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We investigate the effects arising out of th&-E2 interference in the Coulomb dissociation at beam
energies below and around 50 MeV/nucleon. The theory has been formulated within a first order semiclassical
scheme of Coulomb excitation, in which both the ground state and the continuum state wave funct®ns of
enter as inputs. We find that the magnitude of the interference could be large in some cases. However, there are
some specific observables which are free from the effects dE1h&2 interference, which is independent of
the models used to describe the structuré®f This will be useful for the analysis of the breakup data in
relation to the extraction of the astrophysical facte#(0).

PACS numbgs): 25.60-t, 25.70.De, 25.40.Lw, 26.28f

[. INTRODUCTION tinuum final states which allows to estimate tB& andE2
breakup contributions separately as well as their interference.
The Coulomb dissociatiofiCD) method provides an al- Our formulation is different from that of Ref§3,4] in the
ternate indirect way to determine the cross sections for théense that we do not assume straight line trajectories for the
radiative capture reactiofBe(p,y)®B at low relative ener- motion of the projectile in the Coulomb field of the target
gies[1], which is a key reaction of thp-p chain through Nnucleus. Our theory is closer to that of Baur and Wefi9gr
which energy is generated in the sun. The rate of this reag¥here triple differential cross sections with respect to the

tion is the most uncertain nuclear input to the standard soldi¢'ative and center of mass.m) angles and energies of the
model calculation$2], which affects the high energy solar fragments are determined. However, we have used a more

neutrino flux and bears significantly on the solar neutrinod€n€ral coupling scheme of angular momenta and spins than

problem. The CD method reverses the radiative capture b9“°5e in Ref{9].

) - o . i We organize the paper as follows. The theoretical formal-
the d|:§SOC|at|on ofa prOJectn(ehe fused syste]mp the Cou ism is described in Sec. Il. We describe the structure model
lomb field of a target, by making the assumption that nuclei

. . ..~ —adopted for®B in Sec. lll. The results and discussions on
do not interact strongly and the electromagnetic excnatloqhem are presented in Sec. IV. Finally, the summary and
process is dominated by a single multipolafity. Therefore, .o 1sions are given in Seé V. '
one has to pin down a kinematical domain where breakup

cross sections due to different multipolaritidsl( andE2)

can be clearly separated from each other. At the same time, it Il. FORMALISM

is also necessary to investigate the importance otthd=2 We consider the following reaction:

interference effects which has not been considered so far in

most of the analyses of the Coulomb dissociation dat?Bof a+A—ct+u+A, (1)

The magnitudes of thE1-E2 interference cross sections

could be appreciable for certain observables in the Coulomi, \\hich the composite projectie(=c+v) breaks up into a

. . . 8 . .
dissociation of*B. It was shown in Refs.3,4] that the dis- 46 ¢ and a valence particle in the Coulomb field of the
sociation of B around 45 MeV/nucleon beam energy is (56t nucleush which remains in the ground statelastic
dominated byE1 transitions but the interference Wih2  peakyp. We consider electric transitions of dipole and
amplitudes produces large asymmetries in the angular artﬁhadrupole types only. It is to be noted that #e. transi-

momentum distributions of the breakup fragments. This factjn contribution is small for the reactions considered here at
has been used in a recent measurement of the parallel mgg energies:52 MeV/nucleor(10].

mentum distribution of the Be fragment resulting from the In the initial channel, for given spins, ands, of the
breakup of®B on a Pb target at 44 MeV/nucleon beam en- . L P
ergy to put constraint on the contributions of 2 compo- core and valence particles, the projectile wave function is
nent in the breakup ofB [5]. .
In this paper, our aim is to investigate the role of the _ - -
E1-E2 interference effects in the analysis of the Coulomb Vi, (1) ;L, Y0 xs, @ Xs D Fiseyn (1)
dissociation data at beam energies 25.8 MeV at Notre Dame 2
[6] and around 50 MeV/nucleon measured at RIKENS].
We would like to examine the importance of the interferenceln the above]; is the orbital angular momentum of the va-
effects in different cases and try to see whether they couldence particle relative to the core ahds the total spin of the
be really absent in the above data. To this end, we havprojectile in its ground state with projectidv;. x’s are the
developed a first order semiclassical theory for the electrospin wave functions of the core and the valence particle.
magnetic excitation of a composite nucleus leading to con- More explicitly
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In the abovem|i is the projection of; .
For the final channel, the wave function is
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wherek is the wave vector associated with the relative motion between the two fragments in the continisuthe orbital
angular momentum for the core-valence relative motion lanid the total spin of the+uv system in the final channel.
We assume that the electromagnetic multipole operators act only on the relative motion variables of the system. This leads

to the following conditionss; =s. =sc, s, =S, =S, and mci=méf, mvi=m;f.
Now we define a reduced matrix element of the multipole operatbt(El,m)(=[Z.e(A,/A,)
+(—1)'Z,e(Ac/A)'Tr'Y,m(r) with multipolarity | having projectionm) between the final and the initial state:

B I_\/(2|i+1)(2|f+1)(2|+1)/Ii [P A\ | A
((Lis)LiIM(ED[[(Lso) iy =(—1)" yp= lo 0 o ZceA—a +(-1)z,e A—a)
XJo drf(*LisC)h(r)‘rl'Q(Lfsc)|f(k,r)- )

In Eq. (5), Zi(i=c,v) is the charge of théth fragment andA;(j =c,v,A) is the mass number of theh particle.
With this definition, the matrix element of the multipole operator is given by

PS> (—1) Mo FLit2Le+38, 435 M= ML ~M{ (_1)=2M¢ [2] 1) (2, + 1)
im, Mg

<wIiMi|M(E|ym)|‘//ksvfmu

som. )=

£ C Cf
L;m, !
i |_i Ifm|fm|f

m, m
Vi C; LfMLfM(_f

I S, L; Li s I Iy s, L¢
X(2Ls+1)(21+1) m, m, ~M_/\M, me o—wm/lmom, M
L sg ¢ i s, Ls Ly s I ¢ [ [ 1
x M{, mg —M (m|f m, =M, /IM, mg —M¢/|—m m m{f)
X((Lis) LM ED[(Lyse) 1) Y, (K). (6)

The expression for the triple differential cross section for the above electromagnetic breakup process in the incident beam
coordinate systenthe spins are not observeid given by
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wheredo®/d(Q, , is the Rutherford scattering cross section aiil.,) is the density of final states at relative enefgy; .

P(k), obtained from the matrix element in E&) above, is associated with the probability that the two fragments are scattered
in the final channel with relative motion wave vectorWe expand it in terms of the spherical harmo]ﬁ[qw(IZ). It is given

by

P(R>=§ AcmYim(k), ®
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In Eqg. (9), R is half the distance of closest approach in aE1 andE2 contributions separately as well as their interfer-
head-on collision and is the adiabaticity parameter, given ence. However, in contrast to our work, the coupling scheme
as the ratio of the collision time and the excitation time.of angular momenta and spins followed by them does not
D! s are the WigneD-functions andd, ,, is the scattering allow the use of the more detailed coupling scheme adopted
angle of the c.m. of the projectil&, is the charge number of here. In fact, the coupling scheme in Rg3] is more re-

the target and is the projectile-target relative velocity in the stricted in the sense that the orbital angular momentum of the
entrance channel,, (6. ., £) is the classical orbital integral Vvalence particle with respect to the core is coupled to the
in the focal system of the hyperbolic orbit of the projectile sum of the spins o€ andv both in the initial and the final

[11]. channel.
Through our formalism, we can account for pure dipole We note that integration over the solid angle associated
(I=1"=1) and pure quadrupolel €1’=2) transitions as With the relative motion of the fragments gives
well as mixed transitionsI&11'=2 or 1=2]'=1) or 42 do®!
dipole-quadrupole interference. Also, it is possible to calcu- e = J4n e E A 11
late very exclusive observables up to the level of the triple dQcmdE, dQc.m.p( o0} oo, (1D

differential cross section. Previous calculations on the = . .
breakup of®B were done by assuming that the angular dis-hich is fr_ee from theE1-E2 interference term, sinclg
tribution of fragments is isotropic in the projectile rest frame (With L,M =0) does not involve these terms. This is evident

[12—14. This approximation gives from the 3 symbol

, , oL
d°o 3 1 deo 10 m , M
dQg, d0, . dE,, 47 dQ, . dEy," (10 m

occurring in Eq.(9), because foL =0, | andl’ must be the

It should be noted that expression for similar triple differ- same. Thus, any cross section obtained from the above triple
ential cross section as in E¢7) was given by Baur and differential cross sectiofEq. (7)] by integration with respect
Weber in Ref[9], through which it is possible to account for to the solid angld), is free fromE1-E2 interference. This
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8 ' . The well depth for the ground state channel,
Vo(li(Lise)11)=Vo((p32,3/27)27), was adjusted to repro-
duce the one-proton separation energy of 0.137 MeV. It
came out to be-44.658 Me\). Similarly, the observed;

Pb (°Li, ad) Pb (g..) at 156 MeV

o 6 =1" and 3" resonances if¥B are described apg, waves
3 coupled to the ground state of the core, and the well depths
% for these channels;42.14 and—36.80 MeV, respectively,
E 4 have been adjusted to reproduce the known resonance ener-
& gies(0.637 and 2.183 MeV, respectivelyl5]. A ps, wave
;g and the spin of the core can also couple to the total spin 0
A But we ignore this channel since it appears to be very weak
5 2 in the low-lying excitation spectrum ofB. For all other
5 partial waves $1,»,p1/2,d3» €tc) we choose identical well
depths and set them equal to the valud2.14 MeV ob-
0 ‘ tained for the ps,,3/27)1" channel, as suggested by Rob-
~0.6 -0.4 0.6 ertson[16].

FIG. 1. Triple differential cross sectiot®o/dQ 4 dE 4 d96Li IV. RESULTS AND DISCUSSIONS

for Coulomb breakup ofLi on Pb at 156 MeV beam energy asa 1 check the accuracy of our formulation, we present in
function of E,q for 6 ,=3° and #,4=0°. The data have been ;4 1 5 comparison of our calculations with the deitd for
taken from[17]. PositiveE 4 implies velocity ofa patrticle is larger the triple differential cross sections for the reaction
than that of deuteron, while negatie,y corresponds to larger 6Li + Pbsa+d+Pb at 156 MeV beam energy as a func-
deuteron velocity than that af particle. tion of the relative energy between the alpha particle and the
o 8 deuteron for6,= 64=3°. Only E2 excitation contributes in
result is independent of the structure models®Bf There-  tnjs case. Since the multipole charge for the dipole case is
fore, the analyses presented in Rdf58,13,14 are indeed  erq for 6Li [Eq. (5)], the E1 contribution is zero. We have

free from theE1-E2 interference effects. assumed®Li to be a cluster ofa particle and deuteron, for
which the structure model of Refl18] has been used. We
. STRUCTURE MODEL note that our calculations are in good agreement with the

i i , ata. It may be noted that for the results presented in[Rgf.
The calculations of the reduced matrix elements mvolved{dOr the same reaction, the structure part has been obtained
in Eqg. (9) require the detailed knowledge of ground state a5, a constant as:crophysicas factor of 1.710°°
well as continuum structure diB, which is not yet known MeV mb, and not by using proper wave functions for the
with certainty. In our caIcuIatiosns, we adopt the single par-.q ng state and excited states%f as has been done by
ticle potential mode(SPPM for °B [3]. Itis to be noted that s |y these data the contributions from nuclear excitation
the matrix elements of the multipole operators enter directly,¢racts are negligible as the fragments have been detected at
into these calculations. Therefore, they are quite sensitive t9ery forward angle$19].
the structure model ofB. _ g In Fig. 2, we present the results of our calculations for the
Within the SPPM, the valence protéwith spinz) in ®B e differential cross sectioEq. (7)] for Coulomb
(with spin-parity 27) is assumed to move relative to an inert breakup of B on a Pb target at 46.5 MeV/nucleon beam
‘Be core (with intrinsic spin-parity 3/2) in a Coulomb energy as a function o, for relative energyE,=0.2
field and a Woods-Saxon plus spin-orbit potential, with an\;av/ and 0o,=1° (top haii)'and as a function oEU for
adjustable depttVo(I(Ls;)!) for the initial and each final 4 _ 3o and 6.,=1° (bottom halj. We see that thE1-E2
channel: interference(long dashed lingcontribution is quite impor-
g tant in both cases. In fact, it is larger than B2 contribu-
_ _ o 0 tion (dashed lingand modifies the coherent suiolid line)
V(N=Voll (L)) 1=Fsol-8) 77 gr 1), (12 of E1 (dotted ling and E2 cross sections significantly. It
may be noted that this type of triple differential cross sec-
where tions have not yet been measured for reactions involving
unstable radioactive nuclée.g., °B).
f(r)=@@+exd(r—R)/a]) . (13 However, the differential cross secticto/d6,,, has
been measured as a function@f,, in the dissociation of B
Adjusting the depth allows one to reproduce the energy obn Pb at beam energies50 MeV/nucleon at RIKEN7,8].
the known states. We use=0.52 fm,r,=1.25 fm, andR At larger scattering angles the cross sections are more sensi-
=2.391 fm [3]. The spin-orbit strength is set t&., tive to theE2 component. A detailed investigation of this
=0.351 fm[3]. The rms distance of the core-proton relative reaction was carried out in Rdf13] by assuming the frag-
motion and the rms size dtB come out to be 4.24 fm and ment emission to be isotropic in the projectile rest frdfae.

2.64 fm, respectively. (10)].
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FIG. 2. E1 (dotted ling, E2 (dashed ling components together
with the E1-E2 interferencglong-dashed linecontribution in the FIG. 4. E1 (dotted ling, E2 (dashed ling components together
triple differential cross sectiod®s/dQ), dQ. , dE., for Coulomb  with the E1-E2 interferencelong-dashed linecontribution in the
breakup of®B on Pb at 46.5 MeV/nucleon beam energy as a func-triple differential cross sectiod®o/dE;,_dQ,,_dQ, for Coulomb
tion of ., for E,,=0.2 MeV andf.,=1° (top halj and as a breakup of®B on Ni at 25.8 MeV beam energy as a functionsef
function of E, for 6. ;,=3° andf,=1° (bottom halj. The solid  for E;_=22.575 MeV,6,=20°, andp,=0°. The solid line shows
line in each case shows the coherent sumEaf and E2 cross  the coherent sum dE1 andE2 cross sections.
sections.
Coulomb dissociatiofwith semiclassical theojyesults pre-

In Fig. 3, we present our calculations for the differentsented in Ref[20], which have been obtained with the iso-
components in the Coulomb breakup cross section for thigopic emission assumption. These calculations, however,
reaction at the beam energy of 51.9 MeV/nucleon, by usingise a different structure model fdiB, namely, the shell
our formalism (i.e., without making the approximation of model embedded in the continuum. Therefore, the present
isotropic emission For this observable the coherent sum calculations give credence to the calculations reported in
(solid line) of E1 (dotted ling andE2 (dashed lingcontri-  Ref.[20]. As discussed earlier in Refsl3,20, the disagree-
butions is simply the sum of these two separate cross seénent between the data and the calculations beyond 4° in this
tions, as there is no contribution from til-E2 interfer-  figure can be attributed to the point like projectile approxi-
ence component as discussed abfme= Eq(11)]. We note ~ mation of the semiclassical theory, which is no longer valid

that the results presented in Fig. 3 are the same as the pufi@' larger angles. Inclusion of finite size effects in the calcu-
lations leads to better agreement between data and the theo-

retical results[13]. It should also be mentioned that the

10 nuclear breakup effects are important only at larger angles
107 1 (>4°) in all the three energy bin43,21].
o L The triple differential cross  section d3o/
Ee dQ, dQ ., dE., can be related to that of the individual
10° ; ; ; ; fragmentsc andv (d3¢/dE,dQ.dQ,) [22]. Since interfer-
g ence contributions are significant ifo/dQ., dQ. m dEg, ,
a1 ¢ 1 it is expected that they would also be important in
S102 [ 1 de/dE.dQ.dQ, in general. This is, indeed, the case as
3 can be seen in Fig. 4. In this figure, we have plotted
8 10° | = = = d3/dE, dQ, dQ, (with c="Be andv=p) as a function of
107" F g i e i 67, for Coulomb breakup ofB on ®Ni at the beam energy
10° | commdenmmoe TS i of 25.8 MeV, forE;,_=22.575 MeV(the beam velocity en-
10° L7 E.=2000-2250 keV y ergy), 6,=20° and$,=0°. We see that thE1-E2 interfer-
107 w s : . ence term is quite significant and is even larger than that of
° 2 49 doq) 6 8 10 the dipole component.

However, for less exclusive observabléike the angular
FIG. 3. Calculated differential cross sectiefda/dé, ) for  distribution of individual fragmenjsthe interference term is
Coulomb breakup ofB on Pb at 51.9 MeV/nucleon for three given NOt SO strong. This can be seen in Fig. 5, where we show the
relative energy bins as a function 6f ,, . The cross sections have 'Be angular distribution resulting from the Coulomb disso-
been folded with experimental efficiency. The data, which are alseiation of 8B on a Ni target at 25.8 MeV. We note that the
folded with experimental efficiency, have been taken fi@h E1-E2 interferencdlong dashed lingis small in magnitude
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The variation patterns are oscillatory and show positive and
negative values of almost equal magnitudes. For some angles
the cross sections are very small. Therefore, it is no surprise
that integrations with respect to the polar and azimuthal
angles of the proton will lead to cancellation and hence to
small magnitudes of the interference term in the ovetBi
angular distribution.

However, there is still a remaining question of the effects
of strong(nucleaj interaction between the colliding nuclei.
They can be almost eliminated by choosing the proper kine-
matical conditions. For example, tf8 breakup data taken
by the RIKEN Collaboration[7,8] have been shown
[13,21,23 to be almost free from the nuclear effects for
"Be-p relative energies<0.75 MeV at very forward angles
(<4°). Similarly the data taken at G$24] at higher beam
energy of~250 MeV/nucleon are also free from these ef-

fects(see, e.g.[25]). Therefore, the results presented in Fig.
2 are unlikely to be affected by nuclear excitation. However,
these effects can be quite strodd] for the breakup studies
[6,26] at lower beam energies<{25 MeV). In any case, it is
straightforward to calculat¢27] the amplitudes for pure
nuclear and Coulomb-nuclear interference terms for the di-
pole and quadrupole excitations as well as of their interfer-

FIG. 5. E1 (dotted ling, E2 (dashed ling components together
with the E1-E2 interferencglong dashed linecontribution in the
"Be angular distribution for Coulomb breakup & on Ni at 25.8
MeV beam energy. The solid line shows the coherent surlof
andE2 cross sections.

compared to the dipol@otted ling and quadrupolédashed
line) breakup cross sections, excepting at larger anglegnce'
(around 75°) where it is comparable in magnitude toEHe
component. The interference component oscillates between
positive and negative values which is also reflected in the

coherent sum of th&1 andE2 cross sectionssolid line). In summary, we have performed first order semiclassical

To understand why the interference is not large in8e  ¢ajculations of the electromagnetic excitation &, where
angular distribution shown in Fig. 5, we have plotted in Fig.ihe electric dipole and quadrupole excitation components as
6 the 6, (top half, with typical value ofp,=10°) andd, el as their interference effects are included. The theory
(bottom half, with typical value ob,=20°) variations of the  permits consideration of coupling of angular momenta and
mterfere_nce_ term in th_e triple differential cross sectiongpins of the projectile fragments in detalil. It is possible to
shown in Fig. 4 for typical energy and angle of thBe  calculate exclusive observables to the level of the triple dif-
fragmentE; =22.575 MeV and6; =10°, respectively. ferential cross section within this formalism.

We find that the magnitude of thE1-E2 interference
term could be appreciable in the triple differential cross sec-
tions. However, observables which are not functions of the
solid angle associated with the relative motion of the breakup
fragments in the final channel, are free from this term. This
result is independent of the structure model$Bf We have

V. SUMMARY AND CONCLUSIONS

*B + Ni at 25.8 MeV 1

E, =22.575MeV
Be

6, =10deg
9, =10 deg ] also shown that for double differential cross sections involv-
prv 150 200 ing angle of scattering of the projectile with respect to the
0_(deg) target and energy of relative motion between the projectile
P

fragments, the approximation of the isotropic emission in the
rest frame of the projectile is quite good. Therefore, analysis
] of the RIKEN data presented earlier using this approxima-
] tion is quite accurate and this data, in the proper kinematical
regime (fsg«<4° andE7g;~500 keV) can be used to ex-
tract rather reliable astrophysic&factor S;(0).

The interference terms are also significant in the triple
differential cross sections of the individual fragments. How-
ever, in the angular distribution of the individual fragments

FIG. 6. 6, (top half, ,=10°) and¢, (bottom half,§,=20°)  these terms are not significant. Therefore, the experimental
variations in theE1-E2 interference contribution in the triple dif- data present in Ref26] are almost free from th&1-E2
ferential cross sectiod®s/dE; _dQ,, dQ, for Coulomb breakup interference terms. However, the effects of the three body
of B on Ni at 25.8 MeV beam energy f&, =22.575 MeV and  kinematics(not considered in the analysis of these gatay
07,,=10°. still be important.

i
-
T

G,Be =10deg

3 2
d’oidE, dQ, dQ, (mb/(MeV sr)
w

6, =20deg 7

0 50 100 150 200
9, (deg)
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