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M7e present the results of detailed nuclear shell model calculations of the spin- 
dependent elastic form factor for the nucleus l z7I .  The calculations were performed 
in extremely large model spaces which adequately describe the configuration mixing 
in this nucleus. Good agreement between the calculated and experimental values 
of the magnetic moment are found. Other nuclear observables are also compared to 
experiment. The dependence of the form factor upon the model space and effective 
interaction is discussed. 

1 Introduction 

One of the major topics of this meeting has been the direct detection of relic 
neutralinos. We have heard numerous talks on various technologies and materi- 
als being developed to detect the nuclear recoil resulting from a rare neutralino- 
nucleus, X-N, scattering event. Among the most highly developed technologies 
is the search for recoil scintillation light in large crystals of so'dium iodide 
(NaI). Limits on the X-N cross-section from at least 3 different experiments 
have appeared in the literature. 1 , 2 , 3 , 4 1 5  

In all of the elastic scattering limits from NaI presented so far, a consistent 
and well motivated spin-dependent, or a x d ,  form factor (or, more correctly, 
structure function; We use the terms synonymously) has not been available for 
1271 (the only stable iodine isotope). The limits so far presented have involved 
a form factor borrowed from another nucled or a general shape derived by 
noting similarities between calculations of axial form factors for other nuclei. 
It has been noted that there is no generic formula for extracting the axial form 
factor, as there is for the spin-dependent, or scalar, form factor. In this talk 
we describe our recent attempt to calculate the axial form factor for 1271. We 
then compare the calculated form factor to one of the approximations used to 
set the current experiment?: limits. 

1 



2 Results 

A number of methods have been applied to extract the relevant nuclear spin 
properties for various heavy nuclei. We choose to model iodine in the conven- 
tional nuclear shell model. The method has proven to be very reliable when 
sufficiently large model spaces are used in conjunction with realistic nuclear 
forces. 9i10,11 With recent advances in computer power, accurate calculations 
of nuclei like 1271 are now feasible. We assume a inert core a t  the N = Z = 50 
shell closure and consider the 197/2, 2d5/2, 3s1/2, 2 4 1 2 ,  and lhlll2 orhitals in 
our valence space. To make the calculation tractable, rather severe truncations 
of the space are necessary but we believe that all of the dominant configura- 
tions are included. l2 We mention that the protons, which dominate iodine’s 
spin response, are only mildly restricted by the truncation, it primarily limits 
unlikely neutron excitations. Despite these truncations of the model space we 
are stiI1 required to diagonalize in a space with m-scheme basis vectors consist- 
ing of slightly more than 3 x lo6 Slater determinants. We use the shell model 
code ANTOINE. l3 

The second ingredient necessary for an accurate description of niiclei in 
this space is a realistic nuclear Hamiltonian. There is no accepted Hainiltoiiian 
for the model space we consider, so we have examined two different effective 
nuclear interactions. Both residud interactions are derived by calculating the 
G-matrix of an empirically determined nucleon-nucleon (KN) potential. The 
G-matrix is then converted into a set of two-body matrix elements via the 
folded diagram technique. l4 The f is t  interaction considered is bxed  upon the 
Bonn A NN potential and details are presented in reference 14. We have also 
constructed a second interaction using the Nijmegen I1 NN potential l5 as our 
starting point. The final step in constructing these Hamiltonians is to specify 
the Single Particle Energies (SPE’s). We have adopted SPE’s based iipon t,he 
excited state spectra of nuclei with either a single proton in the space (varioiis 
Sb isotopes) or a single neutron hole in the space (131Sn) and then timed tliem 
(through iteration) until reasonable agreement with experiment is obtained. 
Remarkably little tuning was required. For the most part, the two int.eractions 
give similar results. 

Once the Hamiltonian and model space are specified, it is straightfonvard 
to calculate the nudear wave functions and observables. In ‘Table 1, we list 
the calculated magnetic moment, p, and the quadrupole moment, Q20, as we11 
as the corresponding experimental values. It is apparent that the as sreenient 
is quite good. 

Now that realistic nuclear wave functions are available. we may now eval- 
uate the relevant operators and derive the nuclear matrix elements and form 
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Table 1: The magnetic moment, in units of p ~ ,  and the quadrupole moment. in  units of 
e barns for the two interactions considered: compared to experiment. Also included are 
the Single Particle (S.P.) estimates. The magnetic moment operator uses free particle g- 
factors and the shell model quadrupole moment operator uses effective charges e p  = 1% 

and e,  = 0.5e 1 O b s l c b l e  1 ,":,9; 1 B;;;4 

-0.654 -0.577 

Table 2: A comparison of various calculations of the spin distribution of lZ7T. Bonn X and 
Nijmegen I1 are the calculations presented here. OGM is the Odd Group llodel of reference 
16. IBFM is the Interacting Boson Fermion Model of reference 17. TFFS is the Theory of 

Finite Fermi Systems calculation of reference 18. 

factors. In an effort to make our results as accurate as possible we have iised 
Wood-Saxon single particle wave functions in this step. In Talde 2 we present 
the breakdown of the total angular momentum into its spin and orbital parts 
for both protons and neutrons. As is usual, these results are evaluated in the 
maximally stretched state, in this case, J = M J  = $. The x-N cross section 
is proportional to the square of the spin part, (S,) and (Sn) .  For compari- 
son, we also present results for several other approaches that have occiirred in 
the literature. Nost previous experimental analyses have used the Odd Group 

(OGhI) result. As was discussed at this meeting, the OGl I  approach 
does not provide an accurate description of the nuclear spin decompositioii for 
nuclei with A > 70. The large difference between our results and that of the 
OGhI could result in up to a factor of 20 increase in Iodine's sensitivity to 
spin-dependent scattering. 

We now turn to the axial response of 1271 at finite momentum transfer. JYe 
follow the conventions in references 6,7, and 9 but will discuss a few equations 
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Figure 1: The calculated spin structure functions, Soo, Sol. and Sll. for ’*‘I. These structure 
functions come from the calculation with the Bonn A potential but those arising from the 
Nijmegen I1 potential are similar. We restrict the graph to p 5 4 so that it is easier to 

compare with other structure functions. 

so that there is no ambiguity. The X-N spin-dependent cross section is: 

where S(q) is the spin structure function. S(q) can be clecomposed into 
isoscalar, isovector, and interference terms in order to evaluate it for arbitrary 
neutralino compositions, 

S(q) = a,2Soo(q) + a:Sll(q) + QoalSol(cd. 

Here, QO = up + a, and a1 = up - a ,  are the neutralino-m*cleon coiipling 
constants. Instead of q = Is/, the 3-momentum transfer, we parameterize 
things in terms of g = ( b q / 2 ) 2  where b = 2.282 fm = 1/(86.472 Me\-) is 
the oscillator parameter. We calculate S(q) out to values of y = 10. This 
corresponds to the maximum q for an infinitely massive x moving at roiighly 
700 km/sec, slightly greater than the Galactic escape velocity. For lighter 
neutralinos, such as the one inferred from a recent supersymmetric analysis of 
a single Fermilab event, 2o the relevant range in momentum transfer extends 
only to  ?J 5 1-2. 
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Figure 2: The spin structure function, S(q), for a pure Bino scattering with I Z 7 T .  A11 of 
the form factors have been normalized such that S(y = 0) = 1. All four structure fiinctions 

have similar initial fall offs. The Phenomenological curve is that of Smith et al. 

In Figure 1 we present the full structure function in terms of it's isospin 
decomposition. Detailed fits of each Sij(q) as a function of y are available by 
contacting one of the authors. It is apparent from the figure that the same 
general features that appear in other calculated form factors also appear here. 

In Figure 2, we show the form factor of 1271 in several of our calculations 
using different input, compared to the one postulated in the recent analysis 
of Smith, et  al. The only difference in the form of the shell model striictiire 
functions between the two different effective interactions arises between TJ = 1 
and 2. (We also note that there would be a slight normalization difference 
between the two in a real calculation.) We also include a calculation iisiiig 
harmonic oscillator instead of Wood-Saxon wave functions. Large differences 
appear at high momentum transfers but the differences are minor (biit appar- 
ent) at y 5 2. Finally, we note that the shape postulated in the analysis of 
Smith et ai does a reasonable job of reproducing the overall shape of the 
structure function for y < 1.5. While its shortcomings are apparent, it is iin- 
likely t.hat the simpliied form has introduced serious errors into their analysis. 
It is also obvious that this form is inadequate for extremely high momentum 
transfers, e.g. q > 200 MeV. 

?Ve mention a final caveat about the approximate form factor iiserl in 
reference 1. The filling of the area between y = 0.5 and 1 is primmily cliie to 
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the inclusion of the L = 3 and 5 multipoles. In J = 1/2 nuclei, these are not 
present. In a nearly identical calculation for 12”e that we have performed1* 
there is no flattening of the structure function in this regime. 
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