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Deuteron breakup at extreme forward angles:
Failure of a pure Coulomb dissociation description
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We present an analysis of recent measurement of the 56 MeV deuteron breakup d&f t#ica, and
208ph targets taken by Okamuea al. The cross section measuredagt= 6,=0° was claimed to be a strong
evidence of Coulomb breakup, especially in light nuclei. However, the single-step pure Coulomb breakup
formalism fails to describe both the magnitude and the shape of the triple differential cross section even in light
nuclei. At 56 MeV incident deuteron energy, the nuclear interference effect is found to be significant in all the
above nuclei. The prior form distorted-wave Born-approximation calculations with unusual optical potentials
in the exit channel can reproduce the highly asymmetric shapes of the triple differential cross section at the
extreme forward angle, but, fail to give their exact magnitude. The possible role of multistep processes is
discussed[S0556-28136)01205-9

PACS numbeps): 25.70.Mn, 24.10.Eq, 24.509g

I. INTRODUCTION ciently. The prior form DWBA theory11] on the other hand
includes final state interaction between the breakup frag-
In recent years Coulomb dissociatifih-3] of both stable ments to all orders and encompasses the full finite range
and exotic nuclei[4-7] with incident energies above the effects correctly. Also, the prior form DWBA theory treats
Coulomb barrier has opened up a vast area of research in timeiclear and Coulomb breakup on the same footing and was
so-called “low energy” domain of nuclear physics. The dis- found to be quite successful for the 56 Me¥/—p+n
sociation of an energetic projectile in the intense Coulomlbreakup except at equal-angle angle pairs where a large over-
field of a target nucleus is an inverse process to capture rgrediction by the theory neccesitated an arbitrary renormal-
action and it can provide important insight into the nucleo-ization of the calculated results to fit the ddtE2]. Iseri
synthesis in the early Univer$8, 9]. However, a persistent et al.[13, 14 demonstrated the importance of multistep pro-
problem in this quest remains in the identification of thecesses in breakup and a rigorous coupled-channel calculation
angular region where the nuclear breakup effect can be igwith continuum-continuum coupling reasonably reproduced
nored in comparison to the dominant Coulomb dissociationthe magnitude of the above data. However, the Coulomb
Due to the short range nature of the nuclear field one usuallgreakup was not incorporated in their work. Later on Austern
expects less and less nuclear contribution at larger impaauggested that the effects of multistep processes can be simu-
parameters. On the other hand, the infinite range Coulomlated through an unusual optical potential at the exit channel
field of the target nucleus, although it diminishes in strengtt15].
with increasing impact parametel)( can cause significant Recently, for the first time, the 56 Med¥— p+n breakup
dissociation of the projectile at lardewithout causing large data have been obtained @lt=6,= 6,=0° for *2C, “°Ca,
angular deflection of the fragments. The breakup cross seczr, and 2°%Pb target§1]. These newly obtained data show
tion at very small angle is therefore expected to be domia very interesting feature. With the lightest tardé€, the
nated by the Coulomb dissociation. However, nuclear inter§-=0° data exhibit the characteristic double-peaked struc-
ference effects, target-fragment final state interactié@l)  ture of the Coulomb dissociation not observed in the earlier
as well as recombination of the fragments with small relativdarger angle data. The observed structure of energy sharing
energy might cause significant changes in the expected Cogpectra at-=0° is highly asymmetric and varies in shape
lomb breakup cross section. with the targetZ-value. The two-peaked feature observed
In the early 1980’s thel— p+n breakup data on several with theZ=6 (*°C) target reduces to almost one peak as the
targets provided excellent testing ground for various availZ value increases t@=82 (*°°Pb) [1]. This immediately
able theories of breakud0—12. The post form distorted- raises the question whether this asymmetry results from pure
wave Born-approximatiofDWBA) theory [10], although  Coulomb dissociation or from Coulomb plus other processes
generally successful for low relative angles of fragmentsmentioned earlier causing piling up of the protons at the
uses a zero-range approximation, completely neglects the fiigher energy side.
nal state interaction and treats Coulomb breakup insuffi- To appreciate the effects of the multistep processes at
#-=0° one would need a coupled discretized continuum
channels(CDCOQ) calculation in which the Coulomb effects
*Electronic address: chhanda@hpl.saha.ernet.in are properly incorporated. Unfortunately, no such calculation
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is available so far. To test the extent of validity of the one-Austern pointed out ifil5] that one needs to choose a proper
step pure Coulomb dissociation description of #fe=0°  exit channel potential to minimize the effect of replacing
data we have carried out an extensive study of the 56 MeWs(*)(K; r,R) by ¢,(r)x{")(K;,R) in (5) and the potential

d—p+n breakup with**C, “*Ca, and®*Pb targets in the y_,+V,,, determined by the continuum-continuum cou-
framework of the prior form DWBA theory. pling term of the three-body modéas is indeed appropriate

A brief description of the theory is given in Sec. Il to for an optical interaction in a three-body continuyiis quite

The details of the analysis and the possible implications of = An alternative prior form7 matrix [16] with a different
the results are given in Secs. Ill and 1V, respectively. choice of product wave functions in the exit channel is

Il. FORMALISM IR IR
-7:f Xb F (oA Xy (Txw[Upa(Tpa) + Ua(rxa)
The Hamiltonian for the elastic breakup process

+Vpa(rpa) T Via(rxa) =Uaa(ran) = Vaa(ran) ]
X a(Tp) X5 (Tan)dTaadTpy, (6)

- - whereU’s are the nuclear potentials antls are the Cou-
H=Ha+Hp+H+ T+ Tyt Upa(foa) +Voa(Tpa) lomb potentials ang, and x, are the scattering wave func-
- > - - tions governed by the potentialdya(rpa) +Vpa(rpa) and
+UxA(rxA)+VxA(rxA)+be(rbx)+va(rbx)r (2) UXA(rXA)+VXA(rXA)! respectively. The Cba(rbx) is the
ground state wave function of the projectile agd is the
incoming wave function distorted by the potential

a(=b+x)+A—a*+A—b+x+A (1)

can be written as

whereH ,H, ,H, are the internal Hamiltonians &f, b, and

X. The T, and T, denote the kinetic energies of fragments Vv This f . ival h
b and x of massm, and m,, respectively,U,x,U, s the Jaallan)+Vaa(ran). This form is equivalent to the so-

nuclear interaction potentials of the breakup fragments wittf@//éd post form DWBA7 matrix [15]. The abover” matrix

the targetA, and Uy, is the nuclear interaction potential ¢&" be rewritten as
which bindsb andx in the projectilea with a ground state P - - - -
T=(xb(Fpa) X (Mea) [Upa(Tha) + Vpa(Tpa)

wave functiong,(r). The V's are the respective Coulomb

interaction potentials. C V(P (r =)r (=)(r
The prio?form theory of breakufL1] includes the final X[ $a(Todxa” (Taa) +(xo (Toaxic (Txa|
state interaction between the broken up fragmérasdx to X Uya(Txa) + Vaa(Tx) | dalTo) X5 (Fan))
all orders by virtue of the explicit use of the continuum rela-
tive wave function. The7 matrix in the prior form can be — (O (oA XY (N [ (T o)) U an(Fan)
written as[15] _ R
o R P N +Vaa(Taa) X5 (Fan)) (7)
. (Xar (K¢ ,R) i (K, ) [Upa(rpa) + Uya(rxa) R @®

T Voa(rpa) +Via(rxa) =Uaa(ran) . . '
_ Here.7® and.7* represent the “shearing” due to the inter-

—Vaa(Tap) [T (KT, R)). (3)  action ofb andx with the target, respectively. Th&® term
) _ can be interpreted to provide the ‘“recombination” as
Here the target nucleus is assumed to be at rest i‘t trle origipy (=) ¢.) gives the projectile component of the final
S0 Ehat Ehe usual ) coeordnlatese are RZJEA state wave functiony{ x{ ).
=(Mprpatmyry )/ (Mp+my), r=rp=rpa=ryxa, ¢§;)(k,r) In the prior form DWBA prescription of Rybicki and
is the b+x final state wave function. Thg{" and ',  Austern[11] the final state is taken ag,.’ ¢a+, Where g«
describe the motion of the center of masshofind x with is a continuum state of the projectile, and the recombination
momentaK; and K; at the entrance and exit channels, re-term becomes identically zero due to the orthogonality of
spectively. ¢, and ¢+ [15].
The full wave function?(*) can be explained as From an inspection of Eq3) we find that ford—p-+n
breakup, the interaction potential in the form factor should
‘I,(+):¢a)((a1+)+f di Uy @ be written as
Uint:(Up+Un_Ud)+(Vp_Vd)y 9
The DWBA expression of the matrix in the prior form is ) )
obtained by taking only the first term 64) and is written as  Whereas, in the prior form DWBA theory used by us

jTSr\i/SrBA=<X;;)(K)f=§)¢;;)(E,F)|UbA(rbA)+UxA(rxA) Uin=Up+UntVp (10
+ Vpa(rpa) T Via(rxa) =Uaa(r an) and the”” matrix is

—Van(Fan)| ¢a(NXSV(K,R)). (5) TBeEa= (X 5 U+ U+ Vil daxy™). (1)
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Here, as explained earlier, the deuteron interaction part van- 0 —_——
ishes as the outgoing deuteron wave functipp has no
ground state component and the continuum stgigs are
orthogonal togy .

IIl. ANALYSIS

In this work we present the analysis of the 56 MeV
d—p+n breakup data of Okamurat al. [1] with *°C,
40Ca, and?%®Pb targets. We used a modified version of the
code of Gotd 17, 18 which computes breakup cross section
in the framework of the prior form DWBA theory of Rybicki
and Austern11]. In the ensuing calculations contributions
from the maximum values up td =145 and integration
up to Rhax=150 fm are considered. In the following subsec-
tions analyses of thed(pn) reaction with three different
targets 1°C, “°Ca and?°%Pb are presented separately. It is
pertinent to note here that, even in our pure Coulomb
breakup calculations, both nuclear and Coulomb distorted-
waves have been utilized whereas, in the earlier calculation
of Okamuraet al. the distortion effects due to nuclear inter- o A A
action between the target and the nucleons were neglected 10 20 30 40 50 0 10 20 30 40 50
[1]. Ep (MeV)

8

N
o
T

¢’ 0/da, da, dE,(mbssr’ MeV)

126 FIG. 1. Prior form DWBA calculations with the usual optical
A. (d.pn) potentials(Table |) showing the relative contributions of the nuclear
The 12C(d pn) reaction data were taken at and Coulomb breakup in the energy sharing spectra of the 56 MeV
gL—g =6,=0° — 55° and it was suggested by Okamura 12c(d,pn) reaction at differen®,= 6, . The solid lines represent
et al. [1] that the data abové“-~15° is strongly nuclear calculations with only nuclear breakup and dashed lines represent
dominated. We studied the relative importance of theWith only Coulomb breakup calculations.
Coulomb and nuclear contributions at -
=0°,2°,4°,6°,10°,15°,25°, and 35° and found that Cou-ferent systems is intriguing and might be a reflection of their
lomb part is usually smaller than the nuclear one except abasic S-wave structure of the bound state wave function as
6-=0° where the double-peaked Coulomb structure prewell as their similar and small binding energies. This aspects
dominateqFig. 1). Nevertheless, the Coulomb nuclear inter- needs further exploration with other loosely bound nuclei.
ference plays an important role at all forward angles includ- The  variation of energy sharing spectra
ing zero. (dSU/dQ dQ,dE,) with different exit channel potentials
In our earlier work{ 18], we also found an overprediction for 0L—0 ,6°,10°,15°,25° are shown in Fig. 3. At
at #-=15° and 0° when the usual optical potentials wereg-=15° the shape and magnitude of the energy sharing
used(Table . Through a thorough parametric search it wasspectra are found to be quite sensitive to the exit channel
found[18] that in order to get the best fit to both the shapepotential whereas their effects are less drastig-at 0°.
and the magnitude of the energy sharing distribution data at We carried out the calculation 0ffC(d,pn) reaction at
=15°, the real part of the exit channel nuclear potentialg-=15° with V,,=48 MeV and 20 MeV separately, both of
had to be reduced from 65 MeV to 48 MeV. which vyield approximately the same value of
The effect of variation of the energy integrated cross secd?q/d) pdQ),. The latter one produces an energy sharing
tion (d20'/dQ dQ,) with the exit channel potentialV., dlstnbutlon ent|rely different from the experimental data
(real part only was systematically studied at both in shape and in magnitud€ig. 4). This observation
6-=0°,6°,8°,10°,15°, and 25fFig. 2. At #-=0°,6°,8°, proves that it is essential to have the energy sharing distri-
and 25° this variation has similar nature and the value obution data to accurately determine the exit channel potential
dz(r/dedQn at Vg,=0 MeV is less than that a¥,,=65 and the energy integrated data alone is not sufficient for this
MeV. Interestingly, the nature of the above curve is totallypurpose.
opposite ap-=10° and 15° indicating a strong sensitivity of At #-=0° our pure Coulomb breakup calculation with
the present calculation to the exit channel potential near thifull nuclear plus Coulomb distorted-waves at the entrance
region. The momentum transfére., the momentum differ- and the exit channels significantly overpredicts the data.
ence between the incomind and the scattered*) at  Moreover it fails to reproduce the pronounced asymmetric
6-=15° is around 117 Me\¢. In the 56 MeV '*C(d,pn)  structure of the energy sharing ddfig. 5. This overpre-
reaction data a sudden drop in energy integrated cross sediction cannot be alleviated even if we reduce the exit chan-
tion was found below this ang[é]. Incidentally, also in the nel potential to 0.0 MeV. Although the addition of the
(Li, ad) breakup experimental data a similar dip in the nuclear part in the form factor gives the correct asymmetric
cross section was found below this same momentum transfehape of the data, it largely overpredicts the overall magni-
value[19-23. The similarity between these two entirely dif- tude of the energy sharing distributidfig. 6). This large
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TABLE |. Optical potential parameters.

Elab Vo o ag W, Wp r a, re Ref.
Reaction (MeV) (MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (fm)
d+*C 56 65.0 1.17 0.81 3.67 10.0 1.325 0.690 1.3012]
p+1%C 28 53.29 1.124 0.7 - 8.05 1.124 0.5 1.30[12]
n+1%C 28 5225 1.124 057 - 8.05 1.124 0.5 1.30[12]
d+4Ca 56 75.5 1.20  0.769 2.45 9.77 1.32  0.785  1.3(325]

p+4°Ca 27.4 50.59 1152 0.692 2.02 7.81 1.152 0.549  1.3(26]
n+4Ca 27.4 50.59 1152 0.692 2.02 7.81 1.152 0.549 1.3(e6]

d+2%pp 52 79.8 1.25 0.66 12.0 - 1.25 1.0 1.30[27]
p+2%ph 30 56.12 1.16 0.75 6.51 4.04 1.37 0.63  1.3(29
n+2%pp 30 69.55 1.16 0.77 4.50 35 1.58 051  1.3028]

overprediction is sustained even if the exit channel potentials the most important ingredient and cannot be neglected.
is reduced to zero. In our earlier wofk8] we did a search Interestingly, for the deuteron breakup the scattering cross
on the exit channel parametevg(=V,y),rg9,a9 and found section is found to be more sensitive to the variation of the
that the use of an unusually long range optical potential wittstrength of both the nuclear and the Coulomb transition po-
reduced strength\y=55 MeV, r,=4 fm, ag=4 fm) gives a  tentials than the geometrical parameters and the large over-
closer fit to the data. Nevertheless, there remains some scopeedictions can be adjusted by reducing only the depth of the
for improvement. transition potentials. Therefore, we multiplied the transition
A possible source of discrepancy might be the form factompotentials by arbitrary reduction factors and adjusted their
used in the calculation where we used the on-sheif?C  values to reproduce the data. We call the reduction factors of
andn+'°C scattering potentials. The actual off-shell poten-the nuclear and Coulomb transition potenti&s and B,
tials could be different from the above values both in shapaespectively. The possible implications of these reduction
and in magnitude. In fact, in the 156 Me¥Li—a+d factors will be discussed in the next section.
breakup reaction studies witf?%b target, it was found that At -=15°, the energy sharing data can be reasonably
much shallower and spatially more extended transition poreproduced both by the usual optical potentid. (=65
tentials approximately reproduced the energy sharing datdeV) with B,=B.=0.67 and by the unusual optical poten-
taken at wider angld®4]. In those calculations the Coulomb tial (V=48 MeV) with B,=B.=1, the latter producing a
breakup part was neglected as it was expected to be small

due to the large relative momenta between the fragments . . ——
detected at wide angles. However, in the case of the 0| zof N 8p°0,°6
d—p+n breakup reaction af-=0° the Coulomb breakup 800 -
o/ \
600 Yo \
240 —————— 70 o o\
8p" 6= 15 8p= 0,25 400l \
- -5 - Y/
200 50- ok
160[- 1 30 § 2001
"% of = 200
120} 4 10 : : . ‘E 10 'en=15
m
N; sol 110 :'n. 8f 1.5}
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E 40 1 " 1 1 q or
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©
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: { soot : oot ST
9000 1 - 1 oL ' ' L—— 0
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8000 L HON S Ep (MeV)
0 20 40 60 0 20 40 60
Vox (MeV) - FIG. 3. Variation of energy sharing spectra with different exit

channel potentials for the 56 Me¥C(d,pn) reaction at different
FIG. 2. Variation of energy integrated cross section With for 0,= 0, . The solid, dashed, and dotted curves represent calculations
the 56 MeV **C(d,pn) reaction at different,= 6, . with V., = 65 MeV, 48 MeV, and 0 MeV, respectively.
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FIG. 4. Energy sharing spectra for the 56 Mé¥C(d,pn) re- E. (MeV)
action atf,=6,=15°. The dashed line shows the results of the P
usual optical potentialgunnormalizegl The dash-double-dotted,
dotted, and dash-dotted lines are whQ,=0, 20, and 48 MeV
(unusual optical potentiglsrespectively. The solid line represents
calculations with usual optical potentials WB{=B.=0.67.

FIG. 6. Energy sharing spectra for tHéC(d,pn) reaction at
0,=06,=0° and full nuclear plus Coulomb breakup calculations
with different exit channel potentials. The solid line is with, =0
MeV, the dashed and dash-dotted lines are With=65 and 48
MeV, respectively. All results are shown after multiplying by a

slightly better fit to the experimental datkig. 4). Calcula- factor 0.2,

tions with the reduction factor8,=0.6, B.,=0.5, and

Vex=0.0 MeV, andB,=B.=1 andV=20 MeV also repro- B.=0.5 with Vgxitzo_o MeV only (Fig. 7).

duce the energy integrated cross section but they fail to de-" . ot _ o B _( 3 andB.=0.3 with Vo'=0.0 MeV ap-
, B,=0. <=0. :

scribe the energy sharing data and therefore discarded. proximately reproduce the absolute madgni_tude of the avail
In contrast to thes"=15° data, foré-=0°, no variation §

able energy integrated data but, as explained above, the exact

Of Vix With anaczl reproduces the mggmtude of either values ofB,, andB., cannot be ascertained in the absence of
the energy sharing data or the energy integrated data. A{ﬁe energy sharing data

. L: o . . . —
excellent fit to the9~=0° data is obtained using,=0.3 and In summary, thes=15° data can be reproduced either
by an unusual optical potentiaV(,=48 MeV) or by using

400 T T T T T

ep= 8,2 0° 200 T T T T T

12 12 =0.20
c(d,pn) and g oy ep er:zo
7 L C(d,pn) Cgng

w
o
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ol
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d’0’/dapdan dEp[mb/sr? Mev]
8
|
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3
¢’ /dapdandE, [mb/sr® MeV]
[=3
o
|

60
Ep (MeV) 0

0 10 20 1 40 50
Ep(MeV)
FIG. 5. Energy sharing spectra fol’C(d,pn) reaction at
0,=0,=0°. The solid(dasheglline shows Coulomb breakup con- FIG. 7. Energy sharing spectra for the 56 Mé¥C(d,pn) re-
tribution for V¢,=0 MeV (V=65 MeV). The dotteddash-dotted  action atf,= 0,=0°. The solid line is withB,=0.3,B.;=0.5, and
line shows the nuclear breakup contribution fog,=0 MeV V¢, =0 MeV. The dasheddotted line is for B,=0.3, B.=0, i.e.,
(V=65 MeV). nuclear only B,=0, B.=0.5, i.e., Coulomb only
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FIG. 8. Energy sharing spgctra for tH@_Ca(d,pn) r_eaction at . FIG. 9. Energy sharing spectra for t#€Ca(d,pn) reaction at
0dp=gn=?° anﬁ calculatl?ns V\_/lthhfuTluaI olptlcal Ipote(;ltlalls. The solid 6,=0,=0°. The solid line shows full nuclear plus Coulomb
(dashedi line s ows resu ts with fu nuclear plus tou ontBou- breakup results with unusual optical potentials. The dditedhed
lomb only) contributions shown multiplied by a factor of 1/4. The line shows nuclea(Coulomb contributions separately. The full

dotted line shows the result of nuclear breakup only. nuclear plus Coulomb calculations are shown multiplied by a factor

) ) of 1/3 and the pure Coulomb part is shown multiplied by a factor of
reduction factor8,=B.=0.67 in the both nuclear and Cou- 1/2.

lomb transition potentials, the first choice being somewhat

better. Forg-=0° the unusual potential as low 84,=0  channel potential. This approach is found to be nonappli-
MeV fails to reproduce the low cross section data and addieable in the case of°Ca where in addition td,=0.4,
tional reduction factorsg,=0.3,B.= 0.5) are needed to fit B,=0.6 and an unusually low =70 MeV, the geometry
the data. The Coulomb nuclear interference effect is found tparameters of the exit channel potential also need to be al-
be significant at all the forward angles including zero. tered in order to get the best fit to the data.

B. “%Ca(d,pn) C. 2%%p(d,pn)

The (d,pn) data with “°Ca target also show a double-  The 2°%Pb(d,pn) breakup data ap“=0° show an ex-
peaked structure with pronounced asymmetry. Table | contremly interesting feature where the expected double-peaked
tains the optical potential parameters for the*°Ca scatter-
ing at 56 MeV and the+ “°Ca andn+“°Ca scattering at 28 . : : , :
MeV used in this analysis. With these parameters the pure 40 ©0
Coulomb breakup calculations fail to reproduce both the 12001~ cald,pn) Cogne ’
shape and the magnitude of the triple differential cross sec- Op= € 0
tion data. However, the pure Coulomb result dominates the 1000
pure nuclear one. Consideration of Coulomb plus nuclear
breakup delineates some asymmetry but highly overpredicts
the observed data. The Coulomb and nuclear plus Coulomb
breakup calculations are shown in Fig. 8 both reduced by a
factor of 4.

The magnitude and the shape of the triple differential
cross section was found to be sensitive to the exit channel
potential and after a systematic search a closer fit to the data
could be obtained withVy=70 MeV, ry=2 fm, and
ay=0.769 fm. However, unlike the case of tHéC target,
here we had to use a further reduction factor of 3 to get a

800

a*c/ dnpdag dEp (mb/sr? MeV)
(=2}
o
o
I

comparable magnitud@-ig. 9). 0 A 1 i .
Alternatively, the correct magnitude could be reproduced 0 10 20 30 40 50

by using the reduction facto8,=0.4, B,=0.6 in the form Ep (MeV)

factors along with the unusual optical potential at the exit

channel(Fig. 10. FIG. 10. Energy sharing spectra for th&Ca(d,pn) reaction at
It is pertinent to note that in the case iC, at 6-=0°, 6,=0,=0°. The solid line corresponds to nuclear plus Coulomb

we got the best fit withB,=0.3, B.= 0.5, andVe= 0.0  breakup calculations witl,=0.4, B,=0.6 and the same unusual
MeV without changing the geometry parameters of the exibptical potentials as in Fig. 9.



53 DEUTERON BREAKUP AT EXTREME FORWARD ANGLES: ... 2293

500 T T 1§ T
28pyp ( d,pn) 208Pbg,,d

T ] T
2%6b (d,pn) *Pbgna

ep. eh= 0 m

1
]
- 500 i
]
|
I

1
&
o
[=]

T

300

3
¢’ o/dapdandEy (mb/sr® MeV)

~

=4

=}

T
T T — e

= 100} N .
ED( MeV) ,/{.:,-
FIG. 11. Energy sharing spectra féf%b(d,pn) reaction at 0 v
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line (dashed/dottedshows results with full nuclear plus Coulomb Ep (MeV)

(Coulomb only/nuclear on)ycontributions.
FIG. 12. Energy sharing spectra for th&Pb(d,pn) reaction at

structure of Coulomb dissociation vanishes and a prominerfle=0a=0°. The solid line shows full nuclear plus Coulomb
single peak is seen at higher proton energy. preakup re;ultnormahzed by a fagtor of 0)lwith an unusual op-

From the pure Coulomb breakup calculation we find that'c2! Potential. The dotteddashediline shows nuclea(Coulomty
instead of producing a single peak it generates the expectegémtr(ljbgt'on? separefltig/. The dominating nuclear part is shown re-
double-peaked structuréFig. 11). This large deviation is ticed by a factor of 10.
somewhat puzzling as one expects the Coulomb breakup de-
scription to be more valid with thé*%b (Z=82) target than
the 1°C (Z2=6) target.

Interestingly, the nuclear breakup part here dominates the 500—5g" T 208
Coulomb breakupFig. 11) a feature not observed in the Pb(d,pn) — Pbgng
deuteron breakup at-=0° with *°C and“°Ca targets. Cou- 8p=0p= 0
lomb nuclear interference also does not reproduce the single-
peaked structure and it highly overpredicts the overall mag-
nitude of the energy sharing dat&ig. 11). The optical
potential parameters are given in Table I.

The single-peaked structure can be reproduced by the use
of unusual optical potential parameter®/,&E70 MeV,
ro=15 fm, a;=1.0 fm) at the exit channel when both
nuclear and Coulomb breakup are considered. This result is
shown multiplied by a factor 0.1 in Fig. 12. Interestingly, the
pure Coulomb calculations with the unusual optical potential
fails to give the single-peaked structure. This indicates the
importance of the Coulomb nuclear interference?# Pb.
However, the exact magnitude of the data can be reproduced
after an appropriate normalization factor is used in the Cou-
lomb plus nuclear calculations. This renormalization can also
be simulated by the reduction factds=0.3,B.,=0.3 in the 0 !
transition potentialgFig. 13. 0 10
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IV. CONCLUDING REMARKS
) ) ) FIG. 13. Energy sharing spectra for tA¥Pb(d,pn) reaction at
In this work a detailed analysis of the 56 MeV deuteron 6p,=60,=0°. The solid line shows nuclear plus Coulomb breakup
breakup data of Okamurat al. [1] with *°C, %°Ca, and ithB,,=B.= i i
reakup aa ) ) results withB,=B.=0.3 and the same unusual optical potential as
208 targets in the framework of the prior form DWBA Fig. 12.
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theory is presented with both usual and unusual optical pothe QFS region on the+d— «+n+ p reaction spectra and
tentials at the exit channel. The unusual optical potential idis idea is partly confirmed by th&H(«,ap)n data[30] at
essentially the effective distorting potential for the broken-upE,=140 MeV. In thed+d—d+n+ p system, a similar su-
deuteron in the exit channel which is related to thepression of the QFS peak was reported by Kéigl. [31].
continuum-continuum coupling. The pure Coulomb breakupl'he deuteron wave function has a large span in radial space
calculations both with usual and unusual optical potentials adwing to its small binding energy. Therefore, the recombina-
the exit channel fail to describe the data. The addition of dion might occur due to strong attractive force between the
nuclear breakup part in conjunction with the usual opticalfragments when their relative energy)(is small. At large
potentials at both entrance and exit channels also fail to rempact parameter, the recombination effect due to attractive
produce the asymmetric structure of thg=6,=0° data. nuclear force between the fragments might dominate over
An unusual optical potential at the exit channel along withthe disruptive but weak breakup force. Therefore, at
reduction factors in the nucleéreal part only and Coulomb  #-=0° the FSI between the fragmenigoing in the same
transition potentials explain the data. Fi€a and?°®Pb the  direction with low relative energi¢snay induce “recombi-
exit channel potentials are found to be highly deformed innation” which could contribute in the reduction of the
shape while for?C only a reduced strength exit channel breakup cross section. The present analysis with the single-
potential needs to be considered. For an accurate determingtep DWBA formalism can only point out these possibilities,
tion of the exit channel potential, the energy integrated crosbut it cannot prove such a FSI conclusively as the recombi-
section is found to be inadequate and the necessity of theation effect is not incorporated in the present formalism.
energy sharing spectrum is established. We would like to stress here that we do not claim that our
The reduction factors of the transition potentials might becalculated cross sections with the normalization faciys
simulating the off-shell effect of the fragment-target interac-and B, provide the exact theoretical interpretation of the re-
tion for which we used the on-shell potentials. It was pointedaction mechanism. But, the requirement of the normalization
out by Heideet al. [24] that the exact? matrix for the factors,B, andB., strongly points at the existence of a large
breakup in the prior form DWBA can be written as reduction of breakup cross sections at the extreme forward
angle, indicating the presence of an additional reaction
T=(x2 6| (Upat Uaa—Uan) Qx4 ¢b2), (120 mechanism. This reduction cannot be reproduced by the
single-step DWBA theory even with unusual optical poten-
whereU,, is the exit channel distortion potential generatingtials in the exit channel, although, this last prescrip{itf]
Xa and(} is similar to the Moeller’s operator defined by  does explain the data at angles beyond a certain critical mo-
(+)— () mentum transfef~117 MeVLk). This aspect possibly needs
WH=0x5" ¢a- (13 {0 be considered in all the Coulomb dissociation calculations
as it might affect the extraction of the astrophysi8dhctors.
For a proper understanding of the actual reaction mecha-

different from unity. This of course is in addition to the . . : :
inadequecy of the used breakup model itself, and to the faalsn:js,da full three-body theory with multistep processes is
heeded.

hat th i ial is i I local which i : '
that the scattering potential is in general nonlocal which is In conclusion, we find that af“=0°, as suggested by

different from the local on-shell scattering potential. In this . o .
gp é.?kamuraet al, [1] the Coulomb dissociation indeed domi-

work, the fragments are on the same side of the beam tes thed 1 break tion in th #c and
equal angles with small realtive breakup energies for whicrﬂ(‘;’1 es — PN bréakup reaction in the case an

the coupling effects are expected to be large. The unusu%l Ca targets while, for the heaviéf*Pb target, the nuclear

optical potential at the exit channel may not be sufficient to reakup is the dominant one. Nevertheless, the 480“'0””'“
nuclear interference cannot be ignored evertd@ or “°Ca

farget. In the context of Coulomb dissociation measurements,
the failure of the one-step pure Coulomb breakup formalism
at 56 MeV incident deuteron energy is an important finding

hich suggests that the Coulomb dissociation of deuterons
should be explored in other energy domains for its fruitful
utilizations in astrophysics.

If the breakup channel coupling effect is large,will be

simulate this large coupling effect @-=0°. This inad-
equecy might be reflected in the additional requirement o
the reduction factor8,, andB,. .

It is pertinent to note that in the prior form DWBA theory
the outgoing deuteron wave function does not contain
ground state component which would be important if the
recombination of p+n—d takes place. For deuteron
breakup, Koike discussed the effect of the FSI in the quasi-
free scatterindQFS region to explain the supression of the
QFS peaks at forward angles in the three-body m@2i@). We are thankful to H. Okamura for sending us his 56
He gave the theoretical explanation of the effect of the FSI ifMeV deuteron breakup data ff] in a tabular form.
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