ands), is the separation energy.

energies, of 2 MeV and above. The photo-absorption cross section for the transitions from
the 1/27 to the continuum is shown in the lower panel.

There is also a contribution for the excitation of th&1 bound-state from the ground
state. This contribution was calculated by using Eqg. (8). The cross section value integrated

over the line isf 0;5/2+»1/2+)(Ex) dE, =7 x 10-% mb MeV. The result can be translated
into a B(E2)-value for the down transitioB(E2; 1/27 — 5/2%) = 61.5¢2fm?, which is

rather close to the experimental value of 66 1.4¢2fm? [27]. This is indeed verified

in more elaborate calculations [28], the reason being that the loosely-bound sthfEs in
have a small overlap with the core, thus leading to a small core polarization. Single particle
states are thus a good approximation for these states.

One observes from Fig. 2 that the photo-absorption cross sections have maxima at rather
high energies, Emax ~ 10 MeV for the g.s. andtmax ~ 3 MeV for the excited state) in
contrast to the photo-absorption cross sections of neutron halo nuclei [29]. As explained in
Ref. [29], the photo dissociation cross section peaks at an energy of about twice the binding
energy of neutron halo states. The cause of the peaks moving towards the higher energies
is the Coulomb barrier which produces a reduction of the overlap integral in Eq. (6). The
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result is an effective separation energy that is much larger than in neutron halo systems
with the same separation energies.

3. Coulomb breakup

Since there are no data for the elastic scattering®bn Pb targets at high bombarding
energies, we construct an optical potential using an effective interaction of the M3Y
type [31,32] modified so as to reproduce the energy dependence of total reaction cross
sections, i.e. [32],

I}
t(E,s) = —52—:)UNN(EIab)[1 — ia(Ean)]t(s). ©)

wherery = 421 MeV fn? is the volume integral of the M3Y interactiaris), s is the
nucleon—nucleon separation distaneceis the projectile velocityonn is the nucleon—
nucleon cross section, ands the real-to-imaginary ratio of the forward nucleon—nucleon
scattering amplitude. At 65 MeMucleon, we useny = 82 fm? anda = 0.96.

The optical potential is given by

U(Ejab, R) = / d3r1d%r2 p, (r1) py (r2)1 (Elab, 5), (10)

wheres=R +r —ry, andp, (p,) is the ground state density of the target (projectile).
For the proton, we use a Gaussian density characterized by a width of 0.7 f&%CFand
208pp we use the matter densities tabulated in Ref. [33].

Following Refs. [34,35], the Coulomb amplitude for E1 transitions is given by

(jm, jomo) 12w ., Zrep E:\,. .
felmY =2 Y 1“7}&2 EL (ﬁ)(lomol(m - mo)|Jm>
X O1(Ecm: 1 10j0) g1 (¥) 82, (q), (11)

where upr is the reduced mass of the targetprojectile, v is their relative velocity,
y =1 —v?%/¢?~1Y2 and

o

.Q#(q)=/dbbJﬂ(qb)K#<f;i>exr{ix(b)], (12)
0

whereg = 2pemsin@/2), pem is the center of mass bombarding momentum anid

the scattering angle. The functiofy (K,,) is the cylindrical (modified) Bessel function

of orderp. The functions,, (y) are given by

V2 .
go=—-  &s1=-ga=i (13)
The eikonal phasey (b), is given by
1 o
1) =20ines) ~ o [ dzUap. (14)

—00
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wheren = ZpZre?/hv, hk = pem is the center of mass momentum, aRe= v/62 + z2.
The optical potentiall/opt, in the above equation is given by Eq. (10).
In a similar fashion, the E2 transition amplitudes are given by

2
im, j [ . Zrep E . :
fE(jzm,]Omo) -2 %lﬂ hz PT (ﬁ) (JOmOZMUm)

X O2(Ecm; 1 lojo)hu(v)2,(q), (15)
wherew = m — mo, and
6 1 1
ho:ii, h1=—h_1=—(1~|——2>, ho=h_o2=—i—. (16)
14 14 Y

The cross section for Coulomb excitation of a state with angular momeritiand
excitation energy, is obtained by averaging (and summing) over the initial (final) angular
momentum projections:

2 ()
do. 1

2
dQ2dE, 2jo+1 '

Z ’féjlmdomw _I_féjzm,mmo) (17)

mo,m

The E1 and E2 amplitudes do not interfere in the cross section after summation over
angular momentum projections. This can easily be seen using the orthonormality condition
of the Clebsh—Gordan coefficients:

> (jomo2ul jm){ jomolp| jm) = 0. (18)

mo,m

Thus, Eq. (17) is just a sum of cross sections for the E1 and E2 excitations separately:

dZO'gj) _ dZO_él]]:) dZO_ég)
dS2dEy d§2dE, dS2dE,
_ neu(Ey,0) ne2(Ex, 0)

D (g
E. gy (Ey) + E.

where the virtual photon numberg1 andngp are given by

Z%a c\? 1
ng1(Ey,0) = 7 (;) |:Cl(w) + §0(0)):|7

o (Ey), (19)

¥2
z2 ra 1\? 3
ng2(Ex, 0) = Lza (£> [—242(60) + <1+ —2) ¢1(w) + —2§o(w)}, (20)
m* \v/ Ly 14 1
with @ =1/137 and
o \? wb
Lu(w) = 271(%) /dbbKﬁ(;) exd—21my (b)]. (21)

Fig. 3 shows the Coulomb breakup cross seciiefi E (in mb/MeV) for the reaction
17F(65 MeV/nucleon+ Pb— 180 + p + Pb, as a function of the prototfO relative
energy, in MeV. The smaller panel on the upper right corner of the figure shows the cross
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Fig. 3. Coulomb breakup cross sectiair/dE (in mb/MeV) for the reactionl’F(65 MeV/nucleon)+
Pb— 160+ p+ Pb, as a function of the protoiHQO relative energy, in MeV.

section at energies up #.m = 2 MeV. One sees that the E1 breakup mode is dominant at
all energies.

Although the E2 contribution to the photo-dissociation cross section is very small it
is amplified in the Coulomb dissociation due to the large abundance of E2 photons at
the bombarding energy considered [30]. However, the E2 contributida fd E is only
relevant atEcm ~ 3 MeV where the cross section has a peak. We also note that this
cross section is about a factor®8maller than the Coulomb breakup cross section for
the reactior’B + Pb— 7Be+ p + Pb at similar bombarding energies [8—-13]. Thus, it is
much more likely that the breakup is dominated by the nuclear interaction in this case. We
will demonstrate this to be indeed the case in the next section.

The angle integrated cross sections for ground state to continuum transitieng are
0.88 mb,og2 = 0.054 mb andbiota = 0.94 mb, respectively. This should be compared to
the cross section for the excitation of the2t state which is 0.33 mb. These cross sections
are small and hard to measure with reliable accuracy at present laboratory facilities. Also,
since the strength of the Coulomb breakup is much reduced’Foas compared to the
breakup offB projectiles, one also expects that higher order effects, which play a role in
the breakup ofB, become smaller in the casedF breakup.

4. Nuclear breakup

The nuclear breakup is due to the nuclear interaction

U(R,r)=Up(rp) + Uo(ro) — Ur(R), (22)
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Target Projectile
Fig. 4. Coordinates used in the text to describeltffebreakup.

where Up(rp), Uo(ro), and Ur(R) are the optical potentials for the scattering of the
proton, oxygen, and fluorine, off the target, respectively. The veciors, andR are their
respective coordinates relative to the target (see Fig. 4). The fluorine-projectile potential is
only responsible for the center of mass scattering and does not influend& theeakup.

The DWBA matrix element for the breakup, under the assumption of spherically
symmetric potentials, is given by

Tn = (@7 (RWE ()| Up(IR = ar|) + Uo(IR — Bor ) |¥g.s (N T (R)), (23)

wherer denotes the relative coordinate between the proton and the oxygen core in
7r, #9)(R) is the ingoing andd ") (R) is the outgoing center of mass (c.m.) scattering
wavefunction, and wherg; = 16/17 andg, = —1/17 (see Fig. 4).
For the c.m. scattering at high energies one can use the eikonal approximation which
implies
2 *R)P(R) =exgd—iq-R+ix®b)], (24)

whereq =k’ — k is the momentum transfer to the c.m. anf) is the eikonal phase for
the c.m. scattering, given by Eq. (14). Since the momentum transfer is small compared to
the total projectile momentum, we can uge- 2pcmsin(@/2), whered is the scattering
angle.

It is appropriate to expand the potentidls(|R — B;r|) into multipoles to exploit the
spherical symmetry of the states’ifF. One has then

Ui(IR—Bir]) = Y F,(r. R) P;.(cos0)
A

Ar ) ByvE (f
- %} 10 RV RV E), (25)
where
1
}-ii)(r, R) = M/‘déPA(S)Ui (\//ginZ + R2— ZﬂirRS), (26)
2
-1

and P, (&) are the Legendre polynomials.
Employing Eq. (1) and the angular momentum algebra, we get for the case of excitation
into a continuum state with angular momentum quantum numpers
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) o 1 -1 [+lo+2r
TSI — i/ (-1 ool )| T |

2
A A o0
x ’;’3’ (jo320]j1) f dr g (s jo () Gy (r, ), 27)
0

whereu = m — mo, the functiong is

Gou(r, Q) = /d3R exg—iq- R+ix ()] Fulr, R)Y;#(ﬁ)
= 4ni*Y§#(Q)/dR R%j5.(qR) Fi(r, R expix (R)], (28)
0

andZ,(r, Ry =Y, F(r, R).

In obtaining the last result in the equation above we have used the approximéijon
x (R) which is here well justified, since the breakup occurs at the contact surface between
the two nuclei, at which point ~ 0. Another simplifying approximation is to assume that
the momentum transfer to the c.m. is mostly in the perpendicular direction, following the
spirit of the eikonal approximation. Thus, we make the substituY@;(d) — qu(r[/Z),
and Eq. (28) becomes

1 e 1 —1Ditlo+r
G, ) =ik<—1)“+”>/2[ o0 }[ =2 ]

VI @A DOm0+ !

A = NA + !
X de R?j5. (g R)F(r, Ry expi x (R)]. (29)
0

The (elastic) nuclear breakup cross scattering amplitude is givenbyu(= even)

jomo; jm; A
f’\(ljomo Jm )(9)
_ _ Mer 7 Uomo: jm:2)
27h2 N

2y L e Y (V)
Y, 2 (.= NG )l

X /dR R2j5(qR) exi x (R)] OV (Ecm; R; Lj: lojo), (30)

<—1)—m°+<*+“>/2<jomoxu|jm>[

where

14 (—1)ltoth ] joJ

O (Eem; R; 1j; lojo) = [ 5 75 (0320173)

X /dr ugl (Nujo(r) Falr, R), (32)
0
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and the cross section is

a’o,fllj) _ 1
dRdE ~ 2jo+1

DRSOl

mo,m,\

2
X

/ dR R?j,.(qR) expli x (R)]ON (Ecm; R; 1j; lojo)

_ (2
= (%

2
x Y / dR R%j, (qR) exli x (R)] O (Eemi R 1js lojo)| . (32)
A
with
o 1 . .2 =+ w)!
C(x = moAu|jm ;
RO v S DR e TR
(A+u=even
and
O™ (Ecm R: 1j: Iojo) = /C (e jo) O (Eem R 1j: Iojo). (33)

In Fig. 5, we plot the real part of the overlap functi@iN) as a function ofR, for
A=0,1and 2, attc,y = 1 MeV. Fori = 0, only the transition from thegjground state
to the &§ continuum states is accounted for. Fos= 1, transitions to the $, {3, and 5
are included, while foi. = 2 the transitions to thelzs d% and og were considered. One

observes that the overlap functi@&m extends to large distance® between the c.m.

of the two nuclei (especially fox = 1, 2). The low distance part of this function is not
relevant, due to the nuclear absorption at low impact parameters (included in the factor
expi x (R)] of Eg. (32)). The imaginary part dﬁiN) has a similar behavior as the real
part.

In Fig. 6, we plot the elastic nuclear breakup cross section as a function of energy,
obtained by integrating Eq. (32) over angles. The dashed, solid and dashed-dotted curves
represent the contributions of the= 0, 1, and 2 multipolarities, respectively. One observes
that the nuclear breakup cross sections are at least two orders of magnitude larger than
the Coulomb cross sections, as displayed in Fig. 3. The elastic nuclear breakup also
leads to fragments with larger relative energies. We have noticed this result does not vary
appreciably with the bombarding energy.

In Fig. 7, we plot the total (solid curve) breakup cross section as a function of the
relative energy of the proton 1°0. The cross section includes elastic nuclear and Coulomb
breakup and Coulomb—-nuclear interference. The figure is shown for the energies of interest
for astrophysics, up to 2 MeV. The dashed curve is for the elastic nuclear breakup only. One
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Fig. 5. The overlap functio@;N), defined by Egs. (31) and (33), as a functionreffor A =0, 1 and 2, and for
excitation energyt, = 1.5 MeV.

40 T T T ;\’ - O
[ . _ _x =
= ok A A =2
> oy
Q
S [ T
i 20~ / \\ -
m L ! \ J
2 / \
© - ! \ _
< 10 I N
L ;] N 4
0 Ll Ny
0 2 4 6 8
Ecm [MeV]

Fig. 6. Elastic nuclear breakup cross sectibiidE (in mb/MeV) for the reaction!’F(65 MeV/nucleon)+
Pb— 160+ p+ Pb, as a function of the protoiHQO relative energy, in MeV.

clearly sees that the Coulomb breakup accounts only for a tiny fraction of the total breakup

Ccross section.
Finally, in Fig. 8 the angular distribution of the Coulomb and nuclear breakup modes

are compared. The distribution was obtained by integration of the double differential cross
section, Eq. (32), over energy. One observes that even at the very forward angles where the
Coulomb excitation is by comparison strongest, the nuclear breakup dominate.
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Fig. 7. Elastic nuclear breakup (dashed line) cross sediod E (in mb/MeV) for the reactiont’F(65 MeV/
nucleon)+ Pb— 160 + p+ Pb, as a function of the protoiHQO relative energy, in MeV. The solid line includes
the Coulomb breakup and the nuclear—Coulomb interference.
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Fig. 8. Elastic nuclear breakup (upper curve) cross seclionis2 (in b/sr) for the reaction’F(65 MeV/
nucleon)+Pb— 160 + p + Pb, as a function of the proton 160 center of mass scattering angle, in degrees.
The lower curve line represents the Coulomb breakup contribution for the same reaction.

5. Conclusions

We have analyzed the possibility of using the reactif(65 MeV/nucleon}+ Pb—
160 4 p + Pb for the purpose of studying the Coulomb reacceleration effects.

We have shown that the exclusive cross section is dominated by the elastic nuclear
breakup. This shows that this reaction is not very useful for this purpose, even if the impact
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parameter is selected by imposing an upper cut on the center of mass scattering angle. In
this case, the contribution of the nuclear dissociation is reduced considerably, as shown
in Ref. [26]. However, the Coulomb breakup cross section is also reduced. Since the total
Coulomb breakup cross section only amounts to fractions of millibarns, we predict a very
small counting rate for an experiment dedicated to this study.
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