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Light ion vertex form factors using realistic overlap functions
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To test the model dependence of the extracted asymptotic parameters, we reanalyze pudlighed (
(d,*He) (d,a), and @,5Li) reactions, comparing recent variational Monte CaNMC) microscopic vertex
form factors with those used previously. In th& f) reactions studied the tensor observables are found to be
proportional to, in (d,®He) and ¢l,a) transfers there is some sensitivity to the vertex shape, while for
(d,Li) there is a strong shape dependence. Comparisons with data show tliasthtes in the three- and
four-body VMC vertex functions are slightly too weak. In the,§Li) reaction the polarization data are not
reproduced, clearly indicating that tilestate components of the nefikii models are too strong.
[S0556-281®9)06605-4

PACS numbeps): 24.70+s, 24.10.Eq, 25.16:s, 25.45.Hi

INTRODUCTION (d,Li) [8,9] reactions. In our present analysis we therefore
Transfer reactions have been extensively used to investep the optloal potentials found pre_v|ously in the literaiure
to best describe the entrance and exit channels, and keep the

gate the internal structure of nuclei. In particular the mea- bound ¢ A for th ‘ b
surement of polarization observables in reactions induced b me target bound state wave functions for the transiers, but
ubstitute for the projectile vertex form factors the results

light ions has shown to be particularly adequate for the de: i :
termination of structure parameters of light projectiléh from the VMC calculations. In each reaction we check the

In a stripping reaction of(a,b)B type, wherea=b-+ x, proportionality of the calculated analy_z_in_g powers to t_he
the form factor involved is asymptotic parameters, and the sensitivity to the detailed
shape of the vertex functions. Comparisons with data then
(Bb|VpyaA)=(B|AXb|V,,/a), (1)  allow us to make some conclusions about whether or not it is

useful to use the VMC wave functions.

where the light ion vertex form factor can be written as
Vi=(b|Vp,a)=—(Ba,+ T)(b|a). 2) REALISTIC VERTEX FORM FACTORS

. . . . The VMC results of Foreset al. [2,4] are presented in
This vertex form factoW ¢ is a function ofr, contains all the -~ ¢4 o overlap wave function in momentum space. Ide-

dependence on the internal structure of the light nucleus, an ly, the vertex functions/y would be found directly by

Q;Sn?een summarized by its volume integral, the vertex cong ., v Eq.(2), the one-channel Schiimger equa-

The method most frequently used in finite-range transfetion. HOV\_/ever, this requiros second derivatives of the over-

analyses is a separation energy procedure, where the diff [a}p fl_mctlons to get the different comp_o_nents of the_ ve_rtex

ent angular momentum components Of{:bﬁi), overlaps are e1runct|ons, and tho results a_Iways_ exh|b|t some oscillations
and nonexponential decays in their tails, whicheygg, we

generated in potential wells, generally of WOOdS'Saxonchoose for the upper limit of the momentum distributions.

shape, chosen to reproduce “known” radii and vertex con- We found more consistent results with an improved

stants. This.approximate finite-range pro_cedure h_as the a%ethod of fitting the momentum distributions of Forest
vantage of imposing a correct asymptotic behavior on theet al.[2,4] to a Fourier transform of a linear combination of

dn_‘fe_rent components of Fhe wave functlon,_whlch ISa deter'interior and exterior basis wave functions each of which ex-
mining feature for reactions which occur in the peripheral

region. Preferably, however, one should use realistic wavhibits a good behavior at=0 orr=cs, respectively. For
gon. Y, ' ?arge distances, in particular, we force the wave function to
functions for thea andb systems. Recently Forest al. [2]

obtained, in a variational Monte Carl&MC) calculation, have the correct asymptotic decay as given by the experi-
the overlaps functions for a series of light particles usin themental separation ener@y,. (The VMC energies are them-
ap: . orfight p 9 M%elves too inaccurate to be used directly at this poie
new realistic two nucleon interaction Argonne v18 and theuse therefore. for each angular momentum compohent
Urbana model IX three nucleon interacti8]. We also con- =0,and 2 bol ,nomials of thegt (B, _ar" for r<R F;nd
sider more recent VMC calculatiof4] which are apparently ,+p Y YREn—18n 0 <
Shobn /" iw 2«r) for r>R,, where the Whit-
more close to convergence. n=0Pn/T _ — po t+uA2kr) for r>Ry,, where the i
To test the model dependence of transfer reactions to thi@cker functionsw_,, ., are calculated for bound state
use of these realistic overlaps, we reanalyze in this papevave numbers, corresponding to the experimental binding

several publisheddt) [5], (d,%He) [6], (d,a) [7], and energies. The parameteas andb, are determined by the
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FIG. 1. Radial wave functions for the fittée- 0 components of
(®H|dn), (®Heldp), (*Heldd), and(®Li|d«) as the full curves, and
thel=2 components as the dotted curves.

r (fm)

FIG. 2. Radial vertex functions for the fittdd=0 components
of (*H|Vgnldn), (*He[Vypldp), (*He|Vyqldd), and (°Li|Vg,|da)
minimum of ay? fit (the data of Ref[2] has statistical errors as the full curves, and the=2 components as the dotted curves.
for eachq valug, andR, was set to 2 fm. This value was
chosen to minimize the number of parameters needed in thgons we will consider, our analysis will probe mainly the
fit. We used five parameters to describe the0 Swave description of thd =2 components. We compare in Table |
function and five for thd =2 D channel, but there is little the D-state parameters of the VMC wave functions from
change if more are included. The results of these fits ar®efs.[2,4] with the latest values extracted from experiments.
given in Figs. 1 and 2, where we show as functions of radiusVe also show the parameters calculated with the fitted wave
r in fm the|=0 components ofy (Fig. 1) andV¢ (Fig. 2 function obtained as described above, and in the final col-
for the four caseét|nd), (*He|pd), (*Heldd), and(®Li|de)  umns to the best experimental values. In the table we present

as the full curves, and the=2 components as the dashed two measures of th®-state contribution®, and 7. The
first is defined by

curves.

We now perform a series of calculations using our

fitted vertex functions, to enable comparisons with a range
of recent experiments.

For

the d,)

reactions we

” 4
$alk) fo parirdr

examine the recently measurelb] transfer processes Do=lim K2 k)_ o ' ©)
1195(d, 1) 1185n(1/2) at  E4=525 MeV, k=0 K=ol 15f Wo(r)r2dr
¥Smd,t)1%8sm(7/2) at Eg4=6 MeV, and 0

208ph(d,1)2%%Ph(3/2°) at Eq=10 MeV. For the @,°He) re-
action we analyze th&Nb(d,3He)%Zr(9/2%) transfer pro-
cess atEy=12 MeV [6]. For the @,«) reaction we consid-
ered *®Ni(d, @)%%Co(7") at E4=22 MeV [7], and finally for
the (d,°Li) overlap process we look at the inverse i
%8Ni(°Li, d)®2Zn(0™) transfer cross section & ;=34 MeV

[8.9].

where ¢,(k)= [5](Kr)#,(r)r?dr are the momentum-space
wave functions. Then=N,/Ng, is the ratio of the
asymptotic normalization coefficients, with, defined by
(r)—>r_,wN,W_,76,,+1,2(2Kr)/r for bound state wave

numbersx and Whittaker functiol_ 7o+ 102

It is also of interest to examine th@state vertex func-
Because of the tensor observables measured in the reaiens, and the relativ& and D-state probabilities, and com-

TABLE I. Comparison of original and fitted VMC predictions with experimental results frbhunless
otherwise indicated

VMC results from Ref[2] Fitted VMC results Experiment
Overlap D, i D, 7 D, 7
Function (fnf) (fm?) (fm?)
(d,t) —0.15(1) -0.037 -0.17 —0.037(3) —0.23(5) -—0.041(1)[5]
(d,3He) [2] —0.15(1) —0.035 —-0.18 —0.035(3) —0.25(4) —0.039(1)[6]
(d,a) [2] -0.12(1) —0.091 —0.10 —0.095(10) —0.19(4)
(d,5Li) [2] —0.29(1) —0.07(2) —-0.53 —0.05(2) +0.0003(9) [9]
(d,5Li) [4] -0.37 —0.03(1)
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TABLE Il. Normalizations of theS- and D-wave VMC overlaps, and their vertex constabtg and D.
The WS columns show the adopted Woods-Saxon normalizations, and then the vertex constants from such
wave functions.

Model VMC wave functions WS approximations
transfer C?s c’s Do D C?s Do D
reaction Swave D wave (MeV ) Swave (MeV fm*?)

(d,3H) 131 0.022 —204 —230 2 —165 —182
(d,%He) 1.31 0.022 —182 —193 2 —151 —155
(d,a) 0.98 0.024 —320 ~—620 2 —282 —458
(d,5Li) [2] 0.82 0.021 —67 ~-82 1 —68 —66
(d,5Li) [4] 0.85 0.016 —65 ~-78 1 —-68 —66

pare the VMC predictions with those of simpler approxima-lar magnitudegsome differences in magnitudes will become
tions which have been widely used in the past. In eaclapparent but the analyzing powers should depend only on
reaction, we therefore compare the transfer cross sectioribe ratios of the cross sections, and are therefore independent
and analyzing powers with the results using a Woods-Saxoof normalizations. All of the calculations below use full fi-
binding potential. The projectile binding potentials all havenite range form factors iRRESCO[11] in a one-step approxi-
diffusenesa=0.50 fm, and radiu®k= 1.5 fm for the case of mation. TheD-wave WS wave functions are found in poten-
(d,t) and d,3He) andR=1.9 fm for the @,«) and €Li,d). tials of the above shapes, and transfer calculations are
We compare in Table Il the parameters obtained of our fittegperformed with theD/S amplitudes chosen to give either the
VMC wave functions with these more common WS approxi-n value for the best fit to the experiments, or thevalue
mations. TheC2S are the normalizations of the VMC frac- estimated from the VMC models.

tional overlap functions. Since the WS wave functions are

normalized to unity, they need to be multiplied by the corre- RESULTS AND DISCUSSION
sponding normalizing amplitudeC€S)*2 In Table I, the
parameteD, is the usua[10] zero-range constant We now reanalyze some published light-ion transfer reac-

tions to examine the sensitivity to the treatment of the pro-

jectile vertex. We therefore keep the optical potentials found
Do=-— Bab‘/EJ Yo(r)r¥dr= ‘/EJ (Vi)o(r)r?dr Jpreviously in the literature to be?st desf:)ribe t?]e entrance and
(4)  exit channels, the same target bound state wave functions for

the transfers, and merely substitute for the previous projectile

calculated from either the overlap wave function or the verertex form factors the results of the VMC calculations.
tex function. By /4)o(r) we refer to the sum of the contri- From the existing comprehensive surveys of experimental
butions from theS and D waves: ¥)o(r) =Voo(r)#o(r)  evidence for each projectile, we choose in each reaction a

+ V() ¢2(r). For sub-Coulomb reactions in the local en- “typical” target final state. There are in the literature uncer-
ergy approximation, the cross section is proportional to theainties concerning potentials and target wave functions, but
square not oD, but of D=Dg(1+ «?r2), wherer, is the  these guestions can not be reexamined here if we wish to
so-called “effective range.” ThisD is the residue of the isolate the effect of the projectile vertex. The published re-
vertex functionD(q) at the poleg=i«k. In the zero range actions are sub-Coulomb where possible to minimize the ef-
approximation, wher#/,, is represented by &-function in-  fects of optical potentials, and usually use target states cho-

teraction and the normalized wave function is given by itssen to minimize configuration mixing.

asymptotic form, the parameteB and D, are equal and The first transfer reaction we consider is that oft]
given by one-neutron transfers at energies that are well below the bar-
rier. Much experimental effort has been devoted to measur-
D Vamh? N ®) ing accurately the tensor analyzing powers of such reactions,
2w 0 since they afford a clean probe of the tritbnstate. If pure

angular momentum transfers for the targets are selected by a
showing a direct connection with the tail normalizatdpof  good choice of final states, then the tensor analyzing powers
the projectile overlap wave functiogiy(r). In the local en- are almost entirely just proportional to the projecfilestate
ergy approximationD becomes the zero-range constant ap-components. Thed(t) reaction, moreover, allows both the
propriate for sub-barrier transfers, and differs fr@y be- initial and final channels to be entirely in the sub-Coulomb
cause of the potentials having finite range. We give Ehe regime, and hence it is possible to minimize the effects of the
parameter in Table Il as another measure of the long-rangeuclear potentials in both the entrance and exit channels. The
tail of the projectile overlap. deuteron tensor force, in particular, has only a very weak

The magnitudes of the transfer cross sections are expectedntribution to the tensor analyzing powers. We consider
(e.g., according to the zero range approximatitnbe pro-  three reactions to specific final stat8SsSn(d,t)*8sn(1/2")
portional toD3 for the VMC case, but t&€C?Sx D3 for the  at Eq=5.25 MeV, %Sm(d,t)*8Sm(7/2°) at Eq=6 MeV,
WS wave functions since these are normalized to unity. Thand 2°Pb(d,t)?°Pb(3/2") at E;=10 MeV. The data for
WS and VMC results in Table Il give therefore roughly simi- these reactions are from Réb], and are shown in Fig. 3.
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FIG. 3. Tensor observablés,, for the (d,t) transfer reactions
with the targets and energies indicated. The solid line gives the FIG. 4. ®Nb(d,3He)*’Zr(9/2") at E4=12 MeV. The VMC
VMC predictions (7= —0.037), the dotted line the WS best fit to curves use the revised results of R&fl, and the WD-state curves
the data ¢= —0.041), and the dashed line the WS wave functionsuse thes D-state amplitudes indicated.
adjusted to the VMCy value.

by 11% (see Table), and that again the VMC models un-

The dotted curve gives froifb] the best fit to the data with derestimate the asymptotiz-state amplitudes. Moreover, in
WS projectile binding potentials, while the solid curves areview of the different predictions obtained form WS and
the direct consequence of the VMC vertex functions. We se&MC models for the samey, this underestimation is likely
that the» value from the VMC calculations is consistently to be stronger, up to approximately 25%, since the shape of
10% smaller in absolute value than that needed to fit thehe VMC D-state overlap differs from that of the WS model.
experimental data. In these good sub-Coulomb reactions, The «a-particle is very tightly bound and spherical, but
where only the overlap tails are significant, we fifiy the  still allows, on being separated into two deuterons, for the
dashed lingthat the VMC results are well approximated by deuterons to have bo®andD states of relative motion. The
WS form factors adjusted to have the samealues. This magnitude of thisD-wave component has not been easy to
indicates that the description of the data is rather strictlydetermine usingd,a) reactions, because the transferred
proportional to they value, and that the failure of the VMC + p pair has spin 1. Even for well chosen reactigimsluced
can be directly traced to the smajlvalue calculated already on 0" targets and therefore having a well defirkmansfey,
in Ref.[2] and seen again in Table I. the only transfers with uniquke are the natural parity tran-

The second transfer reaction considered is a one-protositions, which are the ones wheBestate effects are smaller
(d,3He) transfer reaction. Ideally, this should yield results of[1]. In all the other transitions, the unnatural parity ones,
similar accuracy to thed;t) transfer experiments, but in there is a mixing ofL transfer,L=J*1, even for pure
practice there is found to be considerably more sensitivity G state projectiles. In view of these difficulties, we select for
the optical potentials. This is because the experiments cannour study the*Ni(d,«)%®Co(7") at E4=22 MeV, which
be performed at an energy that is sub-Coulomb in both enhas been analyzed alreaf] with earlier VMC wave func-
trance and exit channels, due to the change in the projectildons, and is a nonmixed transition therefore the most conve-
charge. Nevertheless, we can consider a typidalHe) re-  nient case for our purpose. Siné&i is an fp-shell nucleus
action from Ref.[6]: the ®*Nb(d,*He)*?zr(9/2") transfer  with the -, subshell full both of neutrons and protons, the
process aEq=12 MeV. The data for this reaction are shown stretched 7 state can only be reached by a unidue 6,
in Fig. 4, from Ref.[6]. Again, the projectileS states only J=7 transition. TheL=8 component would require both
allow pureL transfers to the chosen final state, so ally¢  nucleon orbitals to be from the same higher shgl, or
and A,, tensor analyzing powers are seen to arise from thabove, which is energetically very unfavored.
projectileD state. Model calculations show that these tensor The data for this reaction are shown in Fig. 5 from Ref.
observables scale with thg values of the @,%He) vertex, [7], along with our one-step predictions with an arbitrary
but in Fig. 4 we see that VMC and WS calculations that bothnormalization of the cross sectian(6) by means of a cho-
use »=—0.035 (the solid and long dashed lines, respec-sen fixed target spectroscopic factor. We note first that varia-
tively) give somewhat different results. This means that theion of the spin-orbit strength for the bound state of the deu-
(d,3He) reaction is not purely sensitive tp for the tail of  teron in the target allows us to obtain a better agreement for
the overlap function, but depends also on interior propertiesA, without significantly changing the tensor observables, as
The predictions ofo(#) have different overall normaliza- shown by the dash-dotted lines in the figure where this spin-
tions as mentioned previously, leading teoryg(6) orbit strength is reduced by 50%. Our main observation is
>ayuc(6) as expected from the comparison of the zerothat although with nd state there are non-negligible tensor
range constants in Table |, but the tensor observables will nanalyzing powers, there are important differencedjpand
be directly affected by this. We see that the valueg differ ~ in A,, arising from the projectileD state. In both tensor
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FIG. 5. *Ni(d,a)%%Co(7") at Eq=22 MeV. The VMC curves FIG. 6. 5®Ni(®Li,d)®?zn(0") at E;;=34 MeV. The VMC

use the revised results of R¢R], and the WSD-state curves use curves use the original results of R¢®2], and the WSD-state
the samey as the VMC model. The theoretical curves tgff) are  curves use the samg as the VMC model.
all arbitrarily normalized by the same factor.
radius of 5Li), and also from the new VMC results of Refs.

observables, the VMC and WS form factors generate quit€2,4]. Unfortunately, the VMC calculations obtain the quad-
similar curves, and the prediction is very close to the data inupole moment of the Li ground state as —0.8
A,y particularly between 20° and 60°. Including thestate ~ +0.2 efm? [2], rathertoo negative compared with the ob-
improves undoubtedly the agreement with the datajpat  served value. It is important to emphasize that although less
small angles, but the description is poor at larger angles. It ifnteresting for the study of the tensor forcg,in °Li is a
interesting to compare our results with those obtained byery interesting observable, which enables us to understand
Crossoret al.[7], where they obtained for the casefof, an  the low-energy dynamics ifLi, and to testa+d and «
agreement with the data over a wider angular region. They+ n+ p cluster models as well as six-body variational calcu-
used two realistic vertex form factors arising from wave lations.
functions with strongeD-state components, associated with  From the experimental point of view, several determina-
aD,=-0.16 fnf andD,=—0.24 fnf. The data that al- tions based on the analysis of different reactions gave quite
lowed them to distinguish between those two descriptionslifferent results. The analysis of elastic scattering’loif on
clearly favored the less strond component. In the more Ni points to negative values fop, namely —0.014 from
recent VMC vertex function we are now using, fDestate is  the analysis at 18.1 MeV18] and at 70.5 MeV[17], and
reduced even further. We can therefore conclude that, iabout half that value in a later reanaly$k9] of the same
spite of some dependence on the interior of the wave funcreaction. Data offLi( d,a)*He[20] also indicated a negative
tion that should encourage the use of realistic form factoryvalue of then parameter. By contrast, in a forward disper-
for this type of analysis, thB-state amplitudes in the VMC sion relation analysis af-« scattering, the value found far
models seem to be again underestimated. was positivg21], as in the analysis of the breakup of tfie

Finally, we consider the more complicated, {Li) trans-  at 4.5 GeV[22]. Very recently, in the analysis of &I, d)
fer reaction. Unlike thé-state component in the overlaps of transfer reaction or®Ni target 34 MeV/[9], the parameter
1s-shell nuclei which are generated solely by tensor forcesseems to be consistent with zero. This last value is the one
the D state in thed+ « configuration of®Li can also result quoted in Table | as an experimental determination. In view
from its p-shell structure. The fraction of thi® state has of these discrepancies, it is therefore valuable to examine a
been the subject of considerable theoretical and experimentairther consequence of thH2 states in thedl+ a« motion, by
investigation. There have been many three-body models déoking at the analyzing powers in a fLi) transfer reac-
SLi constructed in the literaturgl2—14, and in spite of the tion.
excellent agreement with several propertieSkfthat these We will consider for our study th&Ni(°Li, d)%2zZn(0")
models achieve, none of them have been able to reprodugeaction that has been measured very recentat 34
the spectroscopic quadrupole moment of theground state  MeV [8,9], where there are only pure transfers allowed
of —0.083+0.008 efm? [15]. They all predict apositive  from Sstate overlaps. This means that we regain the scaling
guadrupole moment and, unavoidably, a positivealue. It  relation between the tensor analyzing powers and the
is clear that there must be in reality some cancellation of thé®/S-state ratios; of the projectile, and it should be possible
intrinsic deuteron moment with thb state of relative mo- to measure even very small values. The results for this
tion, or some hitherto unexpected contributions from degreegeaction are shown in Fig. 6 from Ref23] and[8,9]. The
of freedom outside the+n+p model space. We therefore dotted curve shows the VMC prediction from RE2] for
are pleased to see negative quadrupole moments from “njst the S state, while the solid curve shows the effect of
core” shell models[16] (though with rather small matter adding theD state. We see that in fact the dotted curve is
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0.015 T owon D rather different from that of a conventional WS binding po-
mbisry | ©@ . - VMO, S wave oy tential. The WS model withy=0 is closest to the data, and
oot 3 WP the analysis of Ref[9] shows that the best fit value is the

very small = +0.00039).

More recently, a new VMC result has become available
[4] that appears to be closer to convergence. This has only
about half theD-state amplitudes of the model of R¢E],

: X and the tensor analyzing powers obtained with this new
0.000 |2 - ’ : : model are shown in Fig. 7. The WS curves in this figure use
the VMC valuen= —0.03, and we now see that the WS and
VMC results are rather similar. This indicates that the new
VMC model has a more regular geometry inlitsstate com-
ponent; but unfortunately thed®-state amplitudes are still
too large compared with experiments.

From all the comparisons of transfer predictions with the
experiments shown here that come close to the data, we con-
60 clude that for ,t) and d,3He) and ¢, a) the D-state com-
ponent of the overlaps from the VMC models is somewhat

FIG. 7. 5Ni(°Li,d)%2Zn(0*) at E;=34 MeV. The VMC underestimated. In the caski VMC models produce an
curves use the revised results of Rdf, and the WD-state curves  ©Verlap with aD-state component many times larger than
use they value of the VMC model. appropriate to fit the experimental analyzing powers. This
enhancement of thB-state component is certainly one of the

close to the data, but tH state effectively destroys the fit, '€asons for the too strong quadrupole mon@ruf °Li that
even for the vector analyzing powsy,. The experiment is these models predict. Since the correlation betwgemdQ
therefore pointing to a best-fiy value much smaller than N this case may be not be simple, quadrupole moment and
that of the VMC model. TheS+D WS curves in Fig. 6 electron form factor measgrements_ are needed together with
(short dashesshow that theD state effects derived from a the nuclear transfer experiments discussed here.
conventional WS geometry when normalized to the VMC
value, give rather different results from the VMC solid
curve, even for the cross sectiorf§). We see large differ- We are grateful for many discussions with F.D. Santos,
ences between VMC and WS wave functions, both for fust with our experimental colleagues at UNC/TUNL, in particu-
waves, and folS+D waves. The effects of the WB state  lar Ed Ludwig and Kevin Veal. This work was supported in
normalized ton=—0.05 are more than those the VMZ  part by the Portuguese FCT under Contract No. Praxis/2/2.1/
state. These differences all indicate that the geometry of thElS/223/94 and EPSRC under Grant Nos. GR/L94574 and
D-state vertex function in the VMC model from R¢R] is  GR/J95867.

0.005 |+~
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