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Deuteron stripping and pick-up on halo nuclei
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We present an approach to halo transfergrd) and d,p) reactions in which excitation and breakup effects
are treated in a simple way. The method assumes that halo excitation energies are small compared with kinetic
energies in the channel containing halo nucleus. It is shown that in the zero-range approximation to this
approach the transfer amplitude has a formal resemblance to the conventional distorted wave Born approxi-
mation amplitude in which the distorted wave in the channel containing the halo nucleus is replaced by an
effective distorted wave. Finite-range corrections are included using a generalization of the local-energy ap-
proximation. As a first application of the method, numerical calculations have been performed for the
160(d, p)*"0,'%Be(d, p)*'Be, and*'Be(p,d)'’Be reactions. Deuteron breakup was included within the adia-
batic approach of Johnson and Soper. It was found that including recoil excitation and breakup’er sl
HBe nuclei increases the calculated cross sections and thus decreases the deduced spectroscopic factors. This
effect is expected to increase with incident energy and decrease when the mass of the core of the halo nucleus
increases relative to the mass of the hf®0556-28139)03203-3

PACS numbgs): 24.50+g, 25.45.Hi, 25.60.Je, 27.26n

[. INTRODUCTION selves. In the transfer matrix element these components can
interfere constructively or destructively with the elastic com-
Recently, nuclear reactions involving transfer of a haloponent. The effect in many cases is that when deuteron
particle have attracted attention. Because of the simplicity obreakup is included, the spectroscopic factors extracted from
the theoretical interpretation of these reactions, they aréhe experimental data are about 20—30 % smaller than those
thought to provide an important source of the informationobtained with the conventional DWBA. However, at present
about the structure of halo nuclei. Some experiments withthere are no simple theories which estimate the role of
radioactive beams have already been performed. For exdbreakup effects in transfer reactions involving halo nuclei in
ample, the cross sections for the neutron transfer reactiomitial or final channels.
10Be(d,p)1'Be were measured using the radioactive target One approach to including the effects of halo excitation
10B8e almost twenty years add]. Measurements of the in- and breakup in the transfer amplitude, is to solve continuum-
verse reactiont'Be(p,d)1%Be have recently been performed discretized coupled channdlSDCC) equations for the chan-
with the aim of studying the role of the core excitation in the nel containing the halo. However, this requires considerable
structure of''Be [2]. computational effort and physical information about all pos-
An important motivation for studying transfer reactions is sible bound state-continuum and continuum-continuum form
to extract spectroscopic factors. In the standard proceduréactors which is never completely available. Convergence
spectroscopic factors are determined as ratios of the expenproblems may also become more serious when very weakly
mental transfer cross sections to those calculated within theound nuclei are involved.
distorted wave Born approximatididbWBA). The latter as- In this paper we introduce a simple approach to the treat-
sumes that the initial and final channel wave functions arenent of break-up and excitation in halo transferd) and
entirely dominated by their elastic components. However(d,p) reactions within the framework of a three-body model.
one would expect that in the case of weakly bound haldrhis approach is based on an alternative exact representation
nuclei, channel wave function components involving excita-of the transfer amplitude in which the transition operator is
tion of the halo degree of freedom by the target nucleughe p-n potential and any effects due to remnant terms are
would be important and that standard DWBA might not beincluded in the three-body wave function in the initial or
reliable. The situation is further complicated by the fact thatfinal channel.
for halo nuclei these excitations are likely to include un- We consider cases where the energy of halo excitations
bound continuum states. mixed into the relevant channel wave functions is small com-
These effects are best illustrated by reference to the caggared with the channel kinetic energies. It is shown below
of the simplest “halo” nucleus, the deuteron. The DWBA that in these circumstances we can incorporate these excita-
assumes that the only way breakup influences the initiafions into the transfer amplitude by using the adiabatic wave
channel wave function in ad(p) reaction is by contributing function of Johnson, Al-Khalili, and Tostevif3] in one
extra absorption in the elastic component. However, transfecthannel and Johnson and Sopét in the other. The latter
can occur directly out of the breakup components themform of the adiabatic wave function is valid only for the
deuteron within the range of the p interaction.
The application of the adiabatic three-body wave function
*Permanent address: Institute of Nuclear Physics, Ulugbek, Tastef Johnson, Al-Khalili, and Tostevifi3] to the elastic scat-
kent 702132, Uzbekistan. tering of halo nuclei has given a useful insight into the main
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features of the elastic scattering of these nuclei. We show (ii) The approximation of the many-body wave function

here that in the zero-range limit the use of the same waver ejther beB(Eﬁ,FB) Ypn(Tpn) in the prior DWBA or by

function in the transfer amplitude results in a formula which (IZ hy ) (F ) in the post DWBA

h imilarity with the conventional DWBA amplitude, X«{Ke ' @) ¥cn(Tcn) In the p ' e

baf some S'T}'_ah %/h distorted in the hal hp | ! The first assumption is reasonably well satisfied for a
ut oné in which he distorted wave In the halo channel ISg,q1e nycleon transfer between heavy tightly bound nuclei.

replaced by an effective distorted wave constructed accor Jowever, in the case of halo nuclei the optical potential be-

ing to a definite prescription. Unlike DWBA this new ampli- ’

; : A tween the projectile and a halo target may differ strongly
tude does not require knowledge of optical potentials for thqcrom the projectile-core interaction potentMpe because in

halo_ nuclei_ involved_. Itis de'Fermined _by nucleon optical PO-the former case there will be important channels involving
tentials which describe elastic scattering from the core. Finite,y ii-+ion of the halo degrees of freedom which are obvi-
range corrections are inc_luded using a generalization of trlgusly not present when internal excitations of the core alone
local-energy approximation as developed by Butte an re involved. Similar considerations suggest that the approxi-

Goldfarb[5]. . )
. mation of the exact many-body wave functi#hby an elas-
Although the present paper has been motivated by EXPETke distorted wave times halo bound state wave function, i.e.,

.me”ta!' studies of d_euteron stripping and pick-up reactiong projection onto an elastic channel, may not be valid.
involving halo nuclei, the formalism developed here is more We start with the transfer amplitude in the the prior form

generally applicable. We have in m'f‘d' fqr exqmpld,m 1). If ¥ is the exact solution of the many-body problem,
and other one nucleon transfer reactions involving both halg, . "o optical potentidl, in the transition operator am-

?;:C»{r;g:ga\l,lv?ﬂ?uhcg\', t\/\ilgnr;e;';r(;nnérrariw;;‘err]iria:g%nus ﬁnf%rog'u litude can be chosen arbitrarily. In this case the correspond-
y 9 9 9 ng entrance channel wave function must be the solution of

adiabatic approximations to be valid. . ) ) , -
In Sec. Il we choose an appropriate form for the exact® Schrdinger —equation with  potential Vcn(rcn)

transition amplitude and derive zero-range and local-energy U.(r ). If we replace the optical potential (r ) by the
approximation in the adiabatic approach. In Sec. Ill we applypotentialVp(r pc) then the entrance channel wave function
our approach to the'®0(d,p)*’0, *Be(d.p)"'Be, and  (which we now denot@) would be a solution of the Schro

‘Be(p,d) "Be reactions. The results of our calculations areginger equation in which the interaction between nuclaon
discussed in Sec. IV. and nucleons of projectile is switched off

Il. TRANSFER AMPLITUDE [T+Ven(fen) +Vec(fpe) —Eld!)=0, 3
We consider a halo transfer reaction whereT is the kinetic energy operator. Therefore, the exact
P+(h+C)—(P+h)+C, transfer amplitude is given by the expression

= () 7 (+)
whereP is a projectile(proton), h is a halo particle, an@ is T=(WIVerl g ). “

a core to which the halo particle is weakly bound in the , . I ; ;

. . A rigorous derivation of this equation for the case ofdap)
entrgnce channel. The proté"mames away a han_parUcle reaction is given in the book of Goldberger and Watgth
leaving the coreC. The amplitude of such a reaction can be on pp. 838—839
written in either prior or post form ] It was shown in Refd.3] and[8] that when the projectile

energy is sufficiently large the “adiabatic{or “sudden”)

Torior= (P 7| Vpn(rpp) +Vpc(Tpe) approximation can be used to solve E§). The adiabatic
-y p o - solution of this equation can be written without further ap-
_Ua(ra)|Xa (Kg,T o) Wen(ren)), (1) proximation as
Tpost™ <X587)(|2B !F,B) Yen(Ten) | Ven(Ten) G = YUKy T ep) hen(Top)e ™ @karon, (5)
+VPC(FPC)—U5(FB)|\II(“), (20 wherea=m,/(m,+mg) andm; is the mass of nucleus
i The wave function b2 (K, ,Fcp) is a “distorted-wave” so-
wherer; is the relative coordinate between nudlandj, V;; lution of the two-body Schidinger equation for a particle of

is the interaction potential between nudeindj, ¥(*) are  massu,=mp(My+me)/(Mp+m,+me) in the field of po-
exact solutions of the many-body Sctiager equation. The tential Vpc.
distorted waves, andy; are the solutions of the two-body Substituting Eq(5) to Eq. (4) gives
Schralinger equation with optical potentials, and U, in ) o ) o
the entrance and exit channels, respectively. Taa={¥ | Von(rpn) | xbe (Ky ,Fcp) Wen(F o) e @karen)y,
DWBA calculations are often based on several assump- (6)
tions. These include the following.
(i) The cancellation hypothesis. This assumes that——

-> > + > > -> . .
[Vpc(rpe) — Ug(ra)]XEl )Eka o) lPChSrcD) ~0 n the prior IHere we use the minus sign in the exponent because in this paper
form or [Vpc(rec) - U,B(rﬁ)])é;)* (Kg.rg)¥pn(rpn)=0 in  the direction of the vectarep=rc—p has different definition than
the post form. that used in Ref[3].
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The advantage of Ed6) is that the transfer amplitude con-  We assume that theP(+ h) system is in a 6-wave bound
tains only the short-range potenth},, as a transition opera- state and introduce a zero-range approximation
tor and there is no need for any cancellation hypothesis. R R L

The meaning of the result E¢6) is best understood by Ven(ren) ¥en(rpn) =Dod(rp—rp), (8

first considering the exact Eq4). The function!") con-
tains components in which the relative motion@andh in
the nucleus C+h) is in its ground state or excited to one of
its bound or continuum breakup states. The latter compo- Dto dr Yen(N)Ven(r). 9
nents are mixed in by the interaction betwdeandC alone,

.., by the recoil ofC being transmitted th throughVen.  Then, after a substitution of Eq&7) and(8) into Eq. (6), the
The interaction betweeR and the halo particlé plays no  {ransfer amplitude becomes

role at this stage. When the range @ h) excitation en-

ergies is small compared with the incident kinetic energy in 7R s g 2 i~ - o

the center of mass system then these admixtures may be TadzDOJ’ dr xg " (Kg. N ¢en( xa(Ke, ). (10)
adequately described by an adiabatic approximation in which

the internal Hamiltonian of theh(+ C) system is replaced by Here a new distorted wave function

a constant(its ground state valye The resulting two-body .

Schradinger equation is referred to as the adiabatic approxi- XalKy,r)=e"1eka LK, 1) (12)
mation to the three-body equatid). The correct three-

body wave function corresponding to an incident wave in ahas been introduced. This function plays the role of an effec-

channel with C+h) in its ground state is the wave function tive distorted wave in the entrance channel. _
aidm of Eq. (5). Because of its complicated dependence on_ Itﬁ |sep055|ble to perform a partial wave expansion of
FCh for a fixed Fp(Ch) this function has a nonvanishing over- Xa(Kq ,r'). I.n the absence of the spin-orbit interactions this
lap with excited states of the halo which may be bound or ifXpansion is
the continuum. Exact quantum mechanical scattering theory

where

-~ - - 4 ~ N n
tells us that all effects of the projectile-halo partisig;, are Yo (K, ,r):_wz ix (k) YEu(k)Yim(r), (12
fully taken into account through the factovs, and¥ () in Kol €31
Ed. (4). where

To distinguish the amplitudés) from the usual DWBA,
we will refer to recoil excitation and breakREB) effects. w
We will discuss the results of calculations with and without % (k r)= >y . (k,r)> (=) 2L22)+1)

REB effects. L'=0 A
y X (LONO|L'0)2],(erk,r) (13
A. Zero-range approximation

SinceVpy, in Eq. (4) is short range, the many-body wave and XL,(kar)Q is ethe partial wave obtained from the expan-
function ¥(7) is needed only when the halo partidieis  sion of xpc(K,,r). o .
close to the projectil®. This piece of¥ (") is easy to con- Let us compare the adiabatic zero-range amplit(id®,
struct if the relative motion oP andh can be treated adia- Which contains explicit C+h) excitation and breakup ef-
batically as was th€-h relative motion in the last section. fects of the type described in the last section, with the stan-
This was first shown by Johnson and Sop&®,10 in the  dard DWBA zero-range amplitude
(d,p) and (p,d) case. They showed that within the range of

Vpp, the wave function? (™) can be approximated by ngndard:Dof de§;>*<|2;;,?) Ben(D XKy itl),
W= xls (Koo ) pn(Ten), v (14)
PP ] . whereu=mc/(mc+my).
wherex};’(Kg,T ) is a solution of a two-body Schdinger We see that these two amplitudes have exactly the same

equation with the adiabatic Johnson-Soper potential. Thetructure. However, the interpretation of the entrance channel
DWBA uses an approximation foF (~) of the same general distorted wave is different. The standard DWBA uses a dis-
form but with a very different choice for the potential gen- torted wavey,, which is a solution of the Schdinger equa-
erating x; (K,,r 5), namely a potential which fits elastic tion with optical potentiall, while the adiabatic zero-range
scattering of P+h) andC. The Johnson-Soper potential is approximation uses the effective distorted wa¥é) which
designed to generate the three-body wave functioR-ah is constructed on the basis of the projectile-core distorted
coincidence and this will be a superposition of componentsvave x4 . In addition, the argument of the effective dis-
in which the P+h) system may be excited or broken up. torted wave(11) is not scaled with a facton. Therefore, to
This potential may not describe elastic scattering because fteat the recoil excitation and break-up effects of ti& (

is not designed to. For the analysis that follows we assume-h) in the zero-range approximation one can use available
only that ¥(7) has the form of Eq(7) and make it clear DWBA zero-range computer codes after replacing the en-
which theory is being used in the context of specific calcutrance channel distorted wayg, by the effective distorted
lations in the following sections. wave (11)—(13).
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B. Beyond the zero-range approximation

— Fr2k (F g
To estimate how important finite-range effects are, let us D2 f drroygipn(r)Ven(r). (21)

rewrite the amplitude€6) as
The term containing the product of the first derivatives may

Tad:j dfend FPhX(B—M(Eﬁ,Fﬁ)lﬂ’éh(th)Vph(th) be eliminated with the help of the equation

X Xpc (Ka Fcp)ren(fep)e ' ekaren, 15 2 f dF () e R [¥ x4 % (Kg,1) - [Virpe(Ka 1)1

WhereFﬁ=FCh+ Y on, y=—mp/(My+mp) and rep=rep . . oo
—Tpp. Then, by use of the translation operator, the distorted = _f dr ¢ren(NIV2x " (Kg 1) Txa(Ka )
wavesy; % (kg1 5) and x62 (K, rcp) may be written as N
o - [ d pen®re FAT ok ]
Xp (Kg,rg)=ePnichy . (Kg,rcp), (16)
o2 (K= Per bk, fen. (A7) * f dr xec(Ke, DX ™ (Kg P{V 2 den(re” ']},

Using the well-known Taylor expansion of the exponentialthe terms containing second derivatives may be eliminated
operator using the Schidinger equations

01176+ 21207 1+ ST\ (7)-Yo(O) | + - 24,
6 > VX (K1) == [U 51~ Eglxs (ko)

(18)
one can present the amplitudgy as 5
2 o\ Mch >,
Tad:TO+T1+ T2+ ce (19) \Y !//Ch(r) ﬁz [VCh(r)+BCh] wCh(r)v
whereT,=T4%, )
S s Mo S o
o o V2xpe (Keo 1) == Vo) ~Ealxpc (Keol). (22
T1=D1f drygen(re e [yVxl * (Kg.r)
~Vypck, )] Then the amplitudd ;4 can be written in a form similar to
XPCtfasT )l the local-energy approximatiofLEA) of the standard
DWBA:
D1=J drr pn(r) Ven(r). (20)

TLEA_ b e E e
In our special case, when tiiet h system is in ars state, T, Tad™Tas DOJ Arxs " (k.r)
does not contribute to the reaction amplitude becabse

=0. However, in the general case, the dipole corection to the X
adiabatic zero-range amplitude has an order of magnitude of
YRprKg+K, WhereRpy, is the radius of thé®>— h interaction

potential. It is clear that when the adiabatic approximation is 2ug 2u,
valid, k,>1 fm, the contribution of this term can be large Aad(r)=y(1+ 7)?[Uﬁ(r)_Eﬁ]+(1+7) 52
and exact finite-range calculations should be performed.

Yen(D XK 1)

1, ;
1+ 2 p?Aad(N) +A()

Let us estimate the second order correcfigrio the zero- 2uch
range amplitude: X[Vpc(r) —E.]— e [Ven(r)+Benl
1 - N I TR
Tzngzf dr gen(r)e™ e (yV 3= Vep)? 4 221aEq
XX ™ (Kg ) xbc (Ko F)
1
1 R L. — T S > >
=€D2f dr{y?[V2x5 * (kgD 1dhen(N) XKy ) A(r)=gip ar ke Vipen(D) 1 dhen(r), (23
+X;;)*(IZB,F)gbCh(F)e“a‘zaF[szpc(lza,F)] where p?=D, /D, is the root-mean square radius of the

o ek e (S p 2 R . function ¢p,\Vp,. We see that\ ,4(r) has more complicated
—2yep(r)e” " e [Vyy ™ (Kg,r)]-[Vxpc(Ka 1)1} structure than in the standard LEA,6,11]
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2pph
Astandarél) = 52

Ven(r)+U, tical potentials at half the deuteron energy assuming that
neutron and proton optical potentials are the same.

All calculations in the following subsections are done

—Ug(r)+ BPh}i (24) without nonlocality corrections. Our calculations have shown

that their influence is small for the reactions considered.

Nonlocality corrections for halo transfer are expected to be

where wpy=Mpmy /(Mp+mp). , small because they correct the transition amplitude in the
Another difference with the standard LEA is that the termp,,jear interior, but the long tail of the halo wave function

A(r) containing a first derivative is still present in E3).  makes the internal contributions less important.
However, this term is imaginargat least asymptoticaly If

the contribution from the nuclear interior is neglected, then

Me ) adiabatic deuteron potential was constructed from proton op-

—_—T
m;+my,

A. %0(d,p)*"0 reaction

TLEA:TZR(1+ lpzAad(oc)+i|A(oo)|) (25) The %%0(d,p)’0 reaction has been chosen because the

6 10 nucleus is the best candidate for the eevalence par-

ticle structure because of the shell closure and absence of the
low-lying excited states of thé®0 core. Although the neu-
tron binding energy is too large to consid®¥0 as a halo

. (26)  nucleus, the conditions of the applicability of the adiabatic
model are still satisfied if the incident deuteron energy is

) _ o high enough.

Itis clear that whenA () |?<1, its contribution to the cross  “These calculations can be regarded as a test case of the

section is negligible even ifA ()|~ §p?Ad(*). ~ new theory. The'®0 mass is large enough th&tO excita-

In the case of ther(,d) reactions on p-shell halo nuclei  tjon effects produced by recoil might be expected to be small
|A(0)| has an order of magnitude afyk kcyR3/3 Where  put not negligible. Spectroscopic factors we obtain must not
Ken= V2ucnBen/fi%, Bep is the binding energy of the halo be unreasonable for these well studied nuclei.
particle and 1/Zvy<1. For typical valueskc,=0.1 We have chosenEy=36 MeV. At this energy the
~0.2fm™ %, k,=1 fm~%, andRp,=2 fm anda=1/10this  80(d,p)*’O reaction has been studied earlier in great detail
contribution to the jp,d) amplitude is about 1%. The contri- [13]. We use the parameters of the proton and deuteron op-
bution of this term will increase with projectile masss tical potentials from this paper and selegt=1.25 fm with
when bothk, and interaction radius of th®—h system a=0.5234 fm geometric parameters for the neutron bound

and

|TLEA|2 |TZR|2

1 2
1+ 5P had) | HAG

become larger. state wave function.
First of all we compare the results of our calculations with
Il. NUMERICAL CALCULATIONS standard LEA DWBA[see Fig. 1a)] without taking into

account the deuteron breakup. One can see that inclusion of

To test our approach, we have calculated cross sections gle REB effects fort’O slightly changes the shape of angular
the (d,p) reactions on*®0 and *Be nuclei and of thef,d) distribution and increases their absolute values at very for-
reaction on*'Be. For the stripping case we also use theward angles. The difference between ZR and LEA in our
results obtained using Sec. IIB because stripping an@pproach is quite significant.
pick-up amplitudes are related by a time reversal transforma- The calculated cross sections do not agree with experi-
tion. These results can also be obtained for stripping reagnental data unless the deuteron breakup is included. We
tions if we start with the exact post-form amplitude and usenhave repeated the calculations with deuteron breakup in-
similar ideas to those given in Sec. II. cluded according to the Johnson and Soper apprfseé

We have performed calculations according to the LEAFig. 1(b)]. The difference between no-REB and REB calcu-
derived in Sec. Il with a finite-range radiysof the p—n  |ations is now small except for the forward angles. The
interaction chosen to be 1.5 fm. When describing the protofinite-range correction is now very small. The agreement be-
channel, we have neglected spin-orbit term in the opticalween experimental data and theory is g¢biy. 2(a)]. Al-
potential thus facilitating calculation of the effective dis- though the quality of the description of the angular depen-
torted wave(12). Our own experience is that the contribution dence of the experimental data is the same with and without

of the spin-orbit optical potential in the proton channel toREB effects, the corresponding spectroscopic factors differ
unpolarized observables is negligible in the standard DWBApy 7%: S=0.90 is obtained for no-REB an8=0.84 for

We have calculated the effective distorted wave accordinliREB calculations. The same effect is observed for the
to Eq.(13) starting fromp-'°0 andp-'°Be optical potentials  160(d,p)’O(1/2") reaction: the recoil excitation and
and read the calculated distorted wave into a zero-range Vegreakup of the'’O increases the calculated cross sections. In
sion of the DWBA progranTWOFNR [12] in which the new  Fig. 2(b) the angular distribution of this reaction is shown
corrections for finite range derived in Sec. 1B have beenyith spectroscopic factor equal to unity.
introduced. The ternA(F) containing the first derivative in The extra exponential factor in E¢L1) involves the mo-

Eq. (23) has been neglected. mentum in the'’O channel and therefore the REB effects

To describe the deuteron channel we used either convershould increase if the energy of the projectile increases by a
tional optical model or adiabatic Johnson-Soper mddél fraction of the depth of the proton optical potential. We have
potentials. When the Johnson-Soper model was used, therformed the calculations of th€0(d,p)’O reaction at
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FIG. 1. Cross sections of thé®0(d,p) 1’0 reaction atEj O REB included
=36 MeV calculated with opticala) and adiabatiqb) deuteron
wave functions. N
] . 0 20 40 60 80 100 120 140
63.2 MeV to observe this effect. The calculated angular dis- 6 (degrees)

tribution is shown in Fig. &) assuming that the spectro- . .
scopic factor is equal to one. The shapes of two curves arg FIG. 2. (3 °0(d,p)*’O(g.s.) at E4=36 MeV, (b)

very similar but the absolute values differ by 27%. %0(d,p)’0(1/2") atE4=36 MeV, and(c) ¥0(d,p)*’0(g.s.) at
E4=63.2 MeV calculated with deuteron breakup taken into ac-

B. 1%Be(d,p)!Be reaction count. Solid lines denote REB and dashed, no-REB calculations.
The measurements of the cross sections of the The experimental data on thet+%Be elastic scattering
1%Be(d,p)*'Be reaction at 25 MeV have been reported infor proton energy from 12 to 16 MeV are available in Ref.
Ref. [1] together with the theoretical analysis within the [16]. We have analyzed these data to find a potential which
framework of DWBA. The agreement between theoreticalcould be extrapolated to 20.85 MeV.
cross sections of Refl] and experimental data is excellent.  Three sets of potentials have been found: P1 has a linear
This agreement could be fortuitous, however. In the firstenergy dependence of the real and imaginary depths and was
place the Becchetti-Greenlees nucleon optical potefitidl  obtained as a fit to all five data sets, P2, an energy indepen-
which was used in Refl] to describe thgo+''Be channel, dent potential was obtained from fits to tEe=12, 13, 14,
was obtained from systematics for medium mass nuclei angnd 15 MeV data sets, and P3 is a potential without energy
does not describe elastic scattering froprshell nuclei(see  dependence found by fitting the 13, 14, 15, and 16 MeV data
Fig. 3. Secondly, neither'Be nor deuteron breakup was sets. The parameters of these potentials are listed in Table I.
taken into account in Refl]. When we repeated the stan- The quality of the description of the angular distributions is
dard DWBA calculations for this reaction using the moreillustrated by Fig. 3 in the case of the 14 MeV data.
relevant optical potentials of Watsaet al. [15], we found We use potentials P1 and P2 to construct the adiabatic
that the agreement between the DWBA predictions and exdeuteron potential. The parameters of the deuteron adiabatic
perimental data completely disappears. Thus, contrary to thgotentials are listed in Table Il. Potentials P1 and P3 are used
impression given in Refl1], the DWBA does not account to calculate the effective distorted waves in the proton chan-
for these data. nel.
In this section we calculate the cross sections of the The neutron bound state wave function has been calcu-
19Be(d, p)'Be reaction including both the deuteron breakuplated withr,=1.25 fm anda=0.65 fm by varying the well
and 'Be REB effect. To construct the adiabatic deuterondepth to reproduce the neutron separation energy. The calcu-
potential we need the optical potential fof- 1°Be scattering lated cross sections with optical and REB description of the
at 12.5 MeV. To construct the effective distorted wave in theproton channel are compared to each other at Fig). ds-
exit proton channel according to E¢L3), we need thep  suming that the spectroscopic factors are equal to one in both
+10Be optical potential aE,=20.85 MeV. cases. All calculations include deutron breakup. One can see
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FIG. 3. Elastic scattering of thp+'%Be atE,=14 MeV cal-

culated with different proton optical potentials. FIG. 4. Cross sections of th&%Be(d,p)"'Be reaction atFq

=25 MeV calculated with adiabatic deuteron wave functicaj.

that the inclusion of the REB effects fdBe strongly in-  Calculations have been done with proton optical potential P1 and
creases the cross section and slightly changes its shape. If Weuteron adiabatic potential D1; spectroscopic faderl was
renormalize the theoretical curves to the experimental data iksed.(b) Different sets of proton and deuteron optical potentials
the anglular region of 10°—20°, we obtain the spectroscopitvere used and theoretical curves are normalized to the experimental
factors 0.60(0.36 without (with) REB effects. data.

Several other calculations with different sets of optical
potential parameters are shown in Figbdand the spectro- 2] For future comparison to the experimental data, we cal-
scopic factors are given in Table lll. The best quality of theq1ate  in  this section the cross sections of the
de_scrlptlpn of the experimental angular distribution is Ob-llBe(p,d)loBe (g.s.) and“Be(p,d)'%Be(2") reactions in-
tained V.V'th sets P3 and P2 fo_r proton and degteron Channe.l(s,luding the 'Be excitation and breakup according to the
respectively. The corresponding spectroscopic factor for this

. L rescription of Sec. Il of the present paper. The deuteron
case is 0.44 which is significantly smaller than the value of’ . . . :
0.82 predicted by the shell model in REL7]. breakup was included adiabatically according to the Johnson

We should mention here, that one should be cautiouand Soper approach. Two different sets of adiabatic poten-

when extrapolating the optical potential obtained from the%‘Ials in the deuteron channel were used: D3 which was con-

lo . -
12-16 MeV data to 20.85 MeV. If any anomaly occurs in thetsrt]reua?;;:‘omottgﬁ)t;l 5&52;%”1?{;53 E)nbilDi ;Vtgﬁgt:fée%
behavior of the proton scattering at 12—-16 MeV data, th P b g y y

; i i 11
extrapolation to the 20.85 MeV will make the results of the%atsonet al. The effective d|storj[ed waveld) n the “Be .
channel has been calculated with proton optical potentials

d,p) analysis of the present paper less reliable. It would b€’ . . .
ﬁse% to h};ve experirpnenth+F1)OE§)e data at 20 MeV. either from the systematics of Fabriti al.[18] (P4) or from

the systematics of Watsaet al. (P5).
" 1 _ We assumeds,;, transfer to 1%Be(0"), and pureds,
C. “'Be(p.d)"Be reaction transfer to the'®Be(2") state. The geometric parameters of
The measurements of thEBe(p,d)'°Be reaction aE, the bound state potential well for the last neutron were as in
=35 MeV in inverse kinematics have been reported in Refprevious subsection except that a spin-orbit potential of

TABLE |. Optical model potentials for the+ %Be elastic scattering. The potential depths are in MeV
and radii and diffusenesses are in fm.

Set VR MR ar WD ) ap Vso I'so aso

P1 65.17-0.233E 1.265 0.410 0.38RO1E 0.996 0.354 1260 0.70 0.62
P2 68.817 1.107  0.609 13.037 1275 0354 1286 0.69 0.64
P3 68.461 1.188  0.469 15.623 1.043 0.328 11.79 0.71 0.53
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TABLE |l. Adiabatic potentials for thed+1%Be elastic scattering constructed for different deuteron
energyE,. The potential depths are in MeV and radii and diffusenesses are in fm.

Eq Set Vg g aR Wp b ap Vso I'so aso

25 MeV D1 11826 1265 0455 22369 0.996 0.398 12.60 0.70 0.62

D2 13181 1107 0.639 22806 1275 0.398 12.86 0.69 0.64
40.6 MeV D3 130.21 1.188 0.508 26.589 1.043 0.375 11.79 0.71 0.53
40.6 MeV D4 11590 1132 0.602 15.687 1.132 0.531 5.5 1132 0.57
36.5 MeV D4 11696 1133 0.602 15890 1.133 0.531 5.5 1.133 0.57

depth 4 MeV was added in thy, case. We assumed every- function (12), it is expected that the REB effects will be
where that the spectroscopic factors are equal to unity.  larger when the incident energy increases and the mass of the

In Fig. 5(a) the angular distribution of thé'Be(p,d) re-  target decreases. Indeed, at fixed energy the influence of the
action calculated without and with REB effects are comparedecoil excitation and breakup in the case'®Be is stronger
to each other for optical potentials P4 and D3. We see that ahan in 1O, and in the case of thé®0(d,p)'’O reaction
small angles the slopes of the two curves are different. Crosthey are more important foEq=63.2 MeV than for 36
sections of the!'Be(p,d)'%Be(0") reaction calculated with MeV. As a result the spectroscopic factors for #6(g.s.)

REB effects, are larger but decrease faster. The angular disbtained with and without REB at 36 MeV differ only by
tributions of the transfer reaction to the Ztate of1%Be at 7%, while those obtained at 63.2 MeV differ by 27%.

small angles look the same both with and without REB ef- Our results suggest that the recoil excitation and breakup
fects but have different absolute values. effects are stronger fos,;, transfer than fords,, transfer.

The calculations with a different selection of optical po- This may be associated with the node in the bound state
tentials are shown in Fig.(B). Potential P5 has been used for wave function in thes;;, case. As a result, the transition
the proton channel and D4 for the deuteron channel. We see
that at small angles the shapes of the theoretical curves cor-  10? . . . . . |

responding to two different potential sets are almost the ”Be(p d)1°Be
same. At larger angles they differ, especially for thed) 10' E - 3’5 MeV 1
reaction to the'°Be ground state. The absolute values of the P

Be(p,d)'%Be(0") reaction differ at small angles by 40%
but remain the same for the transition to thé 2tate of 10° ¢

(a) ——- o ''BeREB |
19Be.

—— ""Be REB included

IV. DISCUSSION

The (d,p) and (p,d) calculations carried out in previous 10"
section, have demonstrated that the inclusion’@® and o
1Be recoil excitation and breakup effects in transfer reac- B
tions produces changes in the shape of the angular distribu-2 10°
tions of these reactions. These effects generally increase the=
absolute values of the theoretical cross sections and thus Ieang 10'
to the smaller values of the spectroscopic factors extractedb
from the experimental data. The physical origin of this phe- ©
nomena lies in the extra paths which become available be- 10
tween the transfer channels when the implications inherent in

the halo concept are built into the theory. This effect depends 42
on incident energy, target mass, and quantum numbers of the
bound state of the valence nucleon. Because of the exponen

tial factor e”'“%«" in the expression for the adiabatic wave

TABLE Ill. Spectroscopic factors from thé’Be(d,p)*'Be re- 10
action atEy=25 MeV obtained without and with'Be recoil ex-
citation and breakup for different sets of optical potentials. Deu- . . . .
teron breakup is included. 0 20 40 60 80 100 120 140
0 (degrees)

Proton OP Deuteron OP ntdBe breakup ''Be breakup included

FIG. 5. Cross sections of the''Be(p,d)'°Be(g.s.) and

P1 D1 0.60 0.36 HBe(p,d)1%Be(2") reactions aE4=35 MeV calculateda) with
P1 D2 0.69 0.44 and without REB effects for optical potentials P4 and [ig;with
P3 D2 0.70 0.44 REB and different optical potentials. All cross sections are ploted

with S=1. Deuteron breakup is included in both cases.
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amplitude depends on the cancellations between internal anc 2

external parts of the integrand and thus may be more sensi-
tive to the replacement of the conventional DWBA distorted
wave by some effective distorted wave. In the case obihe
transfer the shape of the differential cross sections changes
more strongly at small angles compared to thg transfer.
This should influence the ratio of the spectroscopic factors
for 0% and 2" states of'®Be obtained with and without'Be
recoil excitation and breakup.

In all the cases studied, deuteron breakup changed theg
shapes of angular distribution much more strongly than the 2
breakup of the heavier nucleus. The adiabatic transfer ampli-—
tude differs from the DWBA more strongly when the mass %
of the core decreases. Therefore, in the limit of deuteron the &
effects of breakup should reach their maximum. © 0

Next, we emphasize that the expressi¢fisand (4) are 10
exactly equivalent on shell wheéh(7) is an exact solution of
the many-body Schdinger equation. In principle, it is there-
fore possible to include the REB effects we have discussed

by evaluating the remnant tervipc(rpc) — U, in Eq. ().
This has never been done without drastic approximations of
unknown validity. It is, for example, not sensible to use the y
simplified Johnson-Soper form, Eq7), for the adiabatic 10
wave function in the remnant term becau$,§ec(FpC)—Ua

is not short range iVp,. In order to compare with our
calculations which include the crucial deuteron breakup ef-

10

10

fects it would be necessary to use the full adiabatic three-
body deuteron wave functiosee Ref[19], and references
therein.

We have made rough comparison of the two approache,
in the case of the'®O(d,p)*’O(g.s.) reaction without the

deuteron breakup. The remnant teMa,C(ch)—Ua was
treated in a standard way assuming that\he potential is
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*0(d,p)"O(g.s.)
E, =36 MeV

---- no "OREB
—— "0 REB included
—-— DWBA with remnant term

60 80 100

0 (degrees)

20 40

120

FIG. 6. Cross sections of thé%0(d,p)*’O reaction atEg
=36 MeV calculated within the standard DWBA witholdashed
curve and with (dot-dashed curyeremnant term and within the
adiabatic REB approach of the present pajselid line).

&j,p) case for definiteness, it is known that corrections to the
adiabatic treatment of deuteron breakup effects in transfer
reactions can be significaff0]. A practical treatment of
these corrections is given in RgR21]. Corrections to our

a real potential which binds the-+*°0 system. The results adiabatic treatment of the special three-body problem which
of the calculations are shown in Fig. 6. One can see thajescribes the final channel in d,p) reaction are discussed

including the remnant term almost uniformly increases then Refs.[22] and[8]. Future work will examine these cor-
cross sections. At small angles this increase agrees qualiections in detail.

tively with our adiabatic calculations, however, in our ap-
proach the shape of the angular distributions has been
changed as well.

Finally we note that our formulation depends heavily on
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