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Deep inelastic scattering of polarized electrons by polarizedHe and the study of the neutron
spin structure
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The neutron longitudinal and transverse asymmettigsand A] have been extracted from deep inelastic
scattering of polarized electrons by a polariZéte target at incident energies of 19.42, 22.66, and 25.51 GeV.
The measurement allows for the determination of the neutron spin structure fungfférgQ?) and
g5(x,Q?) over the range 0.08x< 0.6 at an averag®? of 2 (GeV/c)2. The data are used for the evaluation
of the Ellis-Jaffe and Bjorken sum rules. The neutron spin structure fungfionQ?) is small and negative
within the range of our measurement, yielding an inte@?,ﬂgg(x)dxz —0.028+0.006(stah = 0.006(sys).
Assuming Regge behavior at loxy we extractl'}= [3g7(x)dx= —0.031+ 0.006 (stah = 0.009 (sys}. Com-
bined with previous proton integral results from SLAC experiment E143, welfthd "} =0.160+0.015 in
agreement with the Bjorken sum rule predictioh—I'7=0.176+0.008 at aQ? value of 3(GeV/c)? evaluated
using as=0.32+0.05.[S0556-282(96)03923-9

PACS numbgs): 13.60.Hb, 13.88te, 29.25.Bx

[. INTRODUCTION Pioneering experimentf6—8] with polarized electrons
and protons, performed at SLAC in the late 1970’s and early
During the past twenty five years, experiments measurind980’s in a limitedx range, revealed large spin dependence
spin-averaged deep inelastic scattering of electrons, muoni) deep inelastie-p scattering. These large effects were pre-
and neutrinos have provided a wealth of knowledge aboudicted by Bjorken[9] and by simple S(b) quark models.
the nature of QCD and the structure of the nucleon in term$lore recently, results from the CERN European Muon Col-
of quarks and gluons. Among the highlights are the determitaboration(EMC) experimen{10] over a widerx range have
nation of scaling violationg1—3] from structure functions as sparked considerable interest in the field because the data
predicted by QCD, leading to a value of the strong couplingsuggest surprisingly that quarks contribute relatively little to
constantag [4], and the test of the Gross-Lewellyn-Smith the spin of the proton and that the strange sea quark polar-
sum rule[5], in which QCD radiative corrections are verified ization is significant.
within experimental errors. More recently, polarized deep in- A central motivation for these experiments is a pair of
elastic scattering experiments, which probe the spin orientasum rules. The first, due to Bjorké8], is a QCD prediction
tion of the nucleon’s constituents, are providing a new win-that invokes isospin symmetry to relate the spin-dependent
dow on QCD and the structure of the nucleon. structure functions to the neutron beta-decay axial coupling
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constantg, . The experimental test of this sum rule requiresQCD argument§13,14]. Nucleon models have been con-
data on both the proton and the neutron. Advances in tectstructed incorporating these general features and yield rea-
nology for producing highly polarized beams and targetssonable fits to the dafd5-17 for the proton.

make possible increasingly precise measurements. A second The Bjorken sum rule, however, applies to the integrals of
sum rule, due to Ellis and Jaffd 1], which has more theo- g;:
retical uncertainty, applies to the proton and neutron sepa-
rately. Assuming S(B) symmetry, data from either the neu-
tron or proton can be used to determine the contributions of
each quark flavor to the spin of the nucleon. It is the apparent
disagreement of the EMC proton data with the prediction of ) ] N ]
the Ellis-Jaffe sum rule that led to the striking conclusions e goal of the experiments is to measgf®" over as wide

rpM(Q?) = f0195<”>(x,Q2>dx. )

mentioned above. This paper reports on a precision determ kinematic range as possible to extract a valuelft" .

nation of the neutron spin structure functigh using a po-
larized ®He target.

In spin-dependent deep inelastic scattefihd] one mea-
sures the quantity

0127032

Al(XlQZ) =
Ot o3

()
where o 312)11/2) iS the absorption cross section for virtual
photons with totall,=2(3) for the final state.

In the case of a target of Dirac particles; is unity. In

The paper is organized as follows. Section Il defines the
theoretical framework used in polarized deep inelastic scat-
tering and tests of the Bjorken and Ellis-Jaffe sum rules.
Section Il discusses the experimental method and data col-
lection. Section IV describes the analysis leading to the raw
asymmetries used to extract the physics asymmetyjesnd
A, and spin structure functiorgs, andg, of *He. Section V
reports on dilution factor studies and radiative corrections,
while section VI reports on théHe results and the nuclear
corrections used to extract the virtual photon-neutron asym-
metriesA] and A] and the spin structure functiory and

QCD, the nucleon may be described in terms of a set off2- Section VIl describes the physics implications of the

quark momentum distributiorg(x,Q?), wherex is the frac-

results and conclusions are presented in Section VIII.

tion of nucleon momentum carried by the struck quark and

Q? is the squared four-momentum transfer to the nucleon.

The indexi includesu, d, ands quarks and antiquarks. Thus
for the nucleon,A; measures how the individual quarks,

Il. THEORETICAL FRAMEWORK

A. Bjorken sum rule

weighted by the square of their charges, are aligned relative The Bjorken sum rule prediction, which relates high en-

to the nucleon as a whole.

ergy electromagnetic scattering to the low energy beta decay

The ;(x,Q?) have been evaluated from the measuredof the neutron, was derived in the hig)? limit by Bjorken

values of the spin averaged structure functiogix,Q?) for

[9] using current algebra, and later shown to be a rigorous

various leptons and nucleon targets. However, the determ@CD prediction[3] with calculable radiative corrections for

nation of A;(x,Q?) requires that quark momentum distribu-
tions be decomposed in terms of spin.
al (x,Q?)(a} (x,Q?)) give the probability that a quark of type
i has a fractiorx of the nucleon’s momentum with its spin
parallel (antiparalle] to that of the nucleon. Then

Agi(x,Q3)=d! (x,Q?)— g} (x,Q%) +a] (x,Q?) —Ef(x.o?)
2

and

SefAGi(xQY)  gi(xQ?)
e ai(x,Q) +ai(x,Q)] Fu(x,Q%)’

Ay (x,Q%)=
)

whereeg, is the charge of théth quark.

The latter equation defines the spin-dependent structure

function g;(x,Q?). A more precise definition of; and the
relevant kinematics is given in Sec. IV below.

In the nonrelativistic quark model, the spins of the quarks

relative to the spin of the nucleon are given by the(§U
wave functions, resulting in the predictions?=2 and

A7=0. This simple picture holds approximatelyxat 0.3. At

finite Q2 [18—20. This sum rule may be derived in QCD by

Thususing the operator product expansi@PB [21]. The OPE

relates integrals of quark momentum distributions
Aq;i(x,Q?) to matrix elements of single operators such as

(5

Gzins,uE %<n15|qi 7;/,75qi n,S),
where|n,s) represents aeutron(n) with spins. The Giin

are constants independent®#, although they do depend on
the choice of renormalization scaje. There are different
G,’s corresponding to each combination of quarks and bary-
ons in the lowest octet. They are related by isospin and
SU(3) symmetry so that in the limit that SB) is exact only
three independent quantities remain,

Gap=Au,
Gap=Ad,

Gs,p=As. 6)

low x, A} decreases due to the dominance of sea quarkEhese are the matrix elements of theton With the latter
which one might naively expect to have small polarization.notation, one must be very careful to distinguisly from

In this region, Regge theory suggests that~x* with
1<a<1l5. At largex, A;—1 according to perturbative

Aq(x,Q%).
Useful linear combinations of the matrix elements are:
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asng:pr_ G,‘ip; where the uppeftlower) numbers are for thre@our) quark
flavors, and higher twist terms have been neglected. The
ag= G,‘ip+ Gfip_ ZGXp; number of active quark flavors is determined by the number

of quarks withm,<Q, taking m;:=1.5 GeV andm,=4.5
@) GeV. For our case we use three flavors, since the effects of
charm are expected to turn on slowly.
Measuringl'®l at differentQ? provides a sensitive test of
QCD and its radiative corrections. It is one of two QCD sum

ap=AS=Gj,+ Gy, +G3p-

Similar combinations for the quark momentum distributions

are rules (the Gross-Llewellyn-Smith being the othevhere the
AQa(x,Q%) =Au(x,Q?)— Ad(x,Q3?):; right hand side of the sum rule is accurately known. With
sufficiently precise data, one can extract based on the
Agg(x,Q2)=Au(x,Q?) + Ad(x,Q2) — 2A5(x,Q?): Bjorken sum rule and compare with the determination of

ag from other processes.

Ago(x,Q%)=Au(x,Q%) +Ad(x,Q?) +As(x,Q%). (8)
B. The nucleon sum rule
Here Aqg(s)(X,Qz) is the nonsinglet combination and The sum rule for a single nucleon [i24]:

Ago(x,Q?) is the singlet combination. An immediate advan-

tage of this notation is that; andag are constants indepen- 1 as [3.58|[as)\?
7 \3.25\ ¢

a

+%A2(M2:Q2)[1—f

1
dent of the renormalization scafe®. A3 (u?) on the other rimQ?)= 1—2[(i9A+ 3ag)
hand depends on the scale and special care must be used
when interpreting this quantity. Using the above notations, 20.2\ [ asg
the main result of OPE gives 1138

3

v

1 - ag(Q%)|" 1.10| [ as\?
fo Aq3(8)(X,Q2)dX:a3(8) 1+n§1 Cn< Sﬂ_ - 0.07 ? - . ) (12)
K where the uppeflower) coefficients are for threéour) fla-
m . . . .
+ 2 w 9 vors. To leading order, this expression requires a new

m=1 nucleon matrix elementag+4AZ%.), which can only be es-
timated from nucleon models. As pointed out by Gourdin
25], ag=3F—D as determined from baryon beta decay if
avor SU3) symmetry is assumed. TheX®, may be deter-
mined from the sum ruleA, is an important input for
ucleon models. Much of the excitement in the field arises
om the unexpected EMC10] result thatA%~0. In the
onrelativistic quark modelAY, =1. However the motion of
he quarks should give a suppression similar to the suppres-
osion ofg, from 5/3 to the experimental value of 1.2, yielding
AE%O.?. In addition, gluons and orbital angular momentum

. . 2 may make substantial contributions to the spin of the proton.
The spin dependent structure functig(x, Q") measures The present world average &f2,~0.3 was not anticipated

the difference in number of partons with helicity parallel ;
versus antiparallel to the helicity of the nucleon weighted byby most ?‘F“hors prior to the measurements. .
In addition,A%, is also needed for predicting elastic scat-

the square of the parton charge. Explicitly, we have . . .
tering cross sections. Two examples of physical processes
involving A3, are neutrino scattering and the scattering of

The perturbative QCD series iny(Q?) describes high
energy or short distance effects and has been recently eval
ated exactly up to third order in QCD. The power series in
1/Q?, in Eq. (9) contains the “higher twist” terms. These
terms describe long-distance, nonperturbative behavior tharl
involves, among other effects, the details of the wave func-
tions of the quarks in the nucleon. The calculation of some o
these terms has been the subject of recent literg&elt is
expected that the contributions of these terms are small f
the Q? range discussed in this paper.

P M (x,Q9) =1, e?Aqi(x,Q?) possible supersymmetric particles.
Equation 12 involves singlet operators, which in leading
=174 HA 2y 4 14A 2 order of QCD includes the Adler-Bell-JackivfABJ)
2[5(3)AUC,QY +5(5)Ad(x,Q7) anomaly[26,27] because the relevant anomalous dimension
+1As(x,Q%)]. (10)  is nonzero. One result is the scale dependencaXfu?).

Any physical process dependent dr®, must also involve
The Bjorken sum rule follows from Eq€9) and (10) other u?-dependent factors such that the result is indepen-
[23]: dent of u2. For example, part of the neutrino-proton elastic
scattering cross section arises from the curf@st

r8(Q%)=ri(Q*»-TriQ?

(@) (358 [adQ)? SR, (13)
1 _ a4 _ . (223
=59a(1 (3_25)( - ) Herez’=3[1+ A(u?)], the weak charge of the proton. This
i 3 quantity is just 1/2 in the S@)xU(1) electroweak theory
[20.2) as(Q%) L 11 and is scale dependent. The scale dependencie$ ahd
13.8 T A3 cancel so thad® is scale independent and thus a mea-
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surable physical quantity. Moreover, choosing’= M% from ag so that the errobag becomes important. The deter-

helps minimize A(u?). Strikingly, it is AS(u?) with  mination of Ga=As from the nucleon sum rule also suffers

u?>2 (GeVk) ? that is needed to compute neutrino scatter-from this problem.

ing atQ?~0. Given the importance odyg, it is worth going into some
For our results, we have chosen to use the spdleQ?  detail about its origin. By assuming flavor &)Y for the

to avoid passing over quark thresholds. If experiments peraucleon octet, we have

formed at differenQ? are compared, the scale of one or both — _

of the experiments should be changed according to the for-  (N.S|#y,¥sV $|AZ™,s)~(n,s|y,ysV3yIn,s), 9

mula

0.667) ( as(Mi)— aswg) or in terms of quark operators

AS(ud)=A3(ud)| 1+

0.960 T

gA(Eiﬁn)ZSME<n’S|FyM’YSS|27 7S>

1.21) [ @d(ud) — ai(u3)
1.97 2

ko

(14) ~(n,s|uy, ysu—sy,yss|n,s)

=Gan— Gan=(p.s|d7,ysd—57,7s5|p,s)
Ideally, one would choose a universal scale?=M3 or —(GY —GS )25 (19
w?=M?3, however, the first option suffers from the fact that S TAR AR SRu

ag(Mp) is not well known and the second option requiresThys the axial matrix elements far decay can be related to
running the scale across several mass thresholds which yle|gﬁot0n matrix elements. Similar results hold for the other

even more complex expressions. Another option commonlyyyneron decays. To average over many hyperon decay mea-
used is to define a quantity>,;,, and use the formulf24] surements, the following relation is used:

2 _1 u s
rhe(Q?) = %((ig;ﬁ%as) 1- a__(ggg) (%) PG (Ghp) A
_1 u d s
20.2 a; 3 \ 0.33 a; D 2(<GAp> 2<GAp>+<GAp>)- (20)
- ( 13.8) (?) |t Az‘”"[l_(o.oﬂf) T Jaffe and Manohar[30] assign a generous error
3F—-D=0.60+0.12 while Ratcliffe[31] quotes a range of
_( 0.55 )(ﬁ) 2_ (15 values form 0.53 to 0.83 based on various assumptions about
—-0.54/\ ' SU(3) ¢ breaking and which decays to use. For the purpose of

this paper, we will useag=3F—D=0.58+0.12, which is

We will also quoteAs,,, for our data. the updated central value of Close and Robg38 but has
The individual quark contributions can be extracted usinghe generous error of Jaffe and Manof@@]. The net result
either Eq.(12) or Eq. (15 along withag=3F —D: is that the prediction of the Ellis-Jaffe sum rule f@¢=2

(GeVic)? is I'}=—0.011+0.016. The 0.12 uncertainty on
3F—D translates to a 0.06 uncertainty ars, which is not
Ad=[2AS +ag—3g,]/6; Resg’;vh(flglel compared to typical world averages of
_ _ An alternative definition, equivalent in the limit of exact
As=[AX~a,]/3. (16 SU@R), that is often used in the Iliterature is
F+D=ga(n—p)=1.2573-0.0028. Then hyperon data are
C. The Ellis-Jaffe sum rule used to obtairF/D. The world average, based on the analy-
Prior to the establishment of QCD, Ellis and Jaffel]  sis of Close and Rober{82], is F/D=0.575-0.016. This
made a numerical prediction for the nucleon sum rule byresult yields I'f=—0.011+0.005, with a substantially
arguing thatAs=G3=0. This gives the additional relation smaller uncertainty, while the uncertainty drs changes
from 0.06 to 0.04.
ag=AZ (17 The above two alternatives illustrate how the prediction of

. ) ) the Ellis-Jaffe sum rule is sensitive to the various assump-
which, when combined with the value fag extracted from  tijons chosen.

hyperon decay, provides values for all of the needed matrix
elements. As pointed out by Jaff29], this relation is rather
curious in the context of QCD becausg is scale indepen-
dent andAS () is scale dependent. Hence the prediction of The experiment discussed in this paper was performed to
the Ellis-Jaffe sum rule depends upon the scale chosen. Exaeasure for the first time the virtual photon-nucleon spin
periment E142 has used®=2 (GeV/c) 2. A more common asymmetriesA] andAJ, in deep inelastic scattering of po-
choice is to seag=A%,, . The difference is about 0.005 in larized electrons by polarizetHe. From these asymmetries,
I'! and should be accounted for when comparing differenthe neutron spin structure functiog$ andg} are extracted.
experiments. The experiment relied on the production and delivery of a
A second issue with the Ellis-Jaffe sum rule is that Eq.high energy polarized electron beam at the Stanford Linear
(17) implies a large contribution t6%" in Eq. (12 coming  Accelerator CentefSLAC). The polarized incident electrons

Au=[2A3+ag+3g,]/6;

Ill. THE E142 EXPERIMENT
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TABLE I. Table of parameters for the E142 experiment.

Description

Average beam polarization using a AlGaAs source 36%

Average current 1.5uA

High density polarize®He target Pressure 8.6 atm, Volume= 90 cnt,
Polarization= 33%

Thin windows to minimize the dilution factor 11@m/window

High counting rate due to low spectrometer angle 4.5° and 7°

Large statistics with a polarized beam on polarized target 3P events

Target windows cooling in vacuum No target explosions due to glass radiation damage

were delivered to End Station A where they scattered off a 245°g.,—2 E

polarized 3He target and were detected in magnetic spec- A‘9=7T180° 2 m (21)

trometers. The experiment, named SLAC E142, collected
data over a period of six weeks in November and DecembevrvhereE is the beam energyn is the electron mass, is the

of 1992. An overview of the primary technical achlevementselectron gyromagnetic ratio, ard is the angle between the

of Ith'e ec>i<pe|r|ment :Ere preselntgd in Tablle I.‘ Ddetalls of the lectron spin and momentum at the target. Wieis an
polarized electron beam polanimetry, polarized target an teger multiple ofrr, the electron spin is longitudinal at the

magnet-ic spectrometers are di§cussed in subseguent sectiolréﬁget_ The energies 19.42 and 22.66 GeV satisfy this condi-
Previous results on the spin structure funct@hfrom  tion exactly, while the energy 25.51 corresponds to 93% of
this experiment have been publisH&s]. This paper reports  the maximum available polarization. This latter energy was
on a more thorough analysis of the results leading to ahe maximum energy that the beam line magnets could sup-
change in the previously published results §r. Among  port at the time.
the new information presented in the present paper are re- The beam spot size was typically 2 to 4 mm at the target.
sults on the neutron transverse spin structure funaglpn ~ Studies of the spot position and radius near the target as
and the results on th@? dependence of the neutron longi- Measured by a wire array found no dependence on beam
tudinal spin structure functiogy] . helicity at the level of better thatt 0.01 mm. From models
of the variation of the target window thicknesses, it was de-
termined that this implied that false asymmetries due to a
A. The polarized electron beam possible helicity-dependent motion of the electron beam po-
) ) sition would be significantly less than 10.
The SLAC polarized electron sourcg34], using an The electron beam polarization was determined using
AlGaAs photocathode at a temperature of 0 °C, produced thgjngle-arm Mdier polarimetry. The high peak beam currents

polarized electron beam for this experim¢B5,36. Polar-  yreciuded the detection of double arm coincidences. The
ized electrons were produced by illuminating the photocathzoss section for spin dependent elastic electron-electron
ode with circularly polarized light at a wavelength near thescattering is given by37];

band-gap edge of the photocathode material. AlGaAs with

13% Al, rather than GaAs, was chosen as the photocathode

since the larger band gap of the AlGaAs cathode was a better da/dQ=(doy/dQ)

match to the available flashlamp pumped dye laser operating

at a wavelength of 715 nm. The electron helicity was .

changed randomly pulse by pulse by controlling the circulaivhere Py are the components of the beam polarization and

polarization of the excitation ||ght USing this cathode, the Pll_ are the Components of the target p0|arization_ Thxis

polarized source produced an electron beam polarization G§ along the beam direction and tiieaxis is chosen normal

about 36%. to the scattering plane. The cross section is given by the
Electrons from the source were accelerated to energiggnpolarized cross sectiahr,/dQ), and the asymmetry terms

ranging from 19 to 26 GeV and directed onto the poIarizedAij . If Py is independently known, the above expression

3He target. The SLAC accelerator operated with pulses Ofay be used to determine the beam polarizaBgn

approximately Jusec duration at a rate of 120 Hz. The beam  T¢ |owest order, the fully relativistic unpolarized labora-
current was quite high, operating at typicall<20™ elec-  tory cross section is given by:

trons per pulse. The spectrometers collected typically 2

events per pulse from the polarizétie target, yielding ap-

proximately 30x 10° events for the experiment. (doo/dQ) = .
The experiment collected data at three discrete energies of 2msintfc m,

19.42, 22.66, and 25.51 GeV with an energy acceptance of

typically 0.5%. Since the primary beam undergoes a 24.5° For the measurement of longitudinal polarization with a

bend before reaching the experimental target, the electrolengitudinally polarized target foil, the only relevant asym-

spin precesses more than the momentum by an amount metry term isA,, given by

1+, PiBAiijT> (22)
]

a(1+coH. m)(3+ oS, m)]?

(23
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FIG. 1. The calculated probability distributidR(6,4,/6,) for N N,
laboratory scattering angles due to atomic electron motion. The 20 ‘\‘\:‘\gq_a Shielding
horizontal axis is the laboratory scattering angtg,) in units of L ,(;\@ey,/o
the central scattering anglé{). The dashed curve is favl shell a0l Magnet RPN
polarized target electrons. The solid curve is an average for all | ¢
target electrons. .
—60 |- (b) Detector!
(7+ oLl m)SINP b m.
2z (34+CoS b, n)° (24) FIG. 2. Top(a) and side(b) views of the E-142 Miber polar-

imeter. The mask selects Mer scattered electrons near the hori-
Here 6, ,, is the center-of-mass scattering angtejs the zontal plane which are thgn dispersed vertically l_)y the magnet. The
electron mass, and is the fine structure constant. The asym- detector'uses gas proport!o_nal tubes embedded in lead to sample the
metry maximum is at, = 90° where the unpolarized labo- Mdller §|gnal over a specific momentum range and to measure the
ratory cross section is 0.179 b/sr aAg,= —7/9. scattering angle.
Most if not all Mdller polarimeters utilize thin ferromag-
netic foils as the polarized electron target. The distinctiontered electrons, a segmented detector array to detect the scat-
between the free target electrons of the previous formulatered electrons, and a data acquisition system.
and the bound atomic electrons of the physical target was The magnetized target foils were made of Vacofldg],
ignored until recently when Levchul38] pointed out that an alloy of 49% Co, 49% Fe, and 2% Va by weight. The
the analyzing power of Mer polarimeters may have sig- foils were 3 cm wide by 35 cm long and were mounted at a
nificant corrections due to the electron orbital motion of the20.7° angle with respect to the beam. Three foils of approxi-
target foil electrons. Atomic electrons have momentum disimate thickness 20, 30, and %0n were installed. Nearly all
tributions which are different for different atomic shells. the Mdler data were taken with the two thinner foils. The
Electrons in the outer shells have small momenta but thos®ils were magnetized by Helmholtz coils providing a 100 G
from the inner shells have momenta up to 100 keV. AlthougHield along the beam direction. The polarity of the coils was
small compared to a beam energy of 22.66 GeV, these mdypically reversed between Mer data runs to alternate the
menta are not small compared to the electron rest mass asn of the foil polarization and to minimize systematic er-
can alter the center of mass energy and thus the scatterinigrs.
angle in the laboratory frame by up to 10%. The relative The polarizationP+ of the target electrons was deter-
angular smearing correction for polarized and unpolarizednined from the relation:
electrons is shown in Fig. 1. The effect causes different line
shapes for scatters from different shells. Since the polarized
target electrons are only in thal3M) shell, the fraction of P— M (9'—1)< Je )
i i T )
signal from the polarized target electrons and thus the ex- Neug\ @' ge—1
pected Mdler asymmetry varies over the Mer scattering
elastic peak. Inclusion of this effect has been shown to
modify the analyzing power of Mter polarimeters by up to where M is the bulk magnetization in the foil, is the
15%[38-4(Q depending on the exact geometry of the polar-electron densityg.=2.002 319 is the free electron gyromag-
imeter. Inclusion of this effect modifies the analyzing powernetic ratio, andug=9.273x10 %' G cm? is the Bohr mag-
of the E142 Mdier polarimeter by 5%. neton. The factor involving the magnetomechanical ratio
The E-142 Mder polarimeter shown in Fig. 2 consisted (g') includes the correction for the orbital contribution to the
of a scattering target chamber containing several magnetizetiagnetization. Interpolating between the measgredalues
foils, a collimator to define the scattering angle and angulaof Fe and Co, theg’ of Vacoflux was calculated to be
acceptance, a magnet to measure the momentum of the scat889+ 0.005. Substituting into the above equation yields:

(29
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Pr= X (0.940 11+ 0.002 80. (26) L L
Netp
1500 —
The magnetizatioM was determined by direct flux mea-
surements using a precise integrating voltmébéM ) con- 2
nected to a pickup coil placed around the foils. From Fara- 3 1000
day’s law, as the extern&l field is swept betweern-H and o
+H, the integral of the induced voltage over time can be B 500
related to theB and H fields and hence the magnetization &
M through
0
fiant_foutth
47M=B—-H= IXNTX Ay (27 40 ——————
R-L (b)
where in and out refer to flux measurements with the foil in w 30 § -
and out, andA,; is the cross-section area of the foil. Rec- 5
ognizing that the foil density can be determined from the 3
measured mass of the foil, length, and arfeg,, the foil o 207 - 7
polarization Py can be determined from E@26) and Eg. % .
(27). T 10~ y —
A 21 radiation length thick tungsten mask located 7.11 *
meter from the Mder target restricted the scattering angles 0 bk N
of the particles entering the polarimeter detector to 10 20 30
5.0=< 0=<10.5 mrad. The azimuthal acceptance of the rectan- Channel

gular mask opening depended on the scattering angle and

varied from+0.14 to =0.068 rad with respect to the hori-  FiG. 3. R+L (a) andR—L (b) scattering distributions for an
zontal plane. The scattered particles next passed throughgzgerage of 12 Miter runs atE =22.66 GeV¢ with a 30 um thick

0.25 mm thick Mylar vacuum window and entered a largetarget. This solid line ina) is the fittedR+L line shape and the
aperture spectrometer magnet. The 1.83 meter long magngétted line is the fitted background.

was typically run at g Bdl=14.5 kG m for the 22.66 GeV

data. The spectrometer setting selectdl&tcscattered elec- detector lenath of 4 ded t t i
trons at 10 GeW corresponding to a center of mass scatter- ctector fength of 4 ¢m corresponded fo a momentum accep

ing angle of 97°. The field integral was adjusted during theldnce of 2.9%. The entire detector package was mounted on

experiment to position the Mer peak in the detector, to a vertical mover allowing different momenta to be selected.

compensate for different beam energies and to maximize sigi— The signal in each tube was integrated over theskc
nal and reduce background. ong beam pulsg by a charge integrating preqmpl_|f|er. The
The main beam passed through a 33 mm round hole in thdata, together with the sign of the beam polarization, were
mask and continued down the E-142 beam line. The bearffcorded by a peak sensing analog to digital converter
exiting the central hole in the mask contained large number§ADC) system. The beam polarization was randomly re-
of low energy bremsstrahlung electrons produced by the taiersed between pulses to reduce systematic errors. The num-
get foil. Large magnetic fields would bend these particles ouber of Mdler electrons detected per pulse varied with current
of the beamline generating unacceptable backgrounds in trend target thickness, but was typically 70 per pulse. A typi-
detector. To reduce the field along the beamline a 7.6 cm bgal Mdler run lasted 150 seconds and containefl M@ller
30.5 cm soft iron septum wita 5 cm by 5 cnhole for the  electron scatters.
beam was inserted in the magnet gap. The septum reduced
the B field seen by the beam by about a factor of 100 reduc-
ing [Bdl to approximately 150 G m. B. Beam polarization analysis
After exiting the magnet the Kier scattered electrons
traveled through a He bag to the detector located 22.4 meter

IL%rESt hgnt]%regéeé.eghﬁ]dlit:g tolgac(c:);\ Sfﬁ?noz?;n?;séf rgr%c;rstlotg ) handed incident beam. The pulse to pulse variance of the

contained a 40 micron wire strung through the center. Thé'DC Values was used to estimate the error in the average
tubes were placed in two parallel rows 7.9 mm apart. Thulse height. These averages and errors were regqrded with
first row was behind 36.8 mm of lead. The second row wad€lévant beam currents, detector and target positions, and
6.9 mm behind the front row and offset by 3.9 mm giving anmagnet settings. Typical measured distributions For L
effective segmentation of 3.9 mm in the horizongstatter- andR—L are shown in Fig. 3. Th&+L distribution[Fig.

ing) plane. The lead absorbed soft photon backgrounds and(@] shows an elastic scattering peak with a radiative tail on
amplified the Mdler signal. Since the momenta and scatter-top of an unpolarized background. The signal to background
ing angle of the Mber scatters are correlated, the scattersratio varied with shielding conditions and beam parameters
fall in a tilted stripe at the detector. The detector was orientedrom ~2 at the beginning of the experiment te7 after

so that the tubes were parallel to the/IMostripe. The active shielding improvements made during the experiment. The

For each Mder run an average pulse height for each
etector channel was calculated for both rigRj) (and left
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TABLE Il. Systematic uncertainties contributing to the beam

601 | | | polarization measurement.

40— E=1s&2L GeV a
3 ko 3 o Value (%)
= 20— /— . L
% 2551 GeV Fgll magnetlzatlon *1.7
S ok _ Kinematic acceptance *0.1
3 Model dependence +1.0
n,:: 00— - Gain and nonlinearity correction +2.2
& 22.66 GeV .
& g . Fit range +1.0

. Total +3.1
—60 | I |

300 400 500 600 700 .
Moller Run from the 30 um foil data was 0.354 0.001 where the errors

are statistical only. The foil averages differ by 1.5%, within
FIG. 4. The measured longitudinal beam polarizatig vs the 1.7% systematic error on the foil polarization. The beam

Mdller polarimeter run number for runs passing the cuts describedp0larization did not exhibit any time dependence over the

in the text. The sign is relative to the polarization direction at theduration of the experiment. ) ] o
source. In addition to the systematic error in the foil polarization

there is a contribution to the overall systematic error from
o . . L the uncertainty in the modeling of the scattering kinematics,
R-L distribution (Fig. 3D is to a good approximation pure |ihe shapes, asymmetries, detector linearity, and preamp-
Mdller electron scattering and shows only a radiative tailaApc |inearity. The various contributions to the systematic
with no background. _ o error are summarized in Table Il. Adding the systematic
The beam polarization was determined by fitting the obncertainties in quadrature vyields an overall systematic
served elastic scattering and asymmetry distributions to lin@yror of 3.1% relative. The resulting longitudinal beam
shapes based on Mer scattering plus a background com- nojarization averaged over the target foils is then

ponent. Although several techniques were used as crogs,—(.357+0.001+0.011)coprE (GeV)/3.237.
checks, the full data sets were analyzed with a technique

which derived the Mtber component of the line shapes from
the measure®—L distributions and used this shape together
with a quadratic background component to fit the observed The experiment used a polarizétie target to extract the
scattering distributions. In this technique, all of the observedieutron spin structure function. The polarizéide target re-
R—L line shape is attributed to Mer scattered electrons lies on the technique of spin-exchange optical pump#s-
and the background is assumed to be unpolarized. 44]. Spin-exchange optical pumping refers to a two step pro-
The analysis technique used the obseriRecl line shape  cess in which,(1) rubidium (Rb) atoms are polarized by
and the angular smearing functions shown in Fig. 1 to genoptical pumping, and2) the electronic polarization of the Rb
erate a predictedR+L line shape for Mder scatters. For atoms is transferred to the nuclei of tiele atoms by spin-
zero target momenta tHR—L line shape and th&+L line  €xchange collisions. The optical pumping is accomplished
shapes are identical except for backgrounds. The RiaL by driving transitions from the Rb%5,, ground state to the
line shape was generated from the obsefiRed. line shape 52p,, first excited state using circularly polarized light from
by first correcting for the angular smearing due to the po|arJaSGI'S. The Wavelength of this transition, often referred to as
ized target electrons and then convoluting the result with théhe RbD; line, is 795 nm. Within a timescale of millisec-
smearing correction for alpolarized and unpolarize¢darget ~ onds, one of the two substates of the ground state is selec-
electrons. Additional corrections were made for the variatiorfively depopulated, resulting in very high atomic polarization
of the cross section and change of azimuthal acceptance wit#5]. The spin-exchange takes place when the polarized Rb
scattering angle and for the variation in the value of theatoms undergo binary collisions with thtHe atoms. The
Mdller scattering asymmetry over the angular acceptance ofHe electrons, being paired in the, ground state, do not
the detector. The observét-L distribution was then fit by ~participate in the collision from a spin point of view. The
the predicted line shape plus a quadratic background. Thepin *He nucleus, however, interacts with the Rb valence
solid line is Fig. 3a) shows the resultant fitted line shape for electron through hyperfine interactions, which can result in a
the typical runs. mutual spin flip. As long as the Rb vapor is continually being
The measured longitudinal beam polarizat®gis shown  polarized, this results in a gradual transfer of angular mo-
in Fig. 4 for Mdller polarimeter data runs covering the last 5 mentum to the*He nuclei.
weeks of the experiment. Only runs with the/Mo peak The time evolution of the’He polarization, assuming the
well centered and with statistical errors less than 5% areHe polarizationP.=0 att=0, is given by
displayed. The lower polarization of the 25.5 GeV data is
evident showing the effect of the nonoptimal beam energy. Pre(t) = (Pry)
Correcting for the beam energy, an average beam polariza- He RD
tion was calculated for each of the target foils averaging over
the different beam energies. The average beam polarizationhere ysg is the spin-exchange rate péHe atom between
determined from the 2Qum foil data was 0.3680.002 and the Rb and®He, I' is the relaxation rate of thHe nuclear

C. The polarized 3He target
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FIG. 5. Typical polarization spin-up curve for the longitudinal Vaouum Chamber

3He polarization in one of the target cells used in the experiment.

FIG. 6. Schematic of the E143He target system.
polarization through all channels other than spin exchange
with Rb, and(Pgy,) is the average polarization of a Rb atom. that accounts for all relaxation mechanisms that are associ-

[46] The spin-exchange ratesg is defined by ated with a specific cell. For the three cells actually used in
our experiment]” .l varied between 53 and 65 hours.
yse=(0osev)[Rb]a (29) In addition toT . there are interactions not inherent to

the target cell which further increase the nuclear relaxation
rate. Inhomogeneities in the magnetic field that provides an
alignment axis for theéHe nuclear polarization induce relax-
-ation according to

where(osgv)=1.2x10"1° cm¥/sec is the velocity-averaged
spin-exchange cross section for Rb’He collisions[46,47]
and[Rb], is the average Rb number density seen

atom. We operated at Rb number densities such that the spin-
exchange time constamSE was typically 10 to 30 hrs and
the time constant for build-up ofHe nuclear polarization, FVBZD(
(yse+TR) ! ranged from about 9 to 20 hours. A typical

spin-up polarization curve is shown in Fig. 5.

In order to achieve the highesHe polarization, we at-
tempted to maximizeysg and minimizel'g. From Eq.(29),
[jneilxslirg:,zizﬁigﬁlzir:TLE)rILerSeantj:iiisrl:(?reﬂ}zszlrkgg \ggt’iglggfer magnetic field transverss:llBZ [50]. This.effect was very
a fixed volume of polarized Rb, the number of photonsSmall :_;md we calculgteHVva 400 hours In our target. .
needed per second must compensate for the number of Rgp During the experiment, nuclear relaxation was also in-

VB, |2+ |VB,|2
78,2+ | y|>' @

Bo

whereD is the diffusion constant of théHe in the target,
By is the magnitude of the alignment field, assumed to lie
along thez axis, andB, and B, are the components of the

spins destroyed per second. In total, we used five laser uced by the presence of ionizing radiation from the electron

which collectivelv provided about 16—22 W and achieved aP€aM. & phenomenon which is well understood both theoreti-
value of yse~ 1/¥2phours cally [51] and experimentallyf{52]. When a3He atom is

ionized, the hyperfine interaction couples the nuclear spin to

There are several processes which contribute to’the h red elect in which . | be depol
relaxation ratd’r. An important example is relaxation that . € unpaired electron spin which can In general be depoiar-

occurs during®He—He collisions due to the dipole interac- '2"9: Furthermore, electrons from othéHe atoms can be

tion between the twéHe nuclei[49]. Dipole induced relax- transferred to the original ion, creating the potential for de-

ation provides a lower bound 16z, and has been calculated polarizing other atoms. The depolarization rélig.mthere-
to be ’ fore depends on the ionization rate of thide and the aver-

age number of®He nuclear depolarizations petHe ion
1 s created. The relaxation timE, L, for our experiment in-
L dipola= =22 Thourd HEl (30 ferred from the~ 10% relative drop in*He polarization at
our maximum beam current of 3,3A is 100—-200 hours,
at 23 °C wherd 3He] is the number density ofHe in ama-  consistent with the predicted time constant of 170 hours.
gats(an amagat is a unit of density corresponding to 1 atm at When all the relaxation mechanisms are included, the to-
0°C) [49]. The relaxation rate varies with temperature, im-tal *He nuclear relaxation rate is given by
plying a maximum relaxation time constant €f100 hours
for the ®He densities and temperatures found in our target. I'r=T"cent I'peanit I'vs - (33
Another important contribution td'y is relaxation that oc-
curs during wall collisions, a relaxation rate we will desig- From the previous discussion we see that" was in the
nate Ty BOth Tgpoar @nd T'qy are intrinsic to a given  range of about 40 hours. Withsg ~25 hours, Eq(28) pre-
target cell, making it useful to define the quantity dicts that the maximum polarization, given by
vsel (ysetT'r), is about 0.62.
I cen= T dipolar™ I'wall (31) A schematic of the target system is shown in Fig. 6. The
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central feature of the polarizetHe target is the glass cell The glass target cell, the oven, the rf coils, the pickup
containing~ 8.4 atm of*He (as measured at 20 yCseveral  coils, and other assorted target components were located in-
milligrams of Rb metal, and- 65 Torr of N,. The N, aidsin  side a vacuum chamber in order to reduce the background
the optical pumping by causing radiationless guenching ofvent rates from nontarget materials. Small cooling jets of
the Rb atoms when they are in the excited sfaf. The  “He were directed at the thin entrance and exit windows of
target cells were based on a double chamber de$ifli, the target chamber as a precaution against the thin glass
comprising an upper “pumping chamber” in which the op- breaking due to excessive heating from the electron beam.
tical pumping and spin exchange took place, and a lower The production of target cells with long intrinsic relax-
“target chamber” through which the electron beam passedation timesI' proved to be a challenging task. The cells
The Rb was contained almost entirely in the upper pumpingyere made out of aluminosilicate glagorning 1720 since
chamber, which was the only chamber that was heéted gych glass is known to have favorable spin-relaxation prop-
achieve the desired Rb number densighen the target was  gies[56,57. The use of aluminosilicate glass, however,
in operation. The upgper and lower chamb_ers had roughly the < .ot sufficient for obtaining long.'s. We found it
same volumg70 cm® and 90 cn¥, respectively for a total for i i C‘E. before i
volume of about 160 crfy and were connected by a 60 mm necessary, Tor m_stance, tg resize” tu Ing betore Incorpo-
rating the tubing into the final cell construction. In this pro-

long, 9 mm inside diameter “transfer tube.” The target . L )
chamber had a length of about 30 cm, a diameter that wa ess, tubing of some initial diameter is brought to a molten

roughly 2 cm, and thinned rounded convex end windowsState and b'OV_V” t0 a new dlamej[er while being tur_ned ona
lass lathe. It is our belief that this process results in a more

The average window thickness for the cells used in the ex3'ass i X
periment was 11:m per window. pristine surface, presumably with fewer contaminants and
The pumping chamber was enclosed by an oven, witt{lefects.
heating supplied by flowing hot air, the temperature of which  For filling with *He gas, the cells were attached to a high
determined the Rb number density. The oven, and all othefacuum system £ 10~' to 10~ ° Torr) and given long
items which were near the target cell, were made of nonmagdake-outs under vacuum for 3 to 6 days at 475 °C. The Rb
netic materials so as not to interfere with the NMR polarim-was distilled into the cell with a hand-held torch from a side
etry. The oven was made of a high temperature plastic calledrm of the vacuum system. During the distillation, the cells
Nylatron GS, and was operated at temperatures of about 16@mained open to the vacuum pumps so that any material
to 165 °C, which corresponds to a Rb number density obutgassed due to the heat of the torch was pumped away.
1.7-2.2x10" atoms/cn? [54]. It was found that higher Next, a small amount of nitroge{®9.9995% purewas fro-
temperatures resulted in leaks forming in the oven. Theen into the cell. Finally, the initially 99.995% chemically
colder target chamber, at 65 °C, had a Rb density that was pure 3He was introduced into the cell through a trap at liquid
about three orders of magnitude lower. The quari®pls  “He temperature. This cryogenic trap further purifies the
that was referred to earller is the volume weightagrage 3pe by condensing out any contaminants. The cells were
of the Rb number density over both chambers. For the temsggied with liquid “He during filling in order to achieve a

Etleratures ?t which V\(’je ﬁpecrjated_, the phressure in rt]he %ell Waigh density of*He while maintaining a pressure of less than
atmospheres, and the density in the target chamber wag, o atmosphere. The cryogenic filling technique ensures that

ab(.#]teg'g 'At‘iTjgatzh ing was accomplished usin ﬁvewhen the tube through which the cell is filled is heated, the
P pumping P 9 lass will collapse on itself, thereby sealing the cell.

titanium-sapphire lasers pumped by five argon ion lasers? Out of ten cells produced with the techniques described

The beams were passed through plates to achieve circu- 1 . S

lar polarization, and were arranged to get a reasonable fiIIingbolve'F cel Was carefully characterized in five. In these cases
of the pumping chamber’s cross section. The laser systerhcell Was always in ?i(cess of 30 hours, and for the cells used
was housed in a protective “laser hut” in a high radiation in the experimentl’ ; was in the range of 50 to 65 hours at
area near the target. Access for laser tuning during the eX00m temperature. These numbers, compared to the 95 hour
periment was limited, but was generally necessary only oncgpper limit onI 5.7, at 20 °C, imply that most of the relax-
every few days. ation was caused by the unavoidalSide-3He dipole inter-

A set of 1.4 m diameter Helmholtz coils, coaxial with the action, although some improvementlij is still possible.
electron beam, produced a 20 to 40 G alignment field for the Polarimetry was accomplished by comparing the AFP sig-
3He nuclear polarization. The field strength was chosen to beals of the3He with the AFP signals from water samples.
large enough t@l) suppress the effects of ambient magneticThe AFP scans involved applying rf at 92 kHz using the
field inhomogeneities an@) to facilitate a nuclear magnetic drive coils while simultaneously sweeping the main mag-
resonancgNMR) measurement of the Boltzmann equilib- netic field through the resonance condition. When passing
rium polarization of protons in water for polarimetry pur- through the resonance, the nuclear spins reverse their direc-
poses. The’He nuclear polarization was measured using theion, creating a measureable NMR signal in the pickup coils.
NMR technique of adiabatic fast passa@eé-P) [55]. The  Two resonance curves were obtained during each AFP mea-
AFP system used, in addition to the main field coils, a set osurement — one as the field was swept up, and the other as
46 cm diameter Helmholtz rf drive coils and an orthogonalthe field was swept down. Examples of resonance curves for
set of smaller pick-up coils, both of which are pictured in both 3He and water are shown in Fig. 7. In the case of the
Fig. 6. A second set of Helmholtz coils transverse to thewater signal, the average of 25 scans is shown. Target polar-
electron beam axis was used to rotate the target polarizatidzation losses during a measurement were typically less than
and for operation with a polarization transverse to the bean.1% relative.
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FIG. 7. (a) ®He NMR-AFP signal obtained using one sweep of Run Number
the main holding field.(b) Water NMR-AFP average signal ob-
tained using twenty five sweeps of the main holding field. Note the FIG. 8. ®He target polarization vs time.
difference in scale between the two signals. The curve corresponds . .
to a Lorentzian fit to the data. line of the NMR signal before and after passing through

resonance, an effect that is clearly visible in Fig. 7. The

When studying water, some care needs to be taken t- terpretation of_the water signal, that is, the cgilculz_ition of
interpret the AFP signals properly. The average proton po%’ was another important contribution. Elec_tronlc gains, the
larization that occurs during the two AFP peaks can be writcomparntson of the exact shapes of the d|ffe'ré‘hte and
ten water cells, and knowledge of the exact density of thie _

were also important contributions. Finally, the lock-in ampli-
fier that was used in the NMR set-up had a time constant that
= =§tan|‘( hv ) (34) gave a small distortion to the AFP resonance shape, for
P 2kgT)’ which a small correction had to be applied. The various er-

rors are summarized in Table Ill.
whereh is Planck’s constaniy=92 kHz is the frequency of ~ During the experimental run, théHe polarization was
the applied rfkg is Boltzmann’s constant, arlis the tem- measured roughly every fqur hours. The results of f[he§e mea-
perature of the sample. Basically,, is the thermal equilib- Surements are shown in Fig. 8. The averdge polarization
rium Boltzmann polarization that is expected at the field coroVer the entire experiment was about 33%. During the first

responding to the point at which resonance occurs. There isgree weeks of the experiment, there were a few precipitous

caveat, however, in that the proton spins relax toward th rops in the polarization due to a variety of problems,.as
effectivemagnetic field experienced in the rotating frame ofIndlcated in Fig. 8. La_ter, however, the target polarization
was very stable, running for three weeks with only slow

the rf, which on resonance is given by the magnitude of the, - i . .
applied rf (in our case about 76 mG, much less than thed”{ts'. To_warc:] the enc_idof the e_xperlmednt, the Sl'ght drop n
applied static fieldl This effect is accounted for by the pa- pho atr)|zat|on that 'Sf evident in Fig. 8 '? Ze t03a2 w::rease n
rameteré, which we have calculated to be 0.966.014. If the beam current from an average of Z.A t0 3.4 uA.

the longitudinal relaxation tim&, for the protons were in-
finite, ¢ would be equal to one. As it is, however, the mea-

sured proton signal corresponds to a slightly lower polariza- Electrons scattered from thiHe target were detected in

D. The electron spectrometers

tion than one would naively expect. two single-arm spectrometers. The spectrometers were cen-
Through a careful comparison with water signals, we de-

termined a calibration of 1.61 0.11% polarization per 10 SLAC E142 Spectrometers

mV of signal. As Fig. 7 shows, théHe signals were ex- TOP VIEW Dipole Magnets Hodoscope

tremely clean. The uncertainty in the polarimetery was thus

dominated by the uncertainty in the calibration constant. The Quadrupole g

largest contribution was from the determination of the mag- e
nitude of the water signals, which were about 9. The Taget

error here was dominated by a systematic shift in the base ?Beam7o
Dipole Magnets

TABLE IlI. Target polarimetry systematic uncertainties. Hodoscope ~ bo-diass
SIDE VIEW (7°) Counter
Proton signal magnitude +5.6% Tallt 56 96° =
. . arge & -

Proton p.olarl.zatlon )] +1.5% E;;Trﬁt@
Electronic gain +1.5% — m | I | | ooy
Cell geometry +2.6% 0 5 10 15 20 25 30
Lock-in time constant correction +1.0% meter
3He density +2.5%
Total +7.1% FIG. 9. Layout of the magnets and detectors used in E142 ex-

periment.
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the 7° spectrometgr
The spectrometer desi¢B8] used two dipoles bending in
FIG. 10. Q2 vs x range covered by the experiment for Opposite directions, providing a large solid angle acceptance
E=22.66 GeV. This range is defined by the beam incident energywhich remains constant over a very large momentum inter-
scattering angle, and spectrometers momentum and angular accef®l. The solid angle of the “reverse-bend” dipole doublet
tances. The density of points corresponds to the relative electroaonfiguration, when integrated over the 7 to 20 GeWio-
scattering rates. mentum interval, is twice that of previous ‘“conventional”
designs with the two dipoles bending in the same direction.
tered at 4.5° and 7.0° with respect to the beam line in ordeThe maximum solid angle of the two spectrometers is shown
to maximize the kinematic coverage for an electron beamas a function of momentum in Fig. 11. The reverse bend also
energy of 22.7 GeV and an event selection criteria offulfills the “two-bounce” requirement by optimizing the de-
Q*>1.1 (GeVk)% The momentum acceptance rangedflecting angles and the separation of the two dipoles. In the
from 7 to 20 GeW¢ for both arms. A schematic of the two 7.0° spectrometer the distance between the two dipoles was
systems is shown in Fig. 9. Both arms used magnetic ele2 m and the two vertical deflection angles were (@own)
ments from the existing SLAC 8 and 20 Ge&Vépectrom- for the front dipole and 12{up) for the rear dipole for 12
eters. GeV particles. This combination makes the spectrometer
The design of the spectrometer was driven by several rea“two bounce” system for photons and at the same time
quirements. The cross sections to be measured were knovpnovides sufficient dispersion for determining the scattered
to be small, typically of the order of I8 cm?/(sr Ge\).  particle momenta. In the 4.5° arm the deflection angles of the
The raw counting ratio asymmetry of the two different spindipoles are the same as for the 7.0° arm but their separation
orientations was also predicted to be small, of the order ofs 4 m resulting also in a “two-bounce” system.
1073 to 10~ “. In order to minimize beam running time, the  Another advantage of the reverse bend configuration is
spin structure function measurements required spectrometetisat the detector package is located at approximately the pri-
with the largest possible solid angle over a momentum acmary beam height. This convenient elevation makes the con-
ceptance range extending from 7 to 20 GeVduch a mo- crete structure required for shielding the detectors from room
mentum acceptance gives a rather wide coverageowéth background considerably less massive compared to the con-
Q?>1.1 (GeVk)? (see Fig. 10 ventional design with both dipoles bending up. The reduced
In addition, these small scattering angle spectrometermechanical complexity translates to significant economic
were designed to suppress an expected large photon badkenefits as both the setup time and apparatus costs are mini-
ground coming from the target due to bremsstrahlung, radiamized.
tive Mdller scattering and the decay of photoproducet In the 7° arm, the bend plane position of the scattered
mesons. Background rate calculations indicated the need ferarticles at the detectors depends weakly on their momenta
at least a “two-bounce system{the configuration of the as shown in Fig. 12. The particle momenta are correlated
spectrometer should allow a photon to reach the detectomsith the divergence of their trajectory at the exit of the spec-
only after scattering at least twice on the magnet poles ofrometer. This results in a loss in momentum resolution, not
vacuum wall$ in order to keep this background at a tolerablecritical to the experiment, but spreads out the pion back-
level. ground, which is highly peaked at 7 Gey/onto a large
The energy resolution of the spectrometers was definedetector area, allowing measurements at a fairly large pion
solely by the requirec resolution. The cross section asym- rate.
metries were not expected to exhibit any sizable dependence The purpose of the quadrupole in the 4.5° spectrometer
on momentum transfer. The energy resolution ranged fromvas to increase the angular magnification in the nonbend
+5% atE’'=7 GeV to 4% atE’'= 18 GeV for each plane and spread the scattered particles onto a larger detector
spectrometer. The resulting resolutionAx/x ranged from  area in this direction as can be seen in Fig. 13. In the bend
+8% at lowx up to = 15% at the highest covered by each plane the quadrupole focusing improves the momentum reso-
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FIG. 12. Bend planéa) and nonbend plang) raytrace for the
7.0° spectrometer for rays of different momenta originating from FIG. 13. Bend plan€a) and nonbend plang) ray trace for the
the center of the polarized target. All rays are drawn with respect tet.5° spectrometer for rays of different momenta originating from
the central trajectory of the systet®) ¢o=0 mr, (b) 6, = 0 mr the center of the polarized target. All rays are drawn with respect to
and py = 10 GeVck]. Also shown are the iron magnet poles and the central trajectory of the systefita) ¢y = 0 mr, (b) 6, = 0 mr
lead collimators. andpy=10 GeVLk]. Also shown are the iron magnet poles and lead

collimators.

lution of the system as both the position and divergence of
the scattered particles at the exit of the spectrometer are coseintillator hodoscopes and the known optical properties of
related with momentum. The introduction of the quadrupolethe magnetic spectrometer. The second one relied on energy
reduces the highly peaked solid angle in the range of 7 to 1deposition in the lead-glass calorimeter.
GeV/lc and relaxes the instantaneous counting rates in the The two Gerenkov counters of each spectromés] em-
detectors allowing accumulation of data in parallel and aployed N, radiator gas with an effective length of 2 and 4
about the same rate with the 7° spectrometer. meters, respectively. Two spherical mirrors in each of the

Each spectrometer was instrumented with a pair of gaswo-meter tanks and three mirrors in each of the four-meter
threshold @renkov detectors, a segmented lead-glass caldanks collected €renkov radiation over the active area of
rimeter of 24 radiation lengths in a fly’s eye arrangement, si¥ight emission. Each set of mirrors focused theréhkov
planes of segmented scintillation counters grouped into twdight on one 3 R1584 Hamamatsu photomultiplier per tank.
hodoscopesfront and rear and two planes of lucite trigger The glass mirrors were manufactured at CERN by slumping
counters. The electrons were djstinguished from the larga 3 mm thick, 836 mm diameter disk of float glass into a
pion background using the pair ofe@nkov counters in co- stainless steel mold. The glass was cut to the appropriate
incidence. The scattered electron energies were measured #imensions, cleaned and then coated with 80 nm of Al fol-
two methods. The first used the track information from thelowed by a protective coating of 30 nm of MgFRwhich is
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plane, it was~ = 0.5 mr for the 4.5° arm and = 0.3 mr for

0.08 T T i T T T T T T the 7° arm.

® 7° Spectrometer
V 4.5° Spectrometer

The momentum resolution depends on the absolute value
of momentum and varied fromt0.5% to =2.5% for the
4.5° spectrometer and from 0.6% to=3.5% for the 7.0°
spectrometer as can be seen in Fig. 14. The figure also dis-
plays the energy resolution of the shower counter.

The initial (at the targetproduction coordinates,, 6y,

Yo and ¢y, and the momentum of the particles transported
through the spectrometers were reconstructed by means of
reverse-order TRANSPOR[B4] matrix elements using the
final (at the rear hodoscope locatjonoordinatesx;, 65,

Yi, and¢; of the detected particles. The very large momen-
tum bites of the spectrometers required using a fourth-order
reverse TRANSPORT expansion in and ¢; for recon-
structing the particle momenta.

The shower counter calorimeter for each spectrometer
was assembled from a selected subset of (200rows of 10

FIG. 14. Data for the resolution of the ratio of energy in the blocks lead glass bars from a previous experimees).
shower counter divided by momentum from trackim¢E’/P) vs ~ Each bar consisted of Schott type F2fractive index of
E’ for each spectrometer. Expected contributions from trackingl.58 lead glass with dimension 6.2 6.2 X 75 cm® provid-
(“hodoscope’), from energy deposition in the lead glagss) and  ing for 24 radiation lengths along the direction of the de-
from both combinedhodoscopet lead glass calorimetgare also  tected electrons. The blocks were arranged in a fly’s eye
shown by the curves. configuration, stacked upon each other with a segmentation
that allowed for an accumulation of data at a maximum

transparent down to 115 nfi0]. The measurement of the arle ratio of about 20. With the two &enkov counters in the
reflectivities for all ten mirrors used in the detectors yieldedt 199", the contamination of the shower signals by pions was

an average of 80% at 160 nm and 89% at 200 nm. To engmall(on the order of a few pgrcent
The shower counter resolution for electrons was measured

hance the electron detection efficiency, each of the photo-
multiplier UV glass surfaces was coated with 2400nm of" @ test beam at CERN to 66]

p-terphenyl wavelength shifter followed by a protective olE'~+(2.5+ 6.5/@)%. (35)
coating of 25 nm of Mgk [61]. The fluorescence maximum

of p-terphenyl of about 370 nif62] matched well the region The counters were calibrated with a sample of scattered elec-
of high quantum efficiency of the photomultipliers. More- trons of 5 GeV energy in a special elastic electron-proton
over, the short 1-2 ns decay time of this emission enabled w8cattering run using a gaseous hydrogen target. Extrapolation
to retain_accurate timing information from thee@nkovs. Of the calibration algorithm to higher energies was per-
The 2 m @renkov counters operated at a threshold for piondormed using the scintillator hodoscopes and the known op-
of 9 GeVk and the 4 m @renkov counters at a threshold of tical properties of the spectrometers. The detailed study of
13 GeVt. The measured number of photoelectrons per incithe Performance of the detector is described elsewfégk

dent electron was- 7.5, resulting in a detection efficiency of '€ Spectrometer setup and detector packages proved to
over 99.5% . be robust. All @renkov counters ran with an acceptable av-

The two scintillator hodoscop¢83] provided data for an erage photoelectron yield, typically greater than six photo-
%iectrons. The simple hodoscope tracking system was able to

0.06

0.04

c (E/P)

0.02

%\(/earl(launi[g:/n cc:);lf)r?tse?%thys'lt'?]rg;t:/(\:/eerreml:ielg t,[‘: ilgggt'%azzgp_r construct track_s with an .effig:iency of gre_ater than 8_0%.
) . . Subsequent sections describe in some detall the analysis and
grounds and to measure the pion asymmetry in order to sub-
I . : spectrometer performance.
tract contaminations in the electron sample. The fine hodo-
scope segmentation ~185 scintillator elements per
spectrometgrwas chosen to tolerate the large expected pho-
ton and neutron backgrounds and to reconstruct with suffi- The main electron triggei67,68 for each spectrometer
cient resolution the production coordinates of the scatteredonsisted of a triple coincidence between the tvavedkovs
particles. Both horizontal and vertical planes consist of scinand the sum of the shower counter signals. This trigger was
tillator elements of 3 cm width with a “2/3"” overlap result- 96% efficient for electron events and had a contamination of
ing in a bin width of 1 cm. 13% of nonelectrons events. Secondary triggers, prescaled to
The separation of the two hodoscopes w&s.5 m in the  reduce the rates, consisted of various combinations of the
4.5° arm and~4.5 m in the 7.0° arm. The angular tracking detector elements designed to measure efficiencies and pion
resolution of the hodoscopes was0.7 mrad for the 4.5° backgrounds.
spectrometer and- 0.9 mrad for the 7.0° spectrometer; the  Up to four triggers were allowed per spectrometer per
position tracking resolution was 0.3 cm for both spectrom- beam spill. There was a 30 ns deadtime after each trigger.
eters. The angular resolutions in the non-bend plane werEach trigger gated a separate set of 205 ADCé&croy 2280

~+0.5 mr for both spectrometers, whereas for the bendystem for the shower counter. Each shower counter signal

E. The electron trigger
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FIG. 15. Comparison between measugsalid circles and Monte Carlo simulateghighlighted bangideep inelastic cross sections for the
4.5° spectrometeia) and for the 7° spectrometén). The data error bars are dominated by uncertainties in the spectrometer solid angle. The

expected cross section is based on a model which relies on previous SLAC and CERN measurements. The width of the band is due to

uncertainty in the target density.

was sent to four ADC'’s corresponding to the four possibletrigger were studied by comparing the energy and momen-
triggers, making a total of over 800 ADC channels per spectum determination of the event from the measurements in the
trometer. The hodoscope signals along with the selected eshower counter and hodoscope, respectively. Overall, the
ements of the trigger went to multihit TDC'®RS 2277  contamination from high energy pion events was less than
system which had a 20 ns deadtime. To reduce the load on 9, since the cross section for this process is low; whereas,
the data aquisition, the signals to the hodoscope TDC's had gackgrounds from events with an electron and pion in coin-

100 ns gate provided by the trigger system. Thus each elegjgence was also relatively small, since the electron energy
tron candidate _had a 100 ns window of activity in the detec,ster would typically deposit more energy than the pions,

tor. The deadtime correction to the asymmetry was detery,q only the highest energy cluster per trigger was kept for

mlr:edt from ab Monj[et Carlo 6g%del_”?f the trigger and the analysis. Backgrounds from neutral particles were mini-
Instantaneous beam n ensﬁ‘:‘;@,o 68. The average correc- mal, since the spectrometer was designed to accept only
tion was about 10% in the 4.5° spectrometer and less tha@harged particles

4% in the 7° spectrometer. Electron events were selected if they triggered botin-C
enkov counters with an ADC signal greater than one and a
half photoelectrons, and deposited a minimum enétgyi-

Data analysis was directed at extracting the electron scagally greater than 5.5 Ge\as a cluster 03 x 3 blocks in the
tering asymmetries and structure functions with a high ratsegmented shower counter. An algorithm based on artificial
spectrometer. The highest rates occurred in the 4.5° speaatelligence techniquegcellular automatonwas developed
trometer arm, ranging from 1.5 to 2.5 electron triggers peito cluster hit blocks belonging to the same sho@9].
pulse on average. The rate was typically less than 1 electroBvents with a shower contained entirely in one block were
trigger per pulse in the 7° arm. Since the SLAC Linac deliv-rejected. This single-block event cut served to reject a large
ers pulses at a rate of 120 Hz, the experiment recorded faaction of pion events as determined both from a GEANT
large sample of deep inelastic scattering electron events. Isimulation[70] and from studying results from _the energy
total, approximately 350 10° electron events were collected versus momentum comparison. A trigger from theréhkov
of which 300x 10° were used to determine the asymmetriescounters opened a 100 nsec gatering the lusec spil) and
and spin structure functions. the pulse heights from the lead glass blocks and from the

The analysis focused on identifying electrons and deterphototubes of the €renkovs were recorded using zero-
mining their momentum in a high rate environment. Chargedsuppressing LeCroy 2282 ADCs. Only clusters with the
pions were the main source of background. The electron trigmaximum energy in the 100 nsec gate were accepted in the
ger consisted of a triple coincidence in the signals cominganalysis. The ability to reject pions is studied by comparing
from the two renkov counters and summed showerthe energy and momentum determinations of an event. Typi-
counter per spectrometer arm. This method served to rejectlly, pion events registered a higher momentum than en-
the majority of charged pions, which typically enter the spec-ergy, since the pion shower energy is usually not entirely
trometer out of time compared to thee@nkov signal. visible in the electromagnetic calorimeter.

The remaining pion background originated from either For extracting the asymmetries, once an electron event
very high momentum pion&ypically greater than 13 GeV  was selected, the shower counter was used both to identify
or from pions that enter the spectrometer in time with anits energy and to determine the scattering argfieom the
electron. Backgrounds from pion contamination within thecentroid position of the shower in the calorimeter. The posi-

IV. ANALYSIS
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FIG. 16. Plots(a) and (b) represent the ratio of enerdgeter- FIG. 17. Inclusive pion asymmetrj vs x. The results are

mined by the calorimetrto the momenturrdetermined by the —consistent with zerox?*/d.f.=0.6).

hodoscopesof events detected in the 4.5° and 7.0° spectrometers. . . .
The electrons are identified by the peak centered aroungheck was useful for systematic studies. Extraction of the

E'/P=1, whereas the pions, which deposit less energy in the calolotal cross section requires detailed knowledge of the spec-
rimeters, are in the regioB’/P<0.8. Plots(c) and(d) show events ~ trometer acceptance, central momentum deadtime and target
with the highest energy cluster for a given trigger and requiring arthickness. Figure 15 present a comparison of the results on
electron hardware trigger. These events define greater than 99¢he total cross section for the 4.5° and 7° spectrometer, re-
pure electrons sample and are those used in the physics analysisspectively. Systematic errors on the measurement are large
(typically 15%. The data are especially sensitive to the

tion determination of the shower centroid was accurate t«nowledge of the radiative corrections which can change the
approximately= 10 mm, significantly better than needed for shape significantly. Within systematic uncertainties, there is
sufficientx resolution. The hodoscope tracking system waseasonable agreement between the data and the Monte Carlo
developed to calibrate the shower counter, perform systendetermination, which uses cross section measurements from
atic studies of the backgrounds and to monitor the showeprevious SLAC experimen{g1].
counter and €renkov efficiencies throughout the experi- After event selection, contamination of the electron event
ment. Typically, hodoscope tracking efficiencies varied fromsamples was relatively small. Figure 16 presents distribu-
80 to 95% depending on the trigger rate. Noise sources frortions of events comparing the energy measured in the shower
random hits due to photon background with the associatedounters,E’, compared to the momenturp, measured by
electronic deadtime were the main cause of hodoscope inefracking using the hodoscopes. Low-energy tails
ficiency. For this reason, the shower counter was the primar¢E’/p<0.8) come largely from pion contamination, whereas
detector used for the analysis. high-energy tailsE'/p>1.2) come from overlapping events

Calibration of the shower counter energy was performedvith typically either two electron interactions or an electron
using two methods. First, knowledge of the magnetic fieldand pion interactions. A neural network analysis was devel-
and spatial positions of the spectrometer magnets allowed fasped to study pion rejection using only the calorimeter infor-
the determination of the particle’s momenta via tracking.mation[70], but was not used in the final asymmetry analy-
Tracking with pristine events was used to calibrate thesis. The pion contamination of the electron event sample at
shower counter. The primary uncertainty in this methodiow energy €' ~7 GeV) was found to be approximately 3%
comes from the finite width of the hodoscope fingers and thand decreasing at higher energies to less than 1%.
knowledge of the position of these fingers relative to the Corrections to the electron asymmetries from pion con-
spectrometer magnets. The uncertainty in the momentunamination are performed assuming zero asymmetry coming
measurement is energy dependent and estimated to be beldwm the pions with an uncertainty af 0.15. A special study
2.5% over the range of energies detedteidy. 14). The sec- using out of time pion events within the trigger gate revealed
ond method employed a special test run performed ahead @b evidence for a significant pion asymmetry as shown in
the experiment and udea 5 GeV electron beam scattering Fig. 17. The final effect due to pion contamination is small.
off a hydrogen targetH,) to observe the elastic peak. The  An additional source of contamination to the deep inelas-
location of the peak in both the hodoscope and the showetic scattering electron event sample arises from hadron de-
counter checked the absolute energy scale: 8% as deter- cays producing secondary electrons. For example, if a neu-
mined from magnetic measurements. tral pion is produced in the final state of an interaction, it will

In order to investigate possible inefficiencies in the detecdecay into two photons which themselves can scatter and
tor package, some special low rate runs were performed tproduce an electron which enters the spectrometer and simu-
measure the total cross section. Although the spectrometédsites a true deep inelastic scattering event. Contamination
was not designed for cross section measurements, suchdae to this process is measured by reversing the polarity of
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TABLE IV. Polarized target parameters used in calculating the dilution factor. A run corresponds typi-
cally to one or two hours of data taking.

Target

1 2 3
Runs used 1000-1117,1320-1771 1118-1181 1182-1319
Length (mm) 295+ 2 297+2 303+2
Front window (um) 110+7.5 % 110:7.5% 110:7.5 %
Rear window {m) 124+7.5 % 1077.5 % 11675 %
Glass densityfg/cm?) 2.52+1% 2.52-1% 2.521%
3He density(amagats 8.63+2.5% 8.90-2.0% 8.74-2.0%
N, density(amagats 0.070+1.7% 0.06% 1.8% 0.082= 1.8%
3He density(cm %) 2.32< 1079+ 2.5% 2.3% 107°+2.0% 2.35< 10°%+ 2.0%
N, density(cm™3) 1.88x 10'8+1.7% 1.85¢10%+ 1.8% 2.20< 10"+ 1.8%

the spectrometer magnets and collecting dedicated data on 1 A

the positron rates. The measurement serves as a valid sub- AFW[AH/D—(??/d)AL]: D nAz,
traction as long as the hadronic decay process is charge sym-

metric. We found that approximately 5% of the lowevents

were contaminated from such a process. The effect decreases Ay=———[A, Id+({ID)A|]. (39
rapidly asx increases. The behavior is similar to the pion (1+2d)
contamination, with a larger contamination at |d/ and 3

dying off quickly at higherE’. The asymmetry in the posi- Furthermore, the spin structure functiogs™(x,Q?) and

tron rates is measured to be zero with large uncertaintiegZHe(x,Qz) are extracted using the asymmetries given above,
(=~ = 30%). The largest systematic uncertainty in the lowest

X bin comes from this effedtsee Tables XI and X]I F,
For the asymmetry analysis, electron events which passed glzm[p‘ﬁ YA2],
the event selection cuts were divided into bins of scattered
energyE’, scattering angl®, and relative target and beam F, 1
helicities,N'('") (E’,6). From these countormalized by 92=m(A2;—A1>

incident chargeN,), raw asymmetries are formed:

1+92 y (E+E’Coa9

AraW:(N/Ne)”—(N/Ne)TT 39 “Foo@ R 25| E
I T (NING) T+ (N/N) T 40

A - sinaAH .

) . ) 2 _ . . . .
and for data collected with transverse target polarization, Here R(x,Q9)=o /o7 is the ratio gf the longitudinal to
transverse cross sections aRd(x,Q<) is the unpolarized

deep inelastic structure function. Both are functions aeind
(N/NQ) T~ — (N/Ng) '~ P

N _ (37) Q?Z. The other kinematic variables are related to the incoming
= (N/Ng)' "+ (N/Ng)* ™~ and outgoing scattered electron enerdyafd E’, respec-
tively) via

On these measured raw asymmetries, corrections for the
beam polarizatiorP,,, target polarizatiorP,, dilution factor
fue, electronic dead time\ g, radiative corrections\ic,
and kinematics are performed to extract fiée parallel and y=VvIE, (41)
transverse asymmetries

v=E—FE’,

B E—-E'e
(AP +Ag) E(1+€R)’
=t +Ake:
PoPilhe o _(1—a@-y) "
TVt eR] “3
(A™+Ag) |
A= PthfHe +ARC' (38) and
2e
From these asymmetries, the virtual phottite asymme- d=D\/1 ¢ (43

tries A;(x,Q2) andA,™(x,Q?) are found as a function of
x and Q?: The factorsy, £, andy are found via
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A. Dilution factor

5 The largest systematic uncertainty in the experinibat
Q sides the lowx extrapolation came from the determination

T=€NE-E'¢ (44) of the dilution factorf,.. This factor corresponds to the
fraction of events originating frontHe scattering versus
1+ € scattering from the rest of the target and is measurable.
(=7 5e | (45) The polarized®He target consisted of a mixture dHe
gas, N, gas, and glass windows. The target cell contained
approximately 9 atmospheres 8He, ~65 Torr of N, and
Q° glass windows with a thickness of approximately 110 mi-
Y=N (46) crons each. The relative proportion of electron events origi-
nating from the3He versus the N versus the glass was in
wheree characterizes the virtual photon polarization, the ratio of approximately 10 to 1 to 20. THe nucleus
itself consists of primarily a polarized neutron plus two un-
1 polarized protons. Further dilution is accounted for to extract
€= T ) (47) the polarized neutron result froffHe as described in Sec.
1+2(1+ v?IQ%)tar(6/2) VIB.

_ _ In order to determine the dilution factéy,, for the three
~ The above relationfEqgs.(39)—(47)] are valid for scatter-  targets used in the experiment, we relied on two independent
ing off any spin 1/2 object and therefore are used for a fregechniques. First, we measured the amount of material in the

nucleon as well asHe. target and calculath,, using known cross sections. Table IV
presents a breakdown of the material in the three cells used
V. CORRECTIONS AND SYSTEMATIC UNCERTAINTIES in the experiment. The dilution factor is dependentxoand

Q? and takes the form,
Although statistical errors typically dominate any particu-

lar x and Q? bin, for evaluating sum rules the systematic ¢ . Npeope( X, Q%)
uncertainties play an important role. The most important of He(X, Q%) = NpeThe( X, Q%) + Ny on.(X, Q%) + nggg(X’Qz)
these are the beam polarizati®yp, the target polarization 22 (48)

P, and the dilution factof .. The relationship between the

raw asymmetry and the extracted physics asymmetries asgheren; is the total number of nucleons found in spedies
given in Eq.(38). Any uncertainty inP;, Py, or f will affect  (He, N,, or g for glasg and o; is the average experimental
all the asymmetries together over the entire kinematic rangeross section per nucleon expressed as

Similarly, this will translate into a comparable uncertainty

. ND
over the integrals ofj; and therefore the sum rule. The sys- .. Pi(X) ) )
tematic uncertainties associated wiy and P, have been 7i(%.Q%) = A [Zi7p(x. Q%)+ (A= Z) 7(x,.Q7)]
discussed in the beam and target sectidH$3 and Il C), (49)

respectively. Corrections due to hadronic contaminations

have been discussed in the previous section. Here we discugiere P"° accounts for the nuclear dependence correction
the dilution correction, the radiative corrections and their as{EMC effec) using the parametrization given by Gomez
sociated systematic uncertainties. et al. [72] and A, is the atomic mass number of species
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FIG. 20. Material(method ) and reference cellmethod I) results for the dilution factor of the reference cell as measured using the
4.5° arm(a) and the 7° arm(b) for a ®He gas pressure of 147 psi.

The target cell glas$Corning 1720 has the composition where PNP(x) is an estimate of the nuclear dependence ef-

57% SiO,, 20.5% Al,, 12% MgO, 5.5% CaO, 4% BD;  fectin 3He from Ref[72] and differs from unity by less than

and 1% Ng, yielding within 1% the same number of protons 2% in our kinematic range. We have assigned an additional
. . 3

and neutrons. Assuming that the ralte- o /o7 is the same 104 uncertainty td=,"® due to the nuclear dependence effect.

for the proton and the neutrgi1], we can express the dilu- The overall systematic uncertainty from this method is domi-

tion factor as nated by the knowledge of the thickness of the glass win-
dows. The windows of the target cells were measured using
) 3(1+R") PQD Xy Ng a precision tooling gauge with an accuracy of 7%. Uncertain-
fuex, Q) =| 1+ 5oy | BNO X 1 ties in the measurement due to variations of the glass thick-
2(2+R ) PHe xHe I’]He . . . . . .
nesses are included in estimating this uncertainty. Other con-
PHZD Xn, NN, -t tributions to the uncertainty from the nuclear dependence
PO X n (500  effect andF, are negligible.
He “*He T'He A limitation of the method described above is that events

o L ) i originating from beam halo interactions with the 30 cm long

whereX(x,Q”) is a radiative correction factor which relates gjqe walls of the 1 cm radius target cell are not taken into

, , P N/ D , %Uccount. The electron beam was centered on the target cell.
different species. The quantifR""=F5/F; is the ratio of  pyimary electrons from the beam passing 1 cm from the cen-
unpolarized structure functions for neutrons and protons. Wesr could interact with the target glass walls producing addi-
determined the neutron structure function  usiNGtional scattered electrons.
F5=2F7—F5 where the proton and deuteron structure func-  puring the experiment, several dedicated runs were per-
tions per nucleon are taken from the NMC fj&3] to the  formed in which the beam was steered away from the target
BCDMS [74], SLAC [75], and NMC data. Because no un- center. Figure 18 presents the average event rate per pulse in
certainties are included in the NMC fit, we used the relativethe spectrometer as a function of the central beam position.
point-to-point uncertainties to the SLAC ddtal] which is  An increase in the event rate is evident as the beam is moved
at similar kinematics as the present experiment. We also inmore than 3 mm from its nominal position. The variation in
cluded a normalization uncertainty from the SLAC data ofevent rate is well-described by a quadratic function and is
2.1% for F§ and 1.7% forFS . Furthermore, we included a
2% uncertainty for the proton and 0.6% for the deuteron TABLE V. Radiation lengthd,, seen by electrons exiting the
arising from the maximum deviation of the SLAC and NMC target.
fits in the range 0.08x<0.6. Forx<0.08 where there is i —
very little SLAC data, a 5% error is placed on the NMC Spectrometer  Fraction of events  Radiation lengtiys)(

structure functions defining the maximum deviation betweery, 5o 36.50% 0.001

the NMC data and the NMC fit. FdR= o /o1 we used the 54.55% 0.085

central values and errors given by a SLAC global analysis 6.85% 0.169
[71]. ' '

. . . . 2.10% 0.291

For this section and throughout this paper the spin-=, 4. 23 392/0 0.001

independentHe structure function in the deep inelastic re- " 48 '36% 0'055

gion is evaluated as follows: 18'75(y 0'269
. 0 .

9.50% 0.399

FoHe(x,Q?2) = PNP(x)[2F2(x,Q%) + FB(x,Q%)]  (51)
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TABLE VI. The radiative corrections t@i”e(x) at the averag®? of eachx bin are tabulated here, with the corrections to the 4.5°
spectrometer given first, then those of the 7.0°. Theare the additive correction to be made to the asymmetry for intéimta| external
(ext), andf; are the fractions of events in a particular bin coming from quasielastic and inelastic tails including internal and external radiative
effects. The elastic contribution is small.

X Agtc A(F?g fquel finel fext

0.035 -0.003 -0.000 0.08 0.15 0.10
0.050 -0.003 -0.001 0.04 0.13 0.08
0.080 -0.004 -0.002 0.02 0.10 0.08
0.125 -0.004 -0.003 0.01 0.07 0.08
0.175 -0.004 -0.003 0.00 0.04 0.05
0.250 -0.004 -0.003 0.00 0.01 0.04
0.350 -0.003 -0.002 0.00 0.02 0.02
0.080 -0.004 -0.001 0.04 0.11 0.09
0.125 -0.004 -0.002 0.01 0.07 0.09
0.175 -0.004 -0.003 0.01 0.04 0.06
0.250 -0.004 -0.003 0.00 0.00 0.05
0.350 -0.003 -0.002 0.00 0.03 0.02
0.466 -0.002 -0.000 0.00 0.06 0.01

attributed to the beam passing through an increasingly thick

part of the target end caps. During the data taking the target fape (X,Q%) =
was positioned at the event rate minimum. From such stud-
ies, we concluded that as long as the beam position was Sj the 3H directl d and th
stable at the center of the target, the beam halo effect on the Ince the He pressure was directly measured an N
dilution factor should be small, except for the possibility of r%ference cell glass window thicknesses "”O.W” to better than
flat tails. If the beam halo has long, flat tails, then if the beam7 %, this meas.urement cogld be compared directly to the first
is moved off center the event rate may not change, but Qwethod described abov€&ig. 20. The direct measurement

constant background of unpolarized events may be prese {l:h?ncthlutlon Le;ﬁtg:]from tr;slsebsfrﬁ'il rlunesﬁwotuldFr;a';;Jrfhlly
from interactions with the glass side walls. axe Into acco Yy possibie be alo efrects. r-ro ese

A second independent method for determining the dilyStudies, we conclude that there was no observation of any
tion factor was performed. Periodically throughout the eX_Iarge beam halo effects on the dilution factor. The final sys-

. X L ; °
periment, data were collected in which a reference cell walematic uncertainty on the dilution factor is taken to be 8%,

: : here the dominant uncertainty comes from the knowledge
laced in the electron beam. The cell consisted of the sam& . . .
glass type and had the same dimensions as the polarizé) the window thicknesse&@%), needed for the first method

target cells. The cell was filled withHe gas at various con- escribed above.
trolled pressures.
At zero pressure the events are due to the glass end caps, B. Radiative corrections
but as the cell is filled to different pressures the event rate p e to the real and virtual radiation of electrons during

increases. The event rate(x,Q?) normalized to incident he scattering process, the longitudinal and transverse mea-
charge is expressed as a function of pressure as follows: g ,eq asymmetriesA(,A, ) need further corrections known

as the electromagnetic radiative corrections. The latter are
(52 performed to extract the structure functioglﬁz(x,Qz) and

photon-nucleon asymmetrie%lvz(x,QZ) as defined in the

Born approximation where the scattering process is de-
whereC is a proportionality constanR the *He gas con- scribed by the exchange of a single virtual photon. These
stant,T the temperature of the ga¥/is Avogadro’s number, corrections are cast into two categories: internal and external.
L the length, andP, the pressure of the reference cell, re- The internal effects are those occurring at the nucleus re-
spectively. When the pressure in the referenceRRektquals sponsible for the deep inelastic scattering under investigation
that of the target cell Py, the number density and therefore need to be performed even for an infinitely thin
Nue=3NLP,/RT matches that of Eq48). The rates were target. The external effects are those which modify the en-
corrected for rate-dependent electron detection efficienciesrgy of the incident and scattered electron via bremsstrah-
and changes in the external unpolarized radiative correctiorising and ionization losses from interactions with other atoms
as a function of helium pressure. before and after the deep inelastic process has occurred. The

Figure 19 presents an example of a sequence of the refeexternal corrections depend on target thickness. While the

ence cell runs where the slope can be interpreted as formalism for the spin-independent deep inelastic scattering
Npeohe(X,Q%)/Prc and intercept as Cngag(x,Qz). The was developed by Mo and Ts§r6,77], that of the spin-
dilution factor is extracted as dependent formalism was developed by Kuchto, Shumeiko,

aPrc

(@Prct )’ 9

2 2 NLPr 2
r(x,Q9)=C| ngag(x,Q%) + I 711X, Q%)
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The internal corrections were calculated using the pro-

002 ———— T T T gram POLRAD version 14 which uses the new iterative
A% o IN? re. ] method[79]. In this method, the best fit to the experimental
=] ntemal r.c. 3
o ¢ Internakextemal r.c. asymmetryA;"%(x) is used to build the polarized structure
. 3 . "
functions g;"(x). The cross sections for specific states of
4] polarizations are then constructed and used to evaluate all the
002 1 i contributions of Eq.(54). Here all quantities refer tGHe.
' From this result a new; is produced and used as an input to
the next iteration step by constructing a new model
3He
-0.04 | i for g
F2(x,Q%)
(k) _ 2\ measured, (k—=1)
0.06 ot e L 1= o7 7lAL AA(gr )],
0 0.1 0.2 03 0.4 05 2x[1+R(x,Q7)]

(59

FIG. 21. Change in the asymmetA;"® (averaged oveE and ~ Wherek is the iteration index. . .
) as the radiative correctior(s.c.) are added. Only the statistical The process_ls.then repeated !Jnt” convergence 1S reached,
error on the final results are shown for comparison. fhalues of ~ Which occurs within three to four iteratiorsoLRAD was first

each data set are the same but they have been shifted for clarity.checked against a program we developed based on the work
by Kuchto and Shumeikf78] and also against the Tsai7]

and Akushevich78,79 and implemented in their codeL- formalism for the unpolarized case. Similar resultsptaL-

RAD. The internally radiated helicity-dependent deep inelasRAP Wereé found with both checks as expected.

tic scattering cross section can be decomposed into its com- Tl?e n;J_cIear ﬁOh?rem (:Iast|? tail IS%?%/ alua(tjefd us(;ng ?;ffer-
ponents following Ref[79]: ent best fits to the elastic form factors tfle and found to be

small. This leaves only three physical regions of significant
contribution to the total internal radiative correction to be
considered: the quasielastic region which starts a few MeV
after the elastic peaksince no nuclear excited states are
bound in®He); the resonance region which partially overlaps
the quasielastic tail; and finally the deep inelastic region
which we have assumed to startvsit = 4 (GeVk)?. In Eq.

(54) resonance and inelastic contributions are both included
whereo?. is the internally radiated helicity-dependent differ- in - . The internal and external radiative corrections require
ential cross sectiond?o/dxdy). and (+) refers to the he- the knowledge of the spin independent structure functions
licity of the electron relative to that of the target, ana is F?e(x,QZ) and F;‘e(Q{V) and spin dependent structure
the helicity-dependent Born cross section of interest. Thqunctionsg?e(x,QZ) and gge(x,Qz) over the canonical tri-
quantities dyen, di . dyqc and &), are the electron vertex angle regior{76,77). The lowestx bin in this measurement
contribution, the soft photon emission, the electron vacuunfx=0.035) determines the largest kinematic rang®dfind
polarization, and hadronic vacuum polarization contribu-x over which the structure functions have to be known. It
tions, respectively. The quantity” ; is the infrared extends in the range 0.8102<18.4 (GeVk)? and
divergence-free part of the inelastic radiative tail, aflf ~ 0.03<x<1. The variables of integration which define the
and a‘“;' are the quasielastic and elastic radiative tail contri-canonical triangle are given b¥l, and t, in the range
butions, respectively. M,+m, <M, <W andtp,<t<t;.; t=Q2. HereM, is the

; B @ 4R | h
o (Xy)=03(Xy) 1+;(5R + Oyertt Oyact 5vac)

+af y) +0%(x,y) + o2 (x,y) (54)

TABLE VII. Results forA;" andg .

X range (X) (Q% AjHe+ 5(stat)* 8(syst) giHe+ 5(stat)* 8(syst)
(GeVikc)?

0.03-0.04 0.035 1.1 —0.0264+0.0168+0.0054 —0.248+0.159+0.055
0.04-0.06 0.050 1.2 —0.0238+0.0102+0.0039 —0.168+0.072+0.027
0.06-0.10 0.082 1.8 —0.03170.0081+0.0048 —0.146+0.038+0.020
0.10-0.15 0.124 2.5 —0.04470.0083:0.0068 —0.141+0.0270.018
0.15-0.20 0.175 3.1 —0.0463+0.0098+ 0.0094 —0.105+0.023-0.014
0.20-0.30 0.246 3.7 —0.0333:£0.0099+0.0121 —0.051+0.016=0.007
0.30-0.40 0.343 4.4 —0.0003:0.0172+0.0220 0.006:0.017+0.004

0.40-0.60 0.466 55 —0.0145-0.030%-0.0199 —0.007=0.014+0.002
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TABLE VIII. Results forAZHe and nge. Note that the systematic uncertainties are small compared to the statistical uncertainties.

X range (X) (Q% AFex 5(stat)* 8(syst) g.He+ 5(stat)* s(syst)
(GeVic)?

0.03-0.04 0.036 1.1 —0.0619-0.0738+0.0169 —9.314+10.62+2.593
0.04-0.06 0.050 1.2 0.02220.0516+0.0165 2.1064.280+1.399

0.06-0.10 0.082 1.8 —0.0158+0.0425+0.0189 —0.648+1.705+0.756
0.10-0.15 0.124 2.5 —0.0193-0.0453+0.0216 —0.256+0.934+0.428
0.15-0.20 0.175 3.1 —0.0885+-0.0559+0.0263 —0.764+0.641+0.283
0.20-0.30 0.246 3.7 —0.0349 0.0585+ 0.0286 —0.088+0.336+-0.153
0.30-0.40 0.342 4.4 0.07560.1002+0.0347 0.146:0.246+0.080

0.40-0.60 0.466 55 —0.1875+0.1683+0.0344 —0.188+0.170+0.036

invariant mass of all possible contributing scattering &d cross sections. The measured cross sectiBris expressed

the invariant mass of the scattering of interest. as the convolution of the internally radiated Born cross sec-
The ®He spin-independent structure functions used in thetion with the radiation effect due to the finite thickness of the

quasielastic region were those of de Forest and Waleckearget:

[80]. These structure functions allow for a convenient param-

eterization in the evaluation of the unpolarized radiative tail.

In the resonance region we chose the spin independent struc-

ture functions obtained by fitting the data in the resonance

region given in Ref[81], while for the deep inelastic region

we used the same models for the proton and deuteron struc-

ture functions as described in Sec. V.A. to build the spinwhereE,,E,, are the incident and detected electron energies,
independent structure functions dfe [see Eq(51)]. and! (E;,,Equi.t) is the probability that an electron of energy

The spin dependent structure functions used in the rese,  will have an energy,,, due to bremsstrahlung emission
nance region were obtained from theO program[82]  after having passed througtradiation lengthgrl) of mate-
which is based on an analysis of electromagnetic transitiogja|. For the polarized case, this probability function is spin-
amplitudes in that region. In the deep inelastic region, asndependent for a thin target because it is dominated by for-
described previously, a fit to the extracté(iHe from this  ward (charge scattering off target atoms. All kinematics
experiment was used to build the first spin dependent strugparameters and the functidnare well-described and dis-
ture functions input to the iterative method. cussed iN77]. The entrance glass window plus half of the

The external corrections were performed by extending thé'He thickness accounts fof,=0.00125 rl. Fott,,, the elec-
procedure developed by Mo and T$@b,77] for the unpo- trons exit the target through four discrete sections in which
larized scattering cross sections to that of the helicity deperthe amount of material the electrons traverses after scattering
dent scattering cross sections. It used an iterative unfoldings different (see Table V. These four contributions tb,
procedure on the internal and external corrections togethdrom each region are summed. Note thgt is much larger
until convergence is reached. The procedure requires thimant;,, especially in the region where the scattered elec-
knowledge of the internally radiated Born helicity-dependenttrons passed through the NMR pick-up coils.

m Es ! Emax ! !
oN(Es,Ep)= | _dEl| P dEpI(Es,ELty)
Es Ep

TABLE IX. Results onA! andg] at the measured avera@?, along withg] evaluated aQ?=2(GeV/c)? assuming thah] does not
depend orQ2.

X range (x) (Q% A7+ 5(stat)= 5(syst) g7+ S(stat)= 5(syst) g7+ S(stat)= 5(syst)
(GeVl)? [Q?=2(GeVi)?]

0.03-0.04 0.035 1.1 —0.092+0.061+0.022 —0.269+0.182+0.065 —0.311+0.207£0.074
0.04-0.06 0.050 1.2 —0.082+0.038+0.017 —0.177£0.083+0.033 —0.195+0.090+0.036
0.06-0.10 0.081 1.8 —0.109+0.031+0.021 —0.151+0.044+0.025 —0.154£0.044+0.026
0.10-0.15 0.124 25 —0.162+0.033+0.030 —0.146£0.031+0.022 —0.142£0.031+0.022
0.15-0.20 0.174 3.1 —0.170+0.041+0.042 —0.105+0.026+-0.017 —0.099+0.026-0.016
0.20-0.30 0.245 3.7 —0.113+0.044+0.055 —0.045+0.018+-0.009 —0.042£0.018+-0.009
0.30-0.40 0.341 4.4 +0.050+0.083+-0.107 0.01*0.019+0.005 +0.010+0.020= 0.006
0.40-0.60 0.466 55 +0.006+0.159+0.108 0.006:0.016+0.003 +0.000+0.020+0.003
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TABLE X. Results onAj andg). Note that the systematic uncertainties are small compared to the statistical uncertainties.

X range (x) (Q? AD+ 5(stat)+ 5(syst) g5+ S(stat)= 5(syst)
(GeVic)?

0.03-0.04 0.036 1.1 —0.225+0.270+0.068 —10.68+12.22+3.17
0.04-0.06 0.050 1.2 0.0840.191+0.062 2.44-492+1.63
0.06-0.10 0.081 1.8 —0.058+0.163+0.073 —0.74+1.96+0.87
0.10-0.15 0.124 2.5 —0.074+0.181+0.087 —0.29+1.07£0.49
0.15-0.20 0.174 3.1 —0.365+0.234+0.119 —0.88£0.74+0.34
0.20-0.30 0.245 3.8 —0.147+0.261+0.128 —0.11+0.39+0.18
0.30-0.40 0.341 4.4 0.3650.480+0.171 0.16-0.28+0.09
0.40-0.60 0.466 55 —0.975+0.885-0.218 —0.22+0.20=0.05

The procedure is applied for each helicity case separatelgver, they do not include vertex and vacuum polarization
(similar to the unpolarized cap@nd then the asymmetry terms which are considered as non-physical background con-
AiHe is formed from the result of each helicity case: tributions.

The systematic errors in the radiative corrections are esti-
mated by changing the input model for the asymmetries and

AiEﬁmi "ZT_ ‘TET qnpolarized Cross se_ctions _in the gnmeasured kinematics de-
Dlo},+oy, fined by the “canonical” triangle inPOLRAD. The unmea-
m m sured region, for example, includes the resonance region at
Ei 9117 %0 LA ANt (57) low Q2. In order to estimate the sensitivity of the corrections
Dol +ol, RCTTRC to these models, we tested our results assuming a flat asym-

metry input for our ra\/\AiHe data and compare the results to

The statistical uncertainty of the radiative corrections at® duadratic fit input to the same data with weak constraints at
each measured kinematics point follows from the statistical® low and higfx regions. From the variation of the results,
uncertainty of the measured rate at that point and the adVe estlmate_ a.25% relat!ve uncertainty in the internal and
sumption of exact knowledge of the radiative background_external radlatlvg corrections fc_)r the 7° spectrometer data
Using Eq.(54) we can generalize this expression to the full and 25% for the internal cqrrectlons to the 4.5° spectrpmeter
radiative corrections where internal and external radiative efdata. The external corrections to the 4.5° were particularly
fects are convoluted. In order to evaluate the total statisticafensitive to the cross section shape at higfihis correction
error for each corrected kinematics point during the correciS assigned a 35% relative uncertainty. _
tion procedure, a table of fractiorfs of absolute “back- In Table VI we present the radiative corrections to the
ground” contributions to the total cross sections due to thélata as well as the fractions necessary to evaluate the
radiative elastic, quasielastic and deep inelastic tails waShanges in statistical uncertainty on the results, while Fig. 21
stored. These fractions include photon tails from the internaP0Ws the effect of the internal and external electromagnetic
corrections as well as those of external contributions. Howradiative corrections on the measured asymmetry'

TABLE XI. Table of systematic uncertainties & for eachx point.

Parameter x=0.035 x=0.05 x=0.08 x=0.125 x=0.175 x=0.25 x=0.35 x=0.47

Py 0.0027 0.0024 0.0032 0.0048 0.0051 0.0036 0.0008 0.0023
Py 0.0063 0.0054 0.0072 0.0110 0.0117 0.0083 0.0018 0.0052
f 0.0071 0.0061 0.0081 0.0124 0.0131 0.0093 0.0020 0.0059
At 0.0010 0.0011 0.0012 0.0012 0.0013 0.0015 0.0019 0.0013
Arc 0.0026 0.0039 0.0055 0.0068 0.0079 0.0082 0.0068 0.0022
R 0.0038 0.0034 0.0038 0.0051 0.0055 0.0035 0.0006 0.0021
Fs 0.0061 0.0054 0.0070 0.0063 0.0072 0.0051 0.0073 0.0090
Pn 0.0021 0.0019 0.0025 0.0037 0.0039 0.0026 0.0012 0.0001
AD 0.0021 0.0018 0.0017 0.0019 0.0024 0.0035 0.0058 0.0116
Pp 0.0010 0.0013 0.0019 0.0027 0.0036 0.0051 0.0076 0.0131
A 0.0082 0.0093 0.0123 0.0191 0.0335 0.0518 0.1064 0.1053
A7 0.0079 0.0037 0.0024 0.0000 0.0000 0.0000 0.0000 0.0000
Ae’ 0.0123 0.0044 0.0030 0.0033 0.0000 0.0000 0.0000 0.0000
3He corr. 0.0046 0.0041 0.0054 0.0081 0.0085 0.0057 0.0025 0.0003

Total 0.0216 0.0165 0.0209 0.0295 0.0413 0.0551 0.1074 0.1075
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TABLE XII. Table of systematic uncertainties @j for eachx point.

Parameter x=0.035 x=0.05 x=0.08 x=0.125 x=0.175 x=0.25 x=0.35 x=0.47

Py 0.0090 0.0055 0.0044 0.0042 0.0030 0.0014 0.0001 0.0002
P, 0.0207 0.0125 0.0099 0.0097 0.0069 0.0031 0.0003 0.0005
f 0.0233 0.0141 0.0112 0.0109 0.0077 0.0035 0.0003 0.0006
Age 0.0034 0.0027 0.0017 0.0011 0.0008 0.0006 0.0004 0.0002
Agrc 0.0089 0.0093 0.0078 0.0061 0.0047 0.0031 0.0014 0.0002
R 0.0200 0.0130 0.0102 0.0077 0.0054 0.0024 0.0014 0.0009
F, 0.0131 0.0085 0.0047 0.0039 0.0028 0.0013 0.0000 0.0002
Pn 0.0071 0.0045 0.0035 0.0033 0.0023 0.0010 0.0002 0.0000
A 0.0061 0.0039 0.0024 0.0018 0.0015 0.0014 0.0012 0.0011
Pp 0.0028 0.0028 0.0026 0.0025 0.0022 0.0020 0.0016 0.0012
Al 0.0310 0.0165 0.0096 0.0075 0.0068 0.0050 0.0047 0.0023
A™ 0.0268 0.0087 0.0035 0.0000 0.0000 0.0000 0.0000 0.0000
A’ 0.0413 0.0104 0.0045 0.0029 0.0000 0.0000 0.0000 0.0000
3He corr. 0.0155 0.0098 0.0076 0.0072 0.0050 0.0021 0.0005 0.0000
Total 0.0737 0.0363 0.0255 0.0218 0.0161 0.0088 0.0055 0.0031

needed to obtain the Born asymmetry. One sees that the coyield a symmetric wave function, implying that the two pro-

rections are quite smaltypically shifting the data by 1/3 the tons are paired antisymmetrically in a spin singlet state. In
this picture, the two proton spins line up anti-parallel to one
another, resulting in a cancellation of spin dependent effects

size of the statistical errpr

VI. EXPERIMENTAL RESULTS

coming from the protons. Naturally, thtHe nucleus is not

exactly a system of nucleons in a spatially p&state, and

A. Measured 3He results

3 3 3 3 .
Results om\;"¢, A7 g."® andg,"® versusx are given

in Tables VII and VIII. The asymmetry\:;'*'3 is determined
using Eq.(39). Within our limited statistical precison, the

3 . . .
values ofA,™ are consistent with zero. Experiment E143

[83] measuredhd andAb and found that the differeno&) is of 4 o
consistent with zero with small uncertainties. For the rest of ¢ ¢+ ﬁ ]
3 3
the analysis, we extraét, " andg; " using Eq.(39) and Eq. —oal
(40) with A;He set to be identically zero with a systematic [ 0.125 |
uncertainty equivalent to our measured statistical uncertain- 0 )
ties shown in Table VIII or the positivity constraint L + # ++ i
A< VR, whichever is smaller. The uncertainty provided by _0.4l o
the measurement @&, was smaller than theR limit except r o175 ]
for the results in the twa bins,x=0.35 andx=0.47. Within 0 | 3
3
our precision there is no obvioud? dependence 04\1'“Ie at Al L T ++ ++ i
fixed x. The Q2 averagedAiHe are given in Table VII. From -0.4 L
the asymmetry results o%i“e, the spin structure function ok 025
giHe is obtained assuming:Hezo, namely L +l+ ++ i
s L i
F,He(x,Q?) 0.4 - N
3He 2 2 \ ™ 3He 2
X, = ——>A (X, . 58 04F -
97 Q= R QA Q) (9 - M
of 11, + R
B. Extracting the neutron result from SHe 0.4 - ." . .E
1 10

A polarized *He target can be used to extract information
on polarized neutrons. The main reason is that in the naive
approximation the’He nucleus is considered to be a system
of three nucleons in a spatially symmetB8cstate. The Pauli

Q2 l(Gev/ic)?]

corrections due to the other states must be implemented in
order to extract the result for a pure neutron. Fairly extensive
work on the *He wave functions has been performed and

FIG. 22. The asymmetrA] is plotted vsQ? for five different

principle constrains the overall wave function to be antisym-values ofx. The results are consistent witt] being independent of
metric, and therefore the spin-isospin wave function mus?. The data comes from the two spectrometer arms and three
then be antisymmetric. Exchanging the two protons musbeam energies.
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TABLE XIIl. Results onA] vs Q2. Systematic uncertainties are small and have been neglected. See Table
IX for other values ofx.

X range (x) (Q?%) Al + 5(stat)
(GeVic)?
0.06-0.10 0.082 1.3 —0.13+0.08
1.6 —0.11+0.05
1.9 —0.18+0.07
2.0 0.0x0.10
25 —0.08+0.10
2.9 —0.07+0.13
0.10-0.15 0.124 1.5 —0.24+0.10
2.0 —0.04+0.07
24 —0.12+0.10
25 —0.16+0.09
3.1 —0.24+0.07
3.6 —0.20+:0.09
0.15-0.20 0.175 1.7 0.010.15
2.2 —0.05+0.09
2.7 —0.14+0.15
2.9 —0.22+0.10
3.7 —0.23+0.07
4.4 —0.24+0.10
0.20-0.30 0.246 1.8 0.0850.17
2.4 —0.05+0.10
3.0 —0.34+0.17
34 —-0.13+0.12
4.3 —0.16+0.07
5.2 —0.02+0.11
0.30-0.40 0.343 2.0 0.300.34
2.6 0.0G6:0.18
3.3 —0.25+0.38
3.8 —0.12+0.24
5.0 —0.05+0.13
6.1 0.47£0.20
these wave functions are used to estimate magnetic moments F3He 1 p
. . . 2 3 2
and to extract the degree of polarization of the neutron in Al =— —< Lae— 2— ppAL, |, (60)
3He [84]. Furthermore, the determination of the neutron spin LI U S

structure function from a measurement e relies on an 3
understanding of the reaction mechanism for the virtual phowhereg? ,, g ,, andg;';’ are the spin structure functions of
ton absorption combined with the use of a realidtite wave ~ an effective free neutron, a free proton, afide, respec-
function. Detailed investigations of thHe inelastic spin tively. Similarly A7 ,, A}, and Aine are the photon-target
response functions versus that of a free neutron have beegymmetries for an effective free neutron, a free proton, and
carried out by three grou85-87. They examined the ef- 3He respectively. The studies yield,=(87+2)% and
fect of the Fermi motion of nucleons and their binding in pp=(—2.7+0.4)% for the polarizations of the neutron and
3He along with the study of the electromagnetic vertex usingproton in ®He due to theS, S’ and D states of the wave
the most realistic®He wave function. Consistent findings function [84,85. The calculations using the “exact®He
have been reached among these groups, and we summariggve function including the full treatment of Fermi motion
here those relevant to our experiment. and binding effects show negligible differences with the
In the deep inelastic region a neutron spin structure reahove approximation in the deep inelastic region. A precise
sponse and asymmetry can be extracted from thatHé  proton measurement is important to minimize the error on
using a procedure in whicB, S', andD states of the’He  the correction. We point out that our measurements have a
wave function are included, but no Fermi motion or bindingjower limit in missing masa\V? of 4 GeV?, already beyond

effects are introduced: the quasielastic and resonance region which were found to be
1 more sensitive to nuclear effedi’7].
3 . .
92,2:_(9126— 2Ppg§,2), (59) In this analysis WS have u§ed Egs. 59 and 60 to extragt the
Pn neutron asymmetrf; and spin-dependent structure function
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FIG. 25. A} vs x averaged over both spectrometers is shown.

FIG. 23. The neutron asymmet#}; vs x. The error bars are rhe error bars are statistical onigystematic errors are small in
statistical, with the enclosed region at the bottom representing thEomparisom

size of the systematic errors.
detailed contribution of every correction parameter to the

g}, where the proton asymmet&? and spin-dependent overall systematic uncertainty ok andg; at eachx point.
structure functiorg) used are those measured in experimenin order to extract the values @f; at one unique value of
E143[88]. The uncertainties in the measured proton result®Q?, we assumed that the asymme&y is Q2 independent
are taken into account in extracting the resultsgdn The  and usedA,=0, consistent with the study of tf@? depen-
relative impact on the overall error bars is small for xall dence of our data. From the two spectrometers and the three
bins. beam energies used in this experiment, we extraétpat

No further corrections due to possible final-state effectssix different values o2, Over this modest range @2 and
have been incorporated. Nevertheless, placing limits on poswithin the statistical errors, we find thaf is consistent with
sible contaminations from final state nuclear effects has beeeing independent d? as seen in Fig. 22 and enumerated
one of the significant motivations for measuring the neutronn Table XIII. This trend is confirmed by the recent precision
spin structure function with different nuclear targéi®., E143 result$89] on the proton and neutron in the equivalent
polarized deuterium andHe). Q? range. Figures 23 and 24 show the compiled results on

Results o7, g7, A3, andg; are presented in Tables IX Al(x) and xgf(x). Figure 25 presents the results for
and X. In Table IX the values af] are also given at constant AJ(X).
Qg = 2.0 (GeVl)?2. Table XI and Table Xl present the

VIl. NEUTRON FIRST MOMENT AND PHYSICS

IMPLICATIONS
0.02 : . '
L xq."(x) ' Integratingg’(x,Q2) over the measured range nfat a
oo | 9, | fixed value ofQ3 = 2 (GeV/)?, one obtains
) * E142 Q2=2(GeVrc) 2 # ‘
0.02 —— .
0.00
| ! | 3 Xg1n(x) * E142 Q% =2 (GeVic)? 1
0.01 | O E143 O =3 (GeVic)® .
-0.01 | + - I # J
| g o T
-0.02 | . -t E‘J :I: ’ ]
i ] -0.01 + + M -
-0.03 - . I + + + 1
I O, H e ] -0.02 - ]
-0.04 S 003 | )
. 1 1 b I .
0.01 0 . AR
X -0.04 e —
0.01 0.1 1
FIG. 24. The spin structure functiorg] evaluated at fixe@é X

= 2 (GeV/c)?. The error bars are statistical while the band at the
bottom represents the size of the systematic uncertaintie$. (1 FIG. 26. Comparison okg; between E142 and E143.
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TABLE XIV. Systematic uncertainties oRi}. The total uncertainty off] coming from systematics is
0.0060.

Py P, f Agre R F, AP Pp A 3He corr.

0.0012 0.0021 0.0024 0.0016 0.0021 0.0010 0.0009 0.0010 0.0032 0.0015

0.6 8 Here we assumed a Regge behavior upger 0.1 and
J 97(x,Q3)dx= >, gl(x;,Q3)Ax; used a weighted fit o§ to the lowest threa bins to reduce
003 =t the statistical uncertainties. The loxextrapolation yields

= —0.0284+0.0061 stap = 0.0059 sysh the result aQ*=2 (GeV/c)?,

(61) 0.03
f g7(x)dx= —0.0053+ 0.0053 (64)

whereAx; are the bin widths and thg} (x; ,QS) are evalu-

ated_using Eq(5_9). The first error is st_atistical_and the sec- in which we assign a 100% uncertainty to the extrapolation.
ond is systematic. The total systematic error is evaluated bﬁ one uses an alternative lowbehavior ofg? [94], namely
1 1

adding all contributions in quadrature, assuming they come , . X
from uncorrelated sources. Table XIV lists the dominantgl%aln(l/x)' and perform the exirapolation using only the

contributions to the total systematic error of the integral inloWeSt X bin data point, one obta|nsf8'°392(x)dx
Eq. (61). = —.0.012. The assigned error encompasses this resglt, sta-
Since the data are only measured over part of the intervdiStical errors on the low points and the result obtained
0<x<1, we must extrapolate in order to evaluate the inte-USing the r(])t.her boundary of the Regge intercept —0.5.
gral Tl[Q2=2 (GeVic)?] = [gl(x,Q2)dx over the full x Ou_r fit of g7 is also consistent with the lowresults from the
range. There are two regions to consider, large SPIN Muon Collaboratior(SMC) [95,96,93 over the mea-
(0.6<x=<1) and smalk (0=<x<0.03). For large, within a sured range within the statlstlczal uncertalntzles.
three constituent quark description of the nucleon, the as- 1he total neutron integral &°=2 (GeV/c)“ becomes the
sumption of single flavor dominance at higrand Q2 leads ~ SUm of the three integrals Eq&1), (62), and (64),
to the prediction thaf;—1 asx—1. This phenomenologi- L
cal result_ has also been derived fron_1 arguments b_ased on FTZJ g7(x)dx=—0.031+ 0.006 stap = 0.009 sys?.
perturbative QCD and a nonperturbative wave function de- 0
scribing the nucleof13,14. (65)
In order to evaluate this integral we assumed that for
x>0.6, Aj=0.5=0.5 and used th&} results from SLAC A comparison of the E142 data with those of E143]
[71] rather than NM{ 73] since it is based on data closer in and SMC[98] shows no significant disagreement, though
kinematic range to the present experiment. The error aghere is some interesting behavior. Figure 26 presents a
sighed toA; was chosen to cover all possible behaviors ofcomparison of x§ versusx for E142 and E143. The data
Al in this region including that of] suggested by the quark from both experiments are in reasonable agreement over the
counting rules[90] g}(x)=(1—x)°. We find for Q?>=2  measured range. The integrals over of g7 are
GeV?, I'!=—0.031* 0.00Gstad + 0.009sysh for E142 atQ? = 2
(GeVic)? and I'!=—0.037+0.008sta) +0.01sysh for
1 E143Q? = 3 (GeV/c)?. Figure 27 compares the spin struc-
fo 6g'{(X)dX= +0.003+0.003. (62)  ture function xg] extracted from SMC atQ? = 10
' (GeV/c)? and from E142. When the SMC and E142 neutron
_ ~ results are combined, the shape of the structure function is
For smallx one must rely heavily upon theory, especially interesting, with small negative results fg} over the range
noting that ifA;#0 asx—0, [g;dx—c. We assume the i,y covered by E142 followed by relatively large negative
Regge theory prediction for the behavior of the nucleen 4jyes at lowx measured by SMC just below the kinematic
name_lygl(x—>0)ocx “1 where the Regge intercept; can range accessible to E142. The behavior is a strong motivator
vary in the range-0.5<a,<0 [91,93, although there are ¢, f,t;re measurements at low The integrals ofy? over
no strong theoretical grounds for thes_e I|r_n|ts. In this regiony o midx range common to E142 and SMC differ, however,
dominated by the sea and gluon contributions to the nucleo y approximately two standard deviations. We extract

structure, it is thought that no difference should exist be-." n
’ ) g7(x)dx=—0.027+0.004stay=0.006sys) from the
tween the proton and neutron behavior. Therefore, we us 142 data over th range from 0.04 to 0.3, where the

#Eﬁc?i?)rzxvﬂri;gﬁg@ag gge prz\go#ié)zg\t,\c/); Csoprll?riéhrtlfg;ure statistical error bars are relatively small. We compare this
to the s inpstructure fuﬁctibﬁlinte.ral becomes result ' to the SMC result over the same range,
P 9 Jdl(x)dx=+0.007+0.015sta). Systematic errors are ne-
glected from the SMC data, since they are expected to be
Xg . . .
f g7(x)dx= X097 (Xo)- (63) small compared to the statistical uncertainty. We do not as-
o ! ! sign any special significance to the difference but point out



54 DEEP INELASTIC SCATTERING OF POLARIZED ... 6647

0.06 T T T TTTTT T T TTTTT T T TTTTT 0.3 I T I T

2 _ 2
* E142 02_2 (GeV/c)2 —  3rd order PQCD No corrections —
0.04 — o SMC Q“=2 (GeV/c) — corrections

- 7 0.2 —

. \ S
0.02 - — “'g
+ : |
R ~ 7 &
x | * =
© 0 ' I | 0.1 |- —
X Jr + # ( 0 E143 (p, d) A SMC (p, d)
I J‘] 7] ® E142 (He), E143 (p) A EMC (p), EMC (d)
-0.02 |- J‘J + o i )
- i . 0 | | \ | |
2 4 6 8 10
-0.04 — . 5 5
Q~ (GeV/c)
Zrrer 777 7777777777
-0.06 e e FIG. 28. Comparison of data fdt)—I'] using different experi-
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X rections and no higher twist corrections. The E142 results are at

Q?=3(GeV/c)? but have been shifted for clarity.

FIG. 27. Comparison okg; between E142 and SMC.

Cyr=—0.09+0.06 [22] in one case or
that it should not be ignored and needs to be monitored irC,;;=—0.015+0.02[100] in another. The sensitivity of the
future measurements where tQg of the measured data is result can be described by the change in sig€ip found
investigated. when the estimate is made using a bag m¢d6l]. There-

In order to test the Bjorken sum rule, the proton and thefore, an additional theoretical uncertainty equal in magnitude
neutron first moment§?! andT"| are evaluated at the same to the present size of the higher twist correction should be
Q2. The available experimental proton data span a differenincluded in the theoretical estimate of .
range ofQ?, making it necessary to evolve the proton or the We use the Bjorken sum rule with perturbative QCD cor-
neutron data to a common value ©f. rections up to third order inxg without higher twist term

Since our neutron results and the E143 proton re§88s  corrections to extract a value of; at Q=3 (GeV/c)? for
are at similarQ?, we combine the two to test the Bjorken polarized deep inelastic scattering,
sum rule. The E143 proton results reddfs=0.127+0.011
atQ? = 3 (GeV/c)?, while evolving the E142 neutron result aQ?=3 (GeVic)?]=0.4083oé2. (67)

to Q% = 3 (GeV/c)?, we find I'}=—0.0330.011. These _ _ _ _ .
If we consider the higher twist correctionskE&’ and choose

results lead to the Bjorken integrall“ij( =TT
. p _~an average value and error ©f;r from the QCD sum rules,
=0.160+0.015 where correlations between the two experi- g br Q

S L 7P that isCyp= —0.10+=0.05, we find
ments, primarily from the beam polarization determination,
have been taken into account. 2 2 0.098
. . . - =3 (GeV/c)?]=0.312"593. 68
There is agreement with the Bjorken sum rule prediction sl Q ( ] 0.130 (68)

I'Y=0.176+0.008 using Eq(11) from Sec. Il A. Assuming  Both results(with or without a higher twist correctiorfor

three flavors and choosing afQ?=3 (GeVl)?]  a are in agreement with the world avera@s].

=0.32+0.05[99]. Figure 28 shows tests of the Bjorken sum  For the Ellis-Jaffe sum rule test, we compare at the

rule from different experiments. The present determination isiverageQ? of the experiment, namerQﬁ:Z (GeVic)2.

the most accurate test of the Bjorken sum rule to date. From Eq. (12, and using as=0.35-0.05 and

We can rewrite the Bjorken sum rule including the highergr —p=0.58+0.12, we obtain the theoretical value of

twist contributions and extract a value fag. I']=—0.016+0.016 where the error on the result is domi-

nated by the error on the quantityfF3-D. We see that the

Bi—ig.| 1— a(Q?) 35 a5(Q% 2_20 “s(QZ))3 Ellis-Jaffe sum rule is one standard deviation away from the
50a ' iy ' T experimental result, and the experimental result is consistent
with the results of E143 and SMC.
+} Chr (66) Higher order perturbative QCD corrections to this sum
6 Q7 rule have had a significant impact on the interpretation of the

experimental results. For th@? at which the SLAC experi-
where Cr is the higher twist contribution to the Bjorken ment E142 is performed, these corrections are quite large. At
sum rule. Recent estimates ©f;; show that it is very model this time, these corrections have been given up to third order
dependent. For example, using QCD sum rules methods sein the expansion ofx,(Q?). For example, at the average
eral authors have evaluate€,; and found it to be Q2 of the E142 experimeni2 (GeV/c)?], the corrections
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TABLE XV. Total quark flavor contributions to the nucleon’s spin using a conservative uncertainty on
F/D as described in the text.

Au Ad As A3 Q%= 2 (GeVic)?
0.87=0.04 —0.39+0.04 —0.05+0.06 0.43:0.12

Au Ad As Ay Invariant quantities
0.86+0.04 —0.40+0.04 —0.06+0.06 0.39:0.11

change the Ellis-Jaffe sum rule prediction for the neutrorresults are in agreement with an extraction of the neutron
from —0.020 (without correctionsto —0.011 (with correc-  spin structure function from the deuteron as performed by
tions), assuming a value at,=0.35. SLAC experiment E143. We see no dependenceQn

Using I'} experimental results and the same values fomwithin the limited precision of the data sample. In addition,
ga and & —D as earlier, one can extract a value for the totalwe present results oA5(x) which are compatible with zero
quark spin contribution to the nucleon using the E142 rexng significantly better than the unitarity limit given kR
sults, A3 [2 (GeV/c)°]=0.43+ 0.12 and similarly, we can i, the range fromx of 0.03 tox of 0.3. TheAj(x) results,
extract thez fraction of polarized strang(_-:' sea contribufian however, are less precise than what one could extract from
(2 GeVic)* = —0.05+0.06. We also findA%;,,=0.39 = the E143 proton and deuteron data.

0.11 with the corresponding fraction of polarized strange sea From our measurement we proceed to extract the first

contributionAs;,, = —0.06=0.06. Table XV gives the total n n . :
quark flavors contributions to the nucleon’s spin using EqMement ofg;, namely fg;(x)dx. Slr:]ce our asymmetries
(12) in one case and Eq15) in the other assuming a con- OVer the measured region are smﬁtl;l(x)dx_ is small. We
servative uncertainty of/D. The uncertainty on the deter- proceed to use the results for the neutron integral to extract
mination of As is still large even when we take a more the quark flavor distributionsAu, Ad, As, and AY with
optimistic uncertainty on the value d¥/D. For F/D = some caveats. In our extraction of thgintegral, we assume
0.576+ 0.059 as quoted by Close and Rob¢®2|, and using  that one can do a Regge theory extrapolation of the contri-
Eq. (15) we find As= —0.06+0.04 while the uncertainty on bution to the integral betweenof 0 and the lowest values of
the other quark flavors contributions remains the sgsee X measured in the experiment. The implications of this fit are
Table XVI). that the integral contribution at low is itself small. On the
Including the higher order perturbative QCD corrections,other hand, recent data from the SMC collaboration appears
this result is in agreement with the extractionAdf from the  to indicate that there may be a large negative contribution to
E143 (AY;,,=0.30£0.06) and SMC A3, =0.20+0.11) the neutron integral in the range below where we measure.
experiments[97,98. Care must be taken when comparing If this is true, then the assumption of Regge behavior up to
these numbers since different authors make different asx of approximately 0.1 underestimates the neutron contribu-
sumption in extracting\S from their data. In addition, the tion at lowx. A major motivator for future measurements of
good agreement does depend on the validity of the perturb&pin structure functions at either higher energies or with
tive QCD corrections in the lowQ? region and the estimated higher precision comes from studying the spin structure

small size of the higher twist corrections. functions at loweix. With the Regge theory assumption, we
extract a value ofAY, the total quark contribution to the
VIIl. CONCLUSIONS nucleon’s spin of approximately 40%. We note that this re-

sult has a sensitive dependence on higher order perturbative

We report final results on the first determination of theand nonperturbative QCD corrections. In addition, the result
neutron spin structure function using a polarizétle  depends on the scale at whidlX is evaluated and the num-
nucleus. Over the kinematic range accessible to the experber of quark flavors used in the evaluation, typically three or
ment, we find small negative asymmetries similar to the prefour. We can tune for different values &S ranging from
dictions from the quark parton modgl6,17. Within the  AS of 0.36 toAS, of 0.43 with different theoretical assump-
statistics of the experiment, we are not able to distinguishions.
any clear shape as a functionto the neutron spin asym-  We combine the proton results from experiment E143
metries, although significant deviations are expected, pafwvith the neutron results from this experiment to test the
ticularly at low and highx. For example, ax approaches Bjorken sum rule. Ignoring the unlikely possibility for large
unity, the neutron asymmetrt] is predicted to approach nonsinglet contributions to the proton and neutron integrals
unity. As x approaches zerd\] should approach zero. The at low x, this comparison still stands as the most precise test

TABLE XVI. Total quark flavor contributions to the nucleon’s spin using an uncertainty as quoted by
Close and Robert&see texk

Au Ad As Ay Invariant quantities

0.86-0.04 —0.40+0.04 —0.06x0.04 0.39:0.11
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of the Bjorken sum rule to date. We find that the sum rule iswith higher precision and investigations with an increasing
satisfied at the 10% level. attention to detail.

Future measurements of the proton and neutron spin
structure functions will increase the kinematic coverage, par- ACKNOWLEDGMENTS
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