Corrections to nucleon spin structure asymmetries measured on nuclear polarized
targets.

O. A. Rondon,

Institute of Nuclear and Particle Physics and Physics Department,
University of Virginia, Charlottesville, Virginia 22901

The nucleon spin structure functions have been extracted from measurements of asymmetries
in deep inelastic scattering of polarized leptons on polarized nuclei [1-7]. The polarized nuclei
present in practical targets: H, H, 3He, N, N, SLi and "Li, are, with the exception
of hydrogen, systems of bound nucleons, some of which can attain significant degrees of
alignment. All the aligned nucleons contribute to the asymmetries. The contributions of each
nuclear species to the asymmetry have to be carefully determined, before a reliable value for
the net nucleon asymmetry is obtained. For this purpose, the spin component of the nuclear
angular momentum for every nuclear state and the probability of each state have to be known
with sufficient accuracy. In this paper I discuss the basic corrections used to estimate the
contributions of the different nuclei, with emphasis on the A = 6 and 7 Li isotopes present
in the Li?H polarized target used during SLAC Experiment 155 to study the deuteron spin
structure.

PACS Numbers: 13.88.4+€, 21.10.Hw, 27.10.4h, 27.20.4n, 21.60

The use of polarized nuclei as targets in spin structure experiments requires that proper allowance be made for
their nuclear properties. This involves an understanding of the magnitude of the contributions of the polarized
nucleons in each nuclear species to the spin asymmetries, as well as of the possible kinematic (z) dependence of the
nucleon polarization. The polarizable nuclei can be present in the targets in elemental form (*He) or as compounds
(deuterated ammonia - N?Hg, lithium deuteride - Li?H, butanol). More than one of the nuclear species can attain
significant degrees of polarization, as in the case of Li?H, in which both Li and 2H polarize almost equally.

Two approaches can be followed to determine the effective nucleon polarization. Things are considerably simplified
by the fortunate availability of practically polarizable light nuclei because the Coulomb interaction can be largely
neglected, and isospin symmetry applied. Hence, in the case of isospin singlets, like deuterium, °Li and '*N, model
independent analyses using only isospin conservation are possible, based on the decomposition of the total nuclear
angular momentum I and magnetic moment g in terms of spin and orbital components [8,9]. In the case of mirror
nuclei, like 3H and 3He, or N and 50, this type of analysis can be supplemented by information from the beta decay
of one of the pair members [10,11]. The cluster model description of light nuclei, such as Li, allows the extension of
this method to the cluster components of “Li [12].

The second approach involves models of the nuclear structure of the target nuclei. This approach has been used to
describe the nucleon polarization in 2H [13], 3He [14], 6Li [13,15,16], “Li [16], '*N [1] and **N [3]. At the simplest level,
the relevant information to be extracted from the models consists of the probabilities of the different nuclear ground
states, and their corresponding angular momentum decompositions [17]. This information results in a proportionality
factor between the polarization of the nucleon and that of the nucleus. More sophisticated analyses, such as that of
ref. [16], give directly the integrated spin densities of the protons and neutrons.

In a recent article, Melnitchouk, Piller and Thomas [18] have shown that for the deuteron the use of a constant
factor for values of the Bjorken scaling variable z < 0.75 to correct for the presence of D state nucleons in the
deuteron results in a less than 1.5% deviation from the more accurate convolution or covariant descriptions. Since the
uncertainty in the D state probability itself is on the order of ~ 1% (20% relative), the use of a constant correction
factor, at least in the measured ranges of 0.015 < # < 0.75 is valid in the case of the deuteron. For z < 0.015
the extraction of the neutron spin structure may require more refined descriptions of the nucleon polarization, given
the small size of the deuteron asymmetry at low x. The level of required refinement becomes more important with
increasing nuclear complexity, as in the cases of He and Li.

Model independent analyses

The model independent analyses are based on some simple properties of mirror nuclei, including self-conjugate
nuclei (i.e. those odd-odd nuclei that are their own mirror). Mirror nuclei are either isospin doublets or singlets



(self-conjugate). We first examine isosinglets.

From the decomposition of the angular momentum of a nucleus and its magnetic moment, it can be determined that
an orbital contribution to these quantities may be present in isosinglets. Since only the spin component contributes
to the nucleon spin asymmetry, the orbital component has to be subtracted. The decomposition of the magnetic
moment and angular momentum for the state with M = T is given by [10]:
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where the index i refers to the different nucleons and as usual {7, p1;) = (g° S,gi)>, etc. In the case of the isosinglets 2H,
T.i and N, these equations simplify to [9]
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where gf(n) = 2ftp(n) are the g-factors for free protons (neutrons). Neutrons do not contribute to the orbital component
of p. Isospin conservation for isosinglets lets us write
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Substitution of the experimentally measured magnetic moments in eq. 5 yields the following spin and orbital
components of the magnetic moment:

Table 1. Nucleon polarizations in spin-1 nuclei.

Nuclide Magnetic Spin Orbital
moment [pn] component component (x1/2)

H 0.857 0.94 0.03

Li 0.822 0.847 0.077

LN 0.404 -0.26 0.63

which can be interpreted as indicating that the polarization of the unpaired nucleons (p or n) in polarized spin-1
nuclei is the fraction of the nuclear polarization shown in column 3 of table 1. For example, the nucleon polarization
in N is 26% of the ammonia polarization and the nucleon spin points in the opposite direction as the nuclear spin.
As I show below, these values are in very good agreement with the results of the model dependent method.

In the case of mirror nuclei, like 3H and 3He, or >N and 'O, this analysis can be supplemented with information
from the beta decay of one of the pair members [10,11]. For the pair “Li and “Be, the magnetic moment of the
radioactive “Be (half-life: 53.3 days) disappointingly has not been measured. However, the cluster model description
of light nuclei such as “Li [12], allows the extension of this method to the cluster components of “Li (a + triton).

For mirror nuclei, assuming isospin conservation and neglecting the Coulomb interaction, the sum of the magnetic
moments of the pair is twice the expectation value of the isoscalar component of the magnetic moment, while the
difference is twice the isovector component:

plts = %) +ults = —%) = <Zl,§”> + (1p + un)<za,§“>
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The terms in the sum can be obtained from knowledge of the magnetic moments and spin of the nuclei, while the
last term in the difference is related to the Gamow-Teller 3 decay matrix element [10,19]
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Knowledge of the ft value for the decay allows the extraction of the term from
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where B = 5967 s depends on the Fermi coupling constant Gy and gy, g4 are the vector and axial-vector coupling
constants for the neutron 3 decay. For the mirror pair H (g = 2.9789ux) and He (u = 2.1276uy), using the latest
B3 decay values [20], we obtain the proton spin contribution to the magnetic moment

O (1 +7)0l) = 0932, (9)
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implying that the proton polarization is 93% of the tritium polarization. This analysis also predicts that the contri-
bution of the paired neutrons to the magnetic moment is -0.007. The corresponding values of ref. [10] are 0.96 and
-0.04, based on older values of the beta decay constants. The analysis on tritium can be applied to its mirror 3He,
with the substitution of neutrons for protons, so the neutron in 3He would be 93% polarized.

As T mentioned before, there is no magnetic moment data for “Be, so the method cannot be used for “Li directly.
For 1°N, pi5y = —0.283uy (its mirror is 150, 150 = 0.719uy) ref. [10] finds the proton polarization to be -24%,
similar in magnitude and direction to that of the proton in '*N. With updated values for the input data, I get -22%
for the same quantity, still in good agreement.

Model dependent analyses.

Models ranging from the single particle shell model to cluster models to Fadeev’s calculations to the very latest
Green’s function Montecarlo [16] have been used to describe nuclear properties. The goal of this work is to extract
from the different models the information that is relevant to obtain the net nucleon polarization, which is largely just
the polarization of the unpaired nucleons in the shell model. The quantities needed are the spin component of the total
angular momentum for every populated level in the ground state, and the corresponding occupation probabilities.
I will discuss deuterium and the A=3 nuclei to illustrate the method and apply it to the lithium isotopes and the
nitrogen isotopes which are components of solid polarized targets.

Deuterium

The deuteron has I™ = 1%, and the nucleons are in the spin triplet state (parallel spins). This implies that only
even components of orbital angular momentum are allowed. The deuteron has no shell structure, so its total angular
momentum is formed by -5 coupling. That is, L = £, 4+ £, and S = s, + s5,.

The deuteron has a virtual D state that is occupied by the nucleons some fraction of the time. Since the orbital
angular momentum of this state is L. = 2 h, it affects the polarization of the nucleons relative to that of the nucleus.
In the S state L = 0, so the nucleons add up their 1/2 h spins to I = 1, parallel to the deuteron spin. In the D state,
L=2,s01=1isformed from L+ 5S=2®1.

The vector polarization is the net number of deuterons with spins oriented parallel to an external magnetic field
and is given by

Py = Ny=1) — Nar=-1),

where Njps—+1 are normalized numbers of deuterons in states M = =1 respectively. 1 will use the notation C-
G|mpr, mg; M), except when noted. For the D state the M = +1 substates with the appropriate Clebsch-Gordan
(C-G) coefficients are represented by
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From the Clebsch-Gordan coefficients we see that a net 50% of the nucleons in the D state have polarizations anti
parallel to that of the deuteron (M = 1 but mg = —1)! implying that the total number of nucleons in the deuteron
with spins parallel to the deuteron is

1
Njj = Ns — 5Np = N = L5Np,

where N = Ng + Np are the total, S state and D state numbers of nucleons, and Np = PpN. Pp is the D state
probability and it has been variously estimated in the different models of the deuteron, as summarized in table 2

Table 2. ?H D state probabilities

Model Pp(in %)
Reid [21] 6.47
Paris [21] 5.46
Bonn 76 [21] 4.32
Bonn 87 [22] 4.25
Hulthén-Yamaguchi [23] 4.00
< Pp > 4.90

Standard deviation of the values 1.04

Thus, on average
Njp=N(1-15Pp)=(0.926%0.016)N

so the net nucleon polarization in the deuteron is reduced to v = 93%, a factor that needs to be taken into account
in extracting the neutron spin structure function.

We also note that there is no net contribution from the M = 0 state nucleons: the nucleons with this quantum
number are aligned parallel or anti parallel to the deuteron in equal numbers. The probability of the deuteron to be
in this substate is related to the tensor polarization, implying that all the contributions to the nucleon polarization
come from the vector polarization. This can be also be seen by computing [24]

Px, = Tr(PdU'x,)a r; =T, Y, 2, (B = Boi)a

where pd is the deuteron density matrix, and o, the Pauli matrices. The results are Py, = 0 and P, = (Ny=1 —
Nar=—1) # (Ps — Pp/2), as before.
Tritium and 3He

The work of ref. [14] (“Neutron polarization in polarized ®He targets”) contains a very detailed analysis of the
nucleon polarization in 3He. The extensive discussion on the extraction of the neutron asymmetries from polarized
deep inelastic scattering on 3He targets that is given in ref. [25] combined with ref. [14] constitute essentially a definitive
treatment of the subject, at least as far as DIS is concerned. All the experiments using polarized >He targets [2,5,6]
apply the results contained in those works to the neutron spin structure. Although no polarized tritium targets have
been built, there is interest in this nucleus [26], which as mirror pair of 3He can give us important insights into the
properties of the bound nucleon [27]. Little new can be added beyond the work of the authors mentioned, so in this
section I will use the A=3 nuclei as an illustration of how the method applied to the deuteron can be extended to
other nuclei.

Both 3H and 3He have I™ = %+. The ground state description of tritium is very similar to 3He, involving in both
cases the usual spin singlet state S plus S’(spin triplet) and D states [28] that have their origin in the tensor forces.
Following the approach applied in refs. [17,8] to the magnetic moments of nuclei, we can in general express the ground
state wave function in terms of ¥ ¢ states

Y= ZCLS1/)LS (11)
L5
'"The same result is obtained in a somewhat less transparent way, by calculating the matrix elements pE = ([]|]5(i)|]]>,

where P#) is an aligned nucleon counting operator [14,15].



where the coefficients |cr5|? = Py, represent the probabilities of of occurrence of the I, S states. Then one can carry
out the same type of angular momentum decomposition that was done for ?H to obtain the net nucleon polarization
in each state and combine the results with the model dependent estimates of the corresponding probabilities. For the
three-nucleon system, in the S state we have the two identical nucleons (neutrons in tritium) with their spins anti
parallel, so the spin of the third nucleon (proton) is always aligned with the nuclear spin. Tn the S’ state, two nucleons
can pair to form spin s; = 1, which is coupled to the third nucleon’s spin s5 = 1/2 to give the allowed combinations
I, M= %, :I:%. The nucleons are in the s; state two-thirds of the time, and the other one third in the sy state. Using
the slightly changed notation C-G|mg1, msa; M) the M = +1/2 substates are

@Il,—l/% 1/2>—£|0, 1/2; 1/2)
_\/g|_1’1/2;_1/2>+\/g|0,—1/2;—1/2.> (12)

When a nucleon is in the mg; = £1 substates its spin is parallel to the tritium spin. When mg; = 0, the nucleon is
equally likely to be aligned or anti aligned. From the C-G coefficients we see that a nucleon in the s; state is aligned

a net 2/3 of the time, for a % X % = % nucleon polarization. Similarly, the spin of the nucleon in the sy sate is aligned
opposite the nuclear spin (M = 1/2 but msy = —1/2) a net 1/3 of the time, for a net —% X % = —% polarization.

Combining the two spin states the nucleon polarization in the S’ state is 1/3. The D state involves the combination
of L =2 with S =3/2 to get I = 1/2. The corresponding angular momentum components are:

@|2,—3/2; 1/2) — @H,—l/?; 1/2) + @m, 1/2;1/2) — J%| —1,3/2;1/2)

LV Ry Ly Sy X VY Sy T PRV (13)

For mg = :I:% all the nucleon spins are aligned with the total spin S. For mg = :I:% the nucleon spin is parallel to S
2/3 of the time and 1/3 is anti aligned, for a net 1/3 alignment of the nucleon spin with S. Combining these weights
(1 for mg = :I:%, 1/3 for mg = :I:%) with the C-G probabilities for S to be parallel or anti parallel to the nuclear spin
in each mg substate, the net nucleon polarization in the D state is —1/3.

The number of nucleons in a state with orbital angular momentum 7 is Ny = Py N, where as before N = > N,
is the total number of nucleons. (', denotes the corresponding nucleon polarization, obtained from the angular
momentum decomposition. Then the proton polarization in *H (or the neutron in 3He) is the sum of the proton
polarizations in each state weighted by the probabilities of occupying the given states

N|Z|) = ZCLNL = Ng+ %NSI — %ND
= N(1—2Ps — 5Pp). (14)

The corresponding neutron polarization in tritium (or proton in He) is

1 1

Substituting the values for Ps; = 0.0167 and Pp = 0.0934 from ref. [28,29]? we obtain the proton polarization in
tritium = 86% , and the small neutron contribution (per neutron) = -2.6%. As expected, these values are almost
numerically identical to the *He results of ref. [14]. We also notice that the model independent calculation for H
overestimates somewhat the proton polarization, and underestimates that of the neutrons.
Lithium

The same approach outlined above can be applied to other nuclei. Next I compute the angular momentum decom-
position for °Li.

T has also I™ = 1%, and it can be described very well as an a cluster core plus a neutron and proton pair [15]
(which in some cases is combined into a deuteron cluster [30]). Since the ground state of °Li is an isosinglet, the

2The work of ref. [29] mentions a 8.3 x 10™* probability of a P state, that we neglect.



proton and neutron would be in a spin triplet. In a three-body configuration, the antisymmetrization of the wave
function allows the orbital angular momenta to also take odd values, so S, P and D states are permitted as long as
the total orbital angular momentum adds up to an even number to obtain positive parity [15]. The P state can be
associated with either the usual spin triplet or with a spin singlet. In the S and D states, the configuration is identical
to case of the deuteron, so as before we have Ng and CpNp = —%PDN. For the P state, when S =1, M = 1 is
formed from my = 1,0 and mg = 0, 1. In detail:

1 1
Mvon fTo
1 1

We see that only one half of the nucleons in this state are aligned with the Li spin, so Cp(s=1) = % As in the D
state, the nucleons in the M = 0 substate have their spins equally aligned in opposite directions. Finally for the P
state, when S = 0 the nucleons are in the spin singlet state, so C'p(s=0y = 0. The total number of nucleons in 5Li
with spins parallel to the nuclear spin is

1 1
N = Ns + 0Np(s=0) + §NP(S:1) - §ND
1 3
= N(1 = Pp(s=o) — §PP(S:1) - §PD) (16)

The Pj, probabilities have been calculated in ref. [15] solving three-body Fadeev equations for a variety of NN and
aN potentials. The probabilities for protons and neutrons are found to be equal to a precision better than a few parts
in a thousand. They also find that the Coulomb interaction and isospin breaking have little effect on the calculated
magnetic moment and nucleon spin alignment. Taking the average of their results for the eight models that predict
peri to better than 2%, T obtain Pp(s=oy = .0238, Pp(s=1) = 2.9 X 103 and Pp = 0.0725, which result in a nucleon
polarization in °Li of (0.86640.012)/3, or if one prefers, the unpaired nucleons are aligned with the nuclear spin 86.6%
of the time. The uncertainty quoted is just the standard deviation of the results of the individual models.

The results of ref. [15] for the nucleon polarization would agree with the above value, if the symbol P that these
authors call indistinctly the ‘polarization of the neutron’ or ‘the probability of the neutron to have its spin “up”’,
actually denoted the latter. Using the same averaged eight models the neutron polarization in °Li would then be
Ny=Pf—(1—-PF)=0933-0.067=0.866, as expected.

These results are in very good agreement with both the naive result of the first section, and with the very sophis-
ticated Green’s functions Montecarlo prediction of ref. [16], which obtained the integrated nucleon spin densities of
1.93 for spin up and 1.07 for spin down in °Li with its nuclear spin up, or a net nucleon polarization of 0.86/3. The
simplified estimate of ref. [13] for the same quantity is 0.82/3.

"Li was present at the 4.6% per weight level in the E155 Li?H target. “Li has I™ = (%)_, s = 3.26pun. It can
be described in the single particle shell model as a combination of 1 unpaired proton and 2 paired neutrons in the
p3/o state, and a closed s/ shell. j — j (or i — ) coupling of the nucleons’ spins and orbital angular momenta is
dominant. The extreme shell model predicts p7r; = 3.79 pn, and the improved shell model for odd-A nuclei predicts
prri = 3.44 pn, with some admixture of other states [19]. In either case the agreement is reasonable (discrepancy
is 16% or less). If we take the extreme shell model configuration, then there are four M = +3/2,+1/2 substates, of
equal probability. In the 3/2 substates the proton and the Li spins are parallel. The 1/2 substates are combinations

of m; = 1,0 with my; = £1/2
1 2
@1,—1/2; 1/2>+J;|0, 12 1/2)

£|—1,1/2;—1/2>—|— @|0,—1/2;—1/2> (17)

It is readily seen that 2/3 of the time the proton and Li have parallel spins, and 1/3 anti parallel, for a net 1/3 of the
time having parallel spins in the M = +1/2 substates. Combining this result with the two M = £3/2 substates, the
proton and Li spins are aligned a total 2/3 of the time.

An alternative description of “Li is in terms of an a + triton clusters [12]. In this case the I = 3/2 is formed
from S = 1/2 for the triton orbiting in an L = 1 state about the « cluster. The angular momentum decomposition
discussed above in the the shell model is valid in the cluster model as well, with the triton playing the role of the



unpaired pg/, proton. Tritium is a very good equivalent of the free proton (usgr is only 7% off the proton’s), because
its nucleons have no Coulomb interaction. The results for tritium obtained earlier can be applied here, to correct the
2/3 polarization of tritium in “Li taking into account the reduced (86%) polarization of the proton in *H, to give a
net 57% polarization of the proton in “Li, and a -2% neutron polarization. More refined figures for both the proton
and neutron polarizations in this nucleus have been obtained in ref. [16], which predicts 88% for the proton and -4%
for the neutrons. Combining the first figure with the 2/3 spin component of the “Li angular momentum results in a
net proton polarization of 59%.
Nitrogen

1N has I™ = 1% like deuterium and ®Li. It is reasonably well described in terms of the shell model as a configuration
of six-nucleons in the sy, and ps/s shells plus a proton or neutron in the p; /5 shell. The straightforward application
of i — i coupling, predicts the magnetic moment to be

[ JpJ +1)_jn(jn+1)}
o = = P n p _ n\JP\JP 18
p 2{(9 +9") + (" = 9") T : (18)
where pi,_, represents the magnetic moment for odd-odd nuclei [19], and the ¢g*=P" factors are
1 +1)-2
k k k k k 2
= - -9 ) —————|. 1

Substituting the free nucleon g% factors, p,_, = 0.373uy, in good agreement with the measured value for py4n. The
spin and orbital components of p for the p; /5 nucleons (i =1 —1/2) can be obtained by examining the substates with

mi = +1,0, my = +1/2 [31]
2 1
a2 2 Eo, 1 172

@|—1,1/2;—1/2>—|— £|0,—1/2;—1/2> (20)

from which we see that the nucleon spin is aligned anti parallel to the nuclear spin a net 1/3 of the time (as in the
M = 41/2 substates in “Li but with opposite nucleon orientation in this case.) This result agrees in sign and is not
too different in magnitude from the model independent estimate.

Nitrogen contributes with only one third of the polarizable nucleons in ammonia, and it polarizes only up to one
sixth of the corresponding hydrogen or denterinm polarization. The net contribution of the polarized nucleons in '*N
to the hydrogen or deuterium spin asymmetries is then —1/3 % 1/3%1/6 = —0.02. Given this small size, the accuracy
of about 10% of these simple estimates is quite adequate for the corrections needed in DIS spin structure experiments
[3,1].

15N has I™ = %_. The shell model gives an even better description of >N than of *N. Its magnetic moment is less
than 7% away from the Schmidt line value —0.264y. Thus we would expect the proton in "N to be aligned anti
parallel to the nuclear spin 1/3 of the time. The model independent estimates for this isotope agree in sign and are of
similar magnitude as the shell model prediction. The correction to the spin asymmetries due to the presence of '°N
are even smaller than those due to '*N, because in the former the neutron contributions are entirely negligible, and
its nuclear polarization can be measured with better precision than that of the latter.

Table 3 summarizes the results of this and other works. The row for A = 3 lists only the proton polarization for
3H (neutron polarization for 3He).

Table 3. Nucleon polarizations

Nuclide Model Independent Model Dependent
This work  Ref. [10]  This work Ref. [14] Ref. [15] Ref. [16] Ref. [13]
H 0.94 0.926
3H - 3He 0.93 0.96 0.86 0.865
Li 0.85 0.866 0.866¢ 0.86 0.82
“Li 0.57 0.59
14N —0.26 -0.33
15N —0.22 -0.24 -0.33
“pFr =0.933
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