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Chapter 1

In tro duction

\What doesmatter consistof?" is one of the most ancient and fundamental ques-

tions. It is more than just a merecuriosity; onehopesthat the myriad phenomena

around us and thousandsof empirical laws governing them can be reduced to a

few basic constituents and the rules of their interaction. This was the basisof the

determinism of the XVI I century { an attitude that claimed that everything was

calculableand predictable. The XX century, with establishingof probabilistic na-

ture of the microscopicworld, with discovery of deterministic chaos,and with the

realization of the enormouscomputational di±culties that may arise in application

of simple theoriesto practice, has shattered this optimism. Still, there is no doubt

that understandingthe primary constituents of matter will shedlight on the most

exciting and challengingpuzzlesof the modern science.

During the last two centuries sciencehas made a lot of progressin this di-

rection. It has beenknown for more than a century that ordinary matter is made

of atoms. It has also been known since Rutherford's famous experiment in 1911
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that an atom consistsof a heavy nucleus surrounded by light electrons. Further

experiments that followed in 1920-sand 1930-srevealedthat nuclei, in their turn,

are comprisedof protons and neutrons, two particles similar in massand strong

interaction properties, but di®ering in electric charge and magnetic moment. And

¯nally , vast experimental evidencestarting with the hard scattering experiments of

1960-shas convinced the scienti¯c community that nucleons(as well as all other

strongly interacting particles) consist of point-lik e quarks interacting by meansof

gluon exchange,even though quarks have never beenobserved directly.

The answer to the next important question, how matter is made, i.e. how

the elementary constituents interact strongly with each other, is to be given by

quantum chromodynamics(QCD). Even though the QCD Lagrangian is known, it

is very hard to solve it becauseof the extreme nonlinearity of the problem1. The

only method which allows model-independent QCD calculations to be made from

¯rst principles, so-calledlattice QCD, hasonly recently producedpromising results.

A more practical approach to the problems of physics of strong interactions is to

construct models that emphasizethe most important aspects of QCD, and to test

them by confronting them with the data.

Much about the electromagneticstructure of the nucleonscan be learnedby

probing them with virtual photons in electron-nucleonscattering. In particular, it

1At high momentum transfers the asymptotic freedom of QCD (i.e. weakening of the strong
interaction due to screeningof the color charge at Q2 ! 1 ) allows to solve it perturbativ ely.
Theseresults are often accurate only to logarithmic corrections and it is not always clear at what
Q2 the asymptotic behavior sets in.
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givesaccessto electromagneticform factors of the nucleon (EMFFN). Theseform

factors not only provide a testing ground for QCD-inspired models, but also are

important in many areasof particle and nuclear physics, including nuclear charge

radii, parity-violating experiments, and many others.

Of the four elastic form factors of the nucleon, the charge form factor of the

neutron Gn
E is perhapsthe most intriguing one. If the SU(6) spin-°avor symmetry of

QCD wereexact, this quantit y would vanish at all momentum transfers. Therefore

the non-zeroexperimental valuesof Gn
E are a clear signature of dynamical SU(6)-

breaking e®ects2, and thus by studying Gn
E we can achieve a better understanding

of spin-dependent interactions betweenthe quarks.

At the sametime, Gn
E has proven to be the most elusive form factor to mea-

sure. The reasonfor that is fourfold: ¯rst, since there is no free neutron target,

experiments on neutron form factors inevitably involve model-dependent nuclear

corrections. Second,since neutrons do not carry electric charge, they are much

harder to detect than the protons. Third, time-of-°ight momentum measurements

for the neutron are usually lessaccuratethe magnetic spectrometermeasurements

for the proton. Fourth, due to its small magnitude, the electric form factor is com-

pletely overshadowed by a much larger contribution from the magnetic form factor

in the crosssection,at least at experimentally accessibleQ2.

Therefore, the large theoretical demand for the accurate information on Gn
E

2Recently it has been shown [1] that kinematic SU(6) breaking via Melosh rotations can be
important, too. However, the value of Gn

E cannot be explained by relativistic e®ectsalone.
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(especially at high Q2) is far from being satis¯ed. A number of new-generation

experiments on Gn
E employing spin degreesof freedomare currently underway, re-

cently completed,or expectedto run in near future. Theseexperiments, being less

susceptibleto the model dependenceand various systematicerrors than traditional

cross-sectionmeasurements, are bringing our knowledgeof Gn
E to a new level. The

experiment described here is a part of this experimental program.

The rest of the dissertation is organizedasfollows: in the next chapter (Chap-

ter 2) we will present the de¯nition and interpretation of the elastic form factors. In

Chapter 3 we will discusspreviousmeasurements of the neutron chargeform factor.

As the last preparation for the discussionof the experiment, we introducethe basics

of polarizedelectron-deuteronscattering in Chapter 4. Chapters5-10deal with the

experimental details; Chapter 5 describes the experimental setup, Chapter 6 de-

scribesthe software usedin the data analysis,and Chapter 7 is devoted to the data

analysisitself and its results. In Chapter 8 we will reviewvarioustheoretical models

and calculations on the subject. Chapter 9 discussesthe implications of our and

other recent experimental results for the electromagneticstructure of the nucleon.

The summary and the outlook are given in the Chapter 10.
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Chapter 2

Basic concepts and de¯nitions

2.1 Nucleon form factors

Let us considerelectron-nucleon scattering. Since the electromagneticinteraction

is relatively weak (the electromagneticcoupling constant ® ¿ 1), it can be treated

perturbatively. In terms of Feynmandiagrams,rapid convergenceof the perturba-

tion seriesmeansthat the contribution of the one-virtual-photon-exchangediagram

(seeFigure 2.1) dominates1. In this approximation, the invariant matrix element

becomes[2]

M =
4¼®
Q2

h~kf ¸ f jj e
¹ j~ki ¸ i ih~pf sf jj N

¹ j~pi si i (2.1)

where® = 1=137 is the ¯ne structure constant, Q2 = ¡ q¹ q¹ is the four-momentum

transfer squared, ki;f and ¸ i;f are the momentum and helicity of the initial and

the ¯nal state of the electron, pi;f and si;f denote the initial and ¯nal spin and

1The discrepancy between Gp
E =Gp

M measurements via Rosenbluth separation and with recoil
polarimetry have causedsome concern with about validit y of this approximation. Seealso the
footnote on page157.
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Figure 2.1: One-photon-exchangediagram for electron-nucleonscattering.

momentum of the struck nucleon, and j A
¹ is the current operator for the particle

A = f e;N g. It is convenient to introduce lepton and nucleonresponsetensorsas

´ A
¹º = NA hj A

¹ j Ay
º i (2.2)

whereNA is a constant normalization factor (2m2
e for the electronand 1=(2m2

N ) for

the nucleon)and anglebracketsdenoteaveragingover the initial statesand summing

over the ¯nal states.

For the electron the unpolarizedcurrent is given by

h~kf ¸ f jj e
¹ j~ki ¸ i i = ¹uf ° ¹ ui : (2.3)

Using (2.3), spinor normalization relations and trace theoremsit is straightforward
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to calculate the leptonic tensor for unobserved helicities to be

´ e
¹º = 2(ki¹ kf º + kf ¹ kiº ¡ ki kf g¹º ); (2.4)

wherethe electronmasshasbeenneglected.

Let us now turn to the electromagneticcurrent of the nucleon. If the nucleon

were a point-lik e particle then we would obtain (2.3) for the nucleon current and

eventually the famousMott formula (2.7) for the scattering cross-section.However,

asindicated by anomalousmagneticmoments of the neutron and the proton, the nu-

cleonhasadditional electromagneticstructure. This structure can be parametrized

in terms of form factors Fi (Q2) such that

j N
¹ = e¹u(~pf )[° ¹ F1 + (·= 2mN )F2i¾¹º qº + q¹ F3

+ ° ¹ °5F4 + q¹ °5F5 ]u(~pi ); (2.5)

where· and mN are the anomalousmagneticmoment and the massof the nucleon,

correspondingly. Parity and current conservation rule out terms with F3, F4 and F5,

and the remaining terms result in the following expressionfor the electron-nucleon

scattering cross-section:

d¾
d­ lab

= ¾M ott f r ec

· µ
F 2

1 +
· 2Q2

4m2
N

F 2
2

¶
+

Q2

2m2
N

(F1 + ·F 2)2tan2 µ
2

¸
; (2.6)
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where

¾M ott =
®2cos2(µ=2)
4E 2

i sin4(µ=2)
(2.7)

is the cross-sectionof scattering from a point-lik e particle, µ is the scattering angle,

E i;f is the initial and ¯nal energy of the electron, and f r ec = E f =Ei is a recoil

factor.

The functions F1(Q2) and F2(Q2) areknown asDirac and Pauli form factorsof

the nucleon. For practical purposesit is moreconvenient to uselinear combinations

of F1(Q2) and F2(Q2) (so called Sachs form factors), which do not give rise to an

interferenceterm in the expressionfor the cross-section:

GE (Q2) = F1(Q2) ¡ ¿·F 2(Q2) (2.8)

GM (Q2) = F1(Q2) + ·F 2(Q2); (2.9)

where¿ = Q2=4mN is a kinematic factor. Rewritten in terms of Sachs form factors

formula (2.6) becomesthe famousRosenbluth formula:

d¾
d­

= ¾M ott f r ec

·
G2

E (Q2) + ¿G2
M (Q2)

1 + ¿
+ 2¿G2

M (Q2)tan2 µ
2

¸
: (2.10)
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Finally, oneoften usesisotopic form factors of the nucleon:

GI S
E ;M =

1
2

(Gp
E ;M + Gn

E ;M ) (2.11)

GI V
E ;M =

1
2

(Gp
E ;M ¡ Gn

E ;M ); (2.12)

whereGI V
E ;M and GI S

E ;M are the isovector and isoscalarform factors, correspondingly.

2.2 Charge and magnetization densities

In order to understandthe physicalmeaningof the EMFFN, let usconsiderclassical

electromagnetism.For instance,the di®raction pattern from an object with a non-

trivial shape di®ersfrom that for a point-lik e obstacleby a factor which describes

the shape or form of the object (a form-factor ). The classicalform-factor is just

the Fourier transform of the optical density of the object (one often says that the

di®raction pattern is a spatial Fourier transform of the object).

As we shall presently see,in quantum mechanics there exists a very similar

relation between the charge form factor and the spatial charge density. However,

in the relativistic case,in generalthere is more than one form factor: for example,

for the nucleons,as we have already seen,there are two. This is due to the purely

relativistic phenomenonof spin. In general,the electromagneticstructure of a spin-j

object has to be described by 2j + 1 form factors associated with it.

To clarify the meaningof the EMFFN let us considerelectron-nucleonscatter-
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ing in the so-calledBreit (or \bric k wall") frame, de¯ned by the requirement that

the momenta of the incident and the scatteredelectronhave equalmagnitudesand

oppositedirections. In this frame, there is no energytransfer and thereforeQ2 = q2.

With this, the matrix elements of the electromagneticcurrent in the Breit frame

simplify to [3]:

h~q=2; sf jj N
0 j ¡ ~q=2; si i = 2M GE (q2)±sf ;si ;

h~q=2; sf j~j N j ¡ ~q=2; si i = 2M GM (q2) Ây
f i~¾£ ~qÂi ; (2.13)

whereÂi;f are initial and ¯nal state spinorsof the nucleon. Equations 2.13 can be

usedto show that GE is related to a closeanalogof the classicalchargedensity ½(~r )

by [4]

½(~r ) =
Z

d3q
(2¼)3

e¡ i ~q~r M
E(~q)

GE (q2); (2.14)

where E(~q) is the neutron energy in the Breit frame de¯ned by ~q. A similar rela-

tionship canbe written for the magnetizationdensity and the magneticform factor.

One should be cautioned,however, that the interpretation of the chargeform

factor of the neutron asa measureof the chargedensity distribution is non-relativistic.

In reality the physical meaningof the Gn
E is obscuredby relativistic e®ects,because

oneneedsto boost the chargedensity (2.14) from the Breit frameto the rest frameof

the neutron, and the boost is interaction-dependent in the instant form formulation.

Somedi±culties canbe circumvented by using light-coneor point-form formu-
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Figure 2.2: Nucleonchargeand magnetizationdensities.

lations, whereboost generatorsarekinematical. However, on the fundamental level,

the problem in the interpretation of form factors is due to the fact that EMFFN

are de¯ned via transition matrix elements betweenstates with di®erent momenta,

and therefore are related to transition (rather than rest frame) charge and mag-

netization densities. Kelly [5] has studied various relativistic prescriptions for the

density extraction recently usedin the literature. He found that all of them can be

represented in the form:

~½ch(k) = GE (Q2)(1 + ¿)¸ E (2.15)

¹ ~½m (k) = GM (Q2)(1 + ¿)¸ M ; (2.16)

wherethe intrinsic form factors ~½(k) are related to the densitiesby a usual Fourier

11



transform

~½(k) =
2
¼

Z 1

0
dr r 2j 0(kr )½(r ); (2.17)

and k is the intrinsic spatial frequencyde¯ned as

k2 =
Q2

1 + ¿
: (2.18)

The choice of parameters¸ E and ¸ M is determined by the model: soliton models

of Ji [6] and Holzwarth [7] use ¸ E = 0 and ¸ M = 1, and the cluster models of

Licht and Pignamenta [8] and that of Mitra and Kumari [9] use¸ E = ¸ M = 1 and

¸ E = ¸ M = 2, correspondingly. The form factor data were ¯tted using complete

setsof functions. Two expansionswereconsidered,Fourier-Besselexpansion(FBE)

and Laguerre-Gaussianexpansion(LGE). The paper is focusedon the case¸ E =

¸ M = 2 (which ensurescorrect asymptotic behaviour of the ¯ts), but other choices

of parameterswere also studied. As expected, it has been found that the results

are practically independent of the choice of the expansionbasis. The choice of

parameters¸ E and ¸ M only a®ectedthe details of the density distributions, while

all essential featureswere independent of the model. The results of this study are

shown in Figure 2.2. The extracted densitiesare rather \soft", in contrast to the

resultsof non-relativistic inversions,which producean unphysicalcuspat the origin.

Suppressionof the cuspis a result of a high k constraint ½(k) . ½(km )k¡ 4 to get the

normalization right.
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2.3 Charge radius of the neutron

If one starts with the Fourier integral representation of the neutron charge form

factor

GE (Q2) =
Z

d3r½(r )e¡ i ~q~r ;

and then expandsboth sidesinto a Taylor seriesaroundq ! 0 (sincewe areworking

in the Breit frame, Q2 = q2 ! 0):

GE (Q2) = GE (0) + Q2 dGE (Q2)
dQ2

¯
¯
¯
¯
Q2=0

+ ::: = Q2 dGE (Q2)
dQ2

¯
¯
¯
¯
Q2=0

+ :::

e¡ i ~q¢~r = 1 ¡ i~q¢~r +
1
2

(i~q¢~r )2 + :::

and calculatesresulting integrals, it is straightforward to seethat the ¯rst two terms

on the right hand side vanish (¯rst one due to zero net chargeand the secondone

due to parity considerations),whereasfor the remaining terms onehas:

Q2 dGE

dQ2

¯
¯
¯
¯
Q2=0

=
Z

1
2

(iqr )2 cos2 µ ½(r )d3r = ¡
2¼
3

Q2
Z

r 4½(r )dr = ¡
1
6

Q2r 2
E n ;

(2.19)

wherer 2
E n is the neutron chargeradius r 2

E n =
R

r 2½(r )d3r . Cancellinga factor of Q2

and rearrangingthe terms we have for the neutron chargeradius

r 2
E n = ¡ 6

dGE

dQ2

¯
¯
¯
¯
Q2=0

: (2.20)
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If oneusesEquation 2.9 to expressthe r 2
E n in terms of Dirac and Pauli form factors,

onegets for Q2 ¼ 0

Gn
E ¼ ¡

1
6

r 2
E nQ2 = F n

1 ¡ · n
Q2

4m2
F n

2 ; (2.21)

and further, remembering that F n
2 (0) = 1 and · n = ¹ n , and introducing the radius

r1n associated with the Dirac form factor r 2
1n = ¡ 6dF1 (Q2 )

dQ2 ,

r 2
E n = r 2

1n +
3¹ n

2m2
: (2.22)

The secondterm in Equation 2.22 is known as the Foldy term and takes its origin

in so-calledzitterbewegung (jitter motion) of the nucleon. The value of the Foldy

term (¡ 0:126 fm2 [10]) is very closeto the experimental value of the chargeradius

(¡ 0:113§ 0:005 fm2), which madesometheorists believe that Gn
E doesnot describe

the rest frame charge distribution. However, Isgur [11] has shown that if some

simplifying assumptionsare made, this Foldy terms exactly cancelsagainst a term

coming from the Dirac form factor. The discussionwhether the Foldy term is

dominating Gn
E or it cancelsvia Isgur's cancellationmechanism, is still open.
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Chapter 3

Previous Gn
E exp erimen ts

3.1 Rosenbluth separation

One simple way of measuringnucleon form factors is suggestedby the Rosenbluth

formula (2.10): by measuringthe electron-nucleon scattering cross-sectionfor two

di®erent kinematics with commonQ2 one obtains two linear equationsfor squares

of the form factors. This approach has a simple graphical interpretation, with the

help of so-calledreducedcross-section

¾R =
d¾
d­

²(1 + ¿)
¾M ott

= G2
M (Q2) + (²=¿)G2

E (Q2);

where ² = [1 + 2(1 + ¿) tan2 µe=2]¡ 1 is the transversepolarization of the virtual

photon. If one plots ¾R versus² for a ¯xed Q2 (and therefore¿), then the slope of

the line is proportional to G2
E , while the intercept givesG2

M (seeFigure 3.1).

This technique can be applied directly to protons by using a hydrogentarget.

For the neutron, the simplest target available is deuteron. In the caseof quasifree
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¾R

²

G2
M

²
¿G2

E

scattering
forward

0 1

backward
scattering

Figure 3.1: Longitudinal-transverseseparation.

scattering the cross-sectionis, to a good approximation, an incoherent sum of scat-

tering cross-sectionsfrom individual nucleons1. The proton contribution has to be

either subtracted or eliminated by experimental means(for example,by making a

coincidencewith the knocked-out neutron or an anti -coincidencewith the knocked-

out proton), thus giving rise to additional systematicuncertainties.

Several such measurements weredonein 1960'sand1970's(see[2] for a review),

following the pioneeringwork by Hofstadter and collaborators [12]. The results are

1A discussionof validit y of the impulse approximation with application to polarized electron-
deuteron scattering can be found in 4.2.
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inconclusive and in most of the works the authors had obtained negative valuesof

(Gn
E )2 for one or more data points. In 1992 the Rosenbluth approach was again

applied to neutron form factors by Lung et al. [13]. Despite improvements in

the beam technology, their results su®erfrom very large uncertainties, and for the

higher-Q2 points the measuredvaluesof (Gn
E )2 wereagain found to be negative.

The reasonfor failure of the Rosenbluth method for the neutron is unfavorable

error propagation due to the dominanceof the Gn
M term in the cross-section.The

di±culties of the method are illustrated in Figure 3.1. Since(Gn
M )2 À (Gn

E )2 (at

least for experimentally accessiblekinematics), the ²=¿(Gn
E )2 term does not con-

tribute more than a few percent to ¾R (e.g. about 4% at Q2 = 1 (GeV=c)2). The

slopeof the Rosenbluth ¯t, beingalmostparallel to the abscissa,receivesa very large

error magni¯cation factor (a few percent error in the crosssectionwill translate into

a 200%uncertainty in (Gn
E )2).

Under theseconditions, an exact measurement of the slope of the Rosenbluth

plot requiresnot only high accuracyof the cross-sectionmeasurement for aswidely

separated² aspossible,but alsoa very tight control over contributions from many-

body currents.

A plot of bestRosenbluth resultsfor Gn
E is given in Figure 3.2. For comparison

with other data we will later present in this chapter, a commonly used Galster

parametrization is alsoplotted.
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Figure 3.2: Best Rosenbluth data for Gn
E . Symbols are: ¯lled squares[14], [15]. The

solid line is the standard Galster ¯t [16].

3.2 Unp olarized elastic e¡ d scattering

Sincethe deuteron is a spin-1 particle, the most generalform of conserved current

without parity and time-reversal violating terms involves three form factors: GE

(electric), GQ (quadrupole) and GM (magnetic). By introducing structure functions

A(Q2) and B(Q2) onecan bring the expressionfor the e¡ d scattering cross-section

into a form resembling the Rosenbluth formula:

d¾
d­

= ¾M ott f r ec[A(Q2) + B(Q2)tan2(µe=2)]: (3.1)
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The deuteron structure functions can be expressedin terms of the form factors of

the deuteron,as follows:

A(Q2) = G2
E (Q2) +

8
9

¿2G2
Q(Q2) +

2
3

¿G2
M (Q2) (3.2)

B(Q2) =
4
3

¿(1 + ¿)2G2
M (Q2); (3.3)

where¿ is a kinematic factor, ¿ = Q2=4MD . In the non-relativistic impulseapprox-

imation the deuteron quadrupole and charge form factors becomedirectly propor-

tional to the isoscalarcharge form factor Gs
E with the proportionalit y factors CE

and CQ known as "b ody form factors" or \structure integrals":

CE =
R1

0 [u2(r ) + w2(r )] j 0( 1
2qr )dz (3.4)

CQ = 3
¿

p
2

R1
0

h
u(r )w(r ) ¡ w2 (r )

2
p

2

i
j 2( 1

2qr )dr: (3.5)

Thesedependon the deuteronS- and D-wave functions u(r ) and w(r ) and therefore

introduce model-dependenceinto the method. The procedure for determining

Gn
E from the elastic e¡ d cross-sectionconsistsof a few steps:

² determining structure function A(Q2) using Rosenbluth separation

² subtracting from it the small contribution coming from GM n

² calculating the IA value of A(Q2) as Aexp(Q2) ¡ ¢ AM E C (Q2) ¡ ¢ A r el(Q2)

² picking an N ¡ N interaction potential and calculating structure integrals
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Figure 3.3: Elastic measurements of Gn
E , (a) { 1960-1980'sdata: triangles [16],

diamonds [17], stars [18], circles [19], squares[20], the solid line is the standard
Galster parametrization; (b) { 1990data of Platchkov et al. [21] extracted with the
Paris potential. Lines are ¯ts to the samedata extracted with Paris (solid), RSC
(dotted), Argonne (dash-dotted), Nijmegen(dash-dotted) potentials.
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² calculating the nucleonisoscalarform factor:

G2
I S(Q2) = A(Q2)=(C2

E (Q2) + C2
Q(Q2))

² choosing a parametrization for GEp and subtracting it from the isoscalarnu-

cleonform factor to get Gn
E .

First elasticmeasurements of Gn
E wereperformedin 1960'sat Q2 < 0:2 (GeV=c)2

at SLAC [17] and Orsay [18], [19]. In 1971the elasticdata on Gn
E hasbeenextended

to higher Q2 by a measurement at DESY by Galster et al. [16]. In a later work

by Simon et al. [20] the data were analyzedwith the inclusion of the e®ectsfrom

mesonexchangecurrents and isobar con¯gurations.

The most recent measurement of Gn
E using the above approach was carried

out by Platchkov et al. for Q2 up to 0:7 (GeV=c)2 [21]. The relativistic and MEC

e®ectsfor the kinematics covered were estimated to be of order of 10%, and were

correctedfor, with the systematic uncertainty due to this correction of about 5%.

Theseuncertainties resulted in an uncertainty of about 20%for the extracted value

of Gn
E . The results extracted with di®erent N ¡ N interaction potentials are shown

in Figure 3.3(b). The open circles correspond to the Paris potential. For clarity,

for the other potentials only the ¯ts to the extracted data points (not data points

themselves) are shown. As one can see,the model-dependenceof the results is of

order of 30¡ 40%.
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3.3 Hybrid analysis of the elastic e¡ d data

The extraction of Gn
E as described in the previoussectionrelies on the chargeand

the quadrupole form factors of the deuteron (after removing a small contribution

from the magnetic form factor to the crosssection). Recently it has been shown

that of the two form factors the quadrupole one has lesssensitivity to two-body

currents and the choiceof the N ¡ N potential [22]. Schiavilla and Sick have used

this fact to extract Gn
E using the quadrupole form factor GQ and the polarized

observable t20 (we call their approach a hybrid one since it usesboth polarized

and unpolarized data). In their analysis, they ¯rst ¯t the world data on the e ¡ d

elastic cross-sectionwith °exible parameterizationsfor the deuteron form factors,

and then extract Gn
E by comparing the theoretical predictions of the quadrupole

form factor with the experimental values. The theoretical prediction is the average

of ¯v e di®erent theoretical calculationsperformedwith di®erent N ¡ N interaction

potentials. For the proton form factors, the Hoehler parametrization [23] is used,

and Gn
E is taken in the Galster [16] form 2. A deviation of the theoretical prediction

from the experimental data is taken as an indication of deviation of the Gn
E from

the adopted parametrization, and the value of Gn
E is adjusted such that a perfect

agreement betweenthe theoretical and the experimental valuesof GQ is reached.

The extracted Gn
E values are shown in Figure 3.4. The error bars included

the spreadin theoretical predictions on GQ. One can seethat Sick and Schiavilla's

2To be more accurate, they useboth Galster and Hoehler parameterizations for Gn
E . However,

in the Q2 range of interest the two are very closeto each other.
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data roughly follow the Galster parameterization,although the error bars are fairly

large (since the points are correlated, they really represent an error band rather

than independent errors).
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Figure 3.4: Sick and Schiavilla's extraction of Gn . The solid line is the standard
Galster parametrization.

3.4 Polarized measuremen ts

To use spin degreesof freedom for determination of Gn
E was ¯rst suggestedby

Dombey [24] in late 1960's. The idea is that various polarization observables(es-

pecially beam-targetasymmetry and the recoil polarization) in e¡ d scattering are

sensitive to Gn
E . For instance, in plane wave impulse approximation (PWIA) the
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polarization transfer to the recoil nucleonis given by:

P x
eN = ¡ PB ¢

p
2¿²(1 ¡ ²)

²G2
E + ¿G2

M
¢GE GM (3.6)

P y
eN = 0 (3.7)

P z
eN = PB ¢

¿
p

1 ¡ ²2

²G2
E + ¿G2

M
G2

M ; (3.8)

wherePB is the beampolarization. A similar set of equationscan be written down

for the components of the spin-correlationvector in scattering from a polarizednu-

cleon3. However, it shouldbe mentioned that the formalism of polarization transfer

and polarized target scattering is only identical in one-photonapproximation. Two

photon exchangecontributions may in generala®ectthe results of the two methods

di®erently.

Polarizedexperiments o®erseveral important advantagesover traditional cross-

section-basedmeasurements, including reducedsusceptibility to experimental sys-

tematic errors (like neutron detector e±ciencies,etc.) and lower sensitivity to two-

body currents. Sincepolarized scattering experiments require high intensity polar-

izedbeamsin combination with either a polarizedtarget or a recoil polarimeter, the

¯rst such experiments did not occur until early 1990's,when technologicaladvances

madethem possible.

The ¯rst recoil polarization measurement of Gn
E wasperformedin early 1990's

at MIT-Bates [25] with a neutron polarimeter calibrated at Indiana University Cy-

3Scattering from a polarized deuterium target will be consideredin detail in Section 4.
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clotron Facility. Despite low statistical accuracy (due to low 0.8% duty factor of

the accelerator) that experiment was an important demonstration of feasibilty of

the method. Another measurement with this technique wasperformedat MAMI at

Q2 = 0:15and Q2 = 0:34 [26]. The most recent polarization transfer Gn
E experiment

was conductedat the Je®ersonLab at Q2 up to 1:45 [27]. Thesedata provide the

most accuratehigh-Q2 data on Gn
E to date.

Early Gn
E experiments employing the beam-targetasymmetry wereperformed

with the polarized 3H e target. In a 3H e nucleus,about 86% of the nuclear polar-

ization is carried by a neutron, and thereforeit can be usedas an e®ective neutron

target, as originally suggestedby Blankleider and Woloshyn [28]. From the exper-

imental point of view, 3H e is very convenient (high luminosity and small dilution

a®orda very good ¯gure-of-merit). On the other hand, sincea 3H e nucleusis more

complicatedthan a deuteron,unfolding nucleare®ectsbecomesa moredi±cult task.

The analysisof the ¯rst measurements with the 3H e polarizedtarget neglected

¯nal state interactions and thus resulted in Gn
E valuessigni¯cantly lower than other

polarized data [29],[30]. A later reanalysisof the data of [30] in [31] with inclusion

of the FSI has brought this data point into a better agreement with the results

obtainedwith other measurements. Another recent reanalysisof PWIA results from

[32] performedby Bermuth et al. [33] has also somewhatimproved the agreement

with the phenomenologicalGalster parametrization which is roughly followed by

other experimental points at this region.
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Sincethe polarizeddeuterontarget is usedin the experiment presented in this

dissertation,we shall devote the next chapter to explorethis method in detail. Only

two measurements have beentaken with this method in the past, oneof them being

the 1998run of the present experiment [34], which yieldedan accuratemeasurement

of Gn
E at this kinematics (Q2 = 0:5) at that time. In an earlier experiment at

NIKHEF [35] the technique was successfullytested for the ¯rst time at Q2 = 0:21.
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Figure 3.5: Polarized measurements of Gn
E . Recoil polarimetry data: open circles

[27], open square[25] and open stars [26]. Polarized 3H e data: ¯lled square[31],
¯lled circle [33] and ¯lled triangle [29]. Polarized d target: cross-hair [35] and
asterisk [34]. The solid line is the standard Galster parametrization.
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Chapter 4

Exp erimen tal technique

4.1 Polarized scattering from a free nucleon

In Section2.1 we have already consideredthe caseof unpolarized electron-nucleon

scattering. In the polarizedcasethe Rosenbluth cross-section(2.10) is modi¯ed to:

(
d¾
d­

)pol = (
d¾
d­

)unpol (1 + h ~AeN ¢ ~PT ); (4.1)

whereh is the beamhelicity, ~PT is the target polarization, ~AeN is the beam-target

asymmetry with components

Ax
eN = ¡

2
p

2M ½0
LT GE GM

½L (GE )2 + ½T (GM )2
(4.2)

Ay
eN = 0 (4.3)

Az
eN = ¡

½0
T (GM )2

½L (GE )2 + ½T (GM )2
; (4.4)
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and ½®, ½0
® (® = L; T; LT ) are elements of the virtual photon density matrix

which only depend on the kinematics and the target polarization angles µ¤, Á¤

(seeFigure 4.1). As ¯rst pointed by Dombey [24], the sensitivity of the asymmetry

(4.2)-(4.4) to the electric form factor can be usedfor experimental determination of

Gn
E . This sensitivity is maximizied for the caseof in-plane target polarization per-

pendicular to the momentum transfer, i.e. Á¤ = 0 and µ¤ = ¼=2. The beam-target

asymmetry then simpli¯es to:

AV
en =

¡ 2
p

¿(1 + ¿) tan(µe=2) GE GM

(GE )2 + ¿[1 + 2(1+ ¿) tan2(µe=2)](GM )2
: (4.5)

On the other hand, from the de¯nition (4.1) the asymmetry can be expressedin

terms of cross-sectionsfor di®erent helicities, ¾+ (for h = +1) and ¾¡ (for h = ¡ 1):

AV
en =

1
PB PT

¾+ ¡ ¾¡

¾+ + ¾¡
; (4.6)

wherewe addedbeampolarization PB to the denominatorto account for possibility

of PB < 100%. In the experiment, the cross-sections¾+ ;¡ are proportional to

detector yields N+ ;¡ , with proportionalit y factors that carry little or no helicity

dependence,i.e.

AV
en =

1
PB PT

N+ ¡ N¡

N+ + N¡
: (4.7)

Equations4.5and 4.7contain all information necessaryfor experimental determina-

tion of Gn
E by scattering polarizedelectronbeamo®a freepolarizednucleontarget.
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Figure 4.1: Polarized electron-nucleonscattering.

4.2 Deuteron target

The formalism of the previoussection is self-su±cient in caseof a proton. For the

neutron, however, the problem is the lack of a freeneutron target (unbound neutron

decays into a proton, an electron and an anti-neutrino with the lifetime of about

15 minutes). The best surrogatefor the neutron target is the deuteron.

In the impulse approximation (i.e. neglecting interactions between the nu-

cleons), the electron-deuteronscattering asymmetry AV
ed is equal to that of a free

neutron, AV
en (up to a correction factor ° due to the D-state admixture). However,

the relationship of the spin-dependent scattering cross-sectionto the asymmetry

becomesmore complicated,sincedeuteronpossessestensor asymmetry [36]:

(
d¾
d­

)pol = (
d¾
d­

)unpol
£
1 + hAe + PV AV

d + PT AT
d + h(PV AV

ed + PT AT
ed)

¤
; (4.8)

wherePV (T ) is the vector (tensor) polarization, Ae is the single-spinbeamasymme-
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try, AT
d is the single-spintensortarget asymmetry, and AT

ed is the tensorbeam-target

asymmetry. Fortunately, in the experiment, the events are normally sampledsym-

metrically in the azimuthal angle,and for this casethe contributions from Ae, AV
d

and AT
ed vanish. The remaining AT

d term is suppressedby low tensor polarization of

the deuteron.

Sincethe deuteron is a weakly bound system,the impulse approximation is a

reasonablē rst guess.However, for a precisemeasurement of Gn
E oneneedsto take

into account reaction mechanismslisted below.

Meson exchange curren ts (MEC) are due to the fact that the nucleonsin

the deuteron are interacting by mesonexchange. Thus, apart from the quasifree

scattering amplitude, there will be contributions from direct coupling to the elec-

tromagnetic current of the exchangedmeson.A few basicMEC diagramsare given

on the Fig.4.2.

Isobar curren ts (IC) arise from intermediate excitation of nucleon resonances

and from the resonancecomponent of the deuteron wavefunction. Unlike the free

case,the scattering from a resonant state cannot be discriminated versusscattering

from the ground-statecon¯guration sincethe pion, emitted in the resonancedecay

may be reabsorbed by the other nucleon.

Final state in teractions (FSI) may beimportant sincethe ¯nal state is a system

of two interacting nucleonsrather than two plane waves. To the leading order FSI
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a) b) c)

Figure 4.2: Mesonexchangecurrents: a) contact diagram,b) pion-in-°ight diagram,
c) pair diagram.

b)a)

Figure 4.3: Isobarcurrents: a) coupling to the resonancecomponent of the deuteron
wavefunction, b) excitation of the struck nucleonto an intermediateresonancestate.
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can be consideredas rescatteringof the struck nucleonby the residual nucleus(or

nucleon,in caseof the deuteron).

For this experiment relativistic calculations including all thesecontributions

wereperformedby H. ArenhÄovel [37] following formalismdevelopedby him andother

collaborators in [36], [38], [39]. The calculationswere carried out over a kinematic

grid representing our experimental acceptance(seeSection 6.5.2) for six di®erent

models: PWBA, N + MEC, N + MEC + IC, N + REL, PWBA + REL, N + MEC

+ IC + REL, where PWBA meansplane wave Born (or impulse) approximation,

N = PWBA + FSI, and REL means\relativistic e®ects".

In Figure 4.4 one can seethe sensitivity of the AV
ed to the charge form fac-

tor of the neutron (a) and interaction e®ectsand relativistic corrections(b). The

asymmetry is plotted versusthe angle betweenthe n ¡ p relative momentum and

the momentum transfer ~q in the deuteron center-of-massframe, µcm
np . The caseof

µcm
np = 180± correspondsto the quasifreekinematics, i.e. the struck neutron emitted

alongthe direction of the momentum transfer. The vertical linesin the Figure 4.4(b)

roughly correspond to the experimental acceptance.

As onecansee,at the quasifreekinematicsthe vector beam-targetasymmetry

is both sensitive to Gn
E and insensitive to many-body currents and relativistic e®ects,

which makesit ideal for measuringGn
E . In order to account for the variation of AV

ed

within the kinematical acceptance,it is necessaryto perform acceptanceaveraging

of the theoretical calculationsusing Monte Carlo simulations (seeSection6.5).
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Figure 4.4: The vector beam-target asymmetry AV
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np = 180± corresponds to the

quasifreekinematics.
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Chapter 5

Exp erimen tal setup

The experimental setup of the 2001 run of E93-026was very similar to that of

the 1998run, described in references[40] and [41]. The key elements of the setup

were the same: the High Momentum Spectrometer of Hall C, the UVa polarized

target, the custom built neutron detector and data acquisition (DAQ) electronics.

Important hardware changessince1998included:

² redesignof the neutron detector (addednew scintillators, changedthe layout,

addedvertical sticks for position calibration)

² minor upgradesof the target

² removal of the chicanemagnetBZ2 that wascausinghigh background in 1998

² DAQ systemwas recon¯gured to take data in an open-trigger mode.

In the remainder of this chapter we will brie°y review the main ingredients of the

experimental apparatus.
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5.1 Polarized electron beam

In this sectionwe will describe the elements responsiblefor producing, accelerating

and steeringthe polarizedelectronbeamaswell asbasicdevicesusedfor measuring

its properties.

5.1.1 Accelerator

The Je®ersonLab acceleratorwasdesignedto provide a highly polarizedcontinuous

wave electronbeamto three experimental halls simultaneously. Polarizedelectrons

areproducedby photo-emissionfrom a strainedgallium arsenidecathode. To ensure

simultaneousdelivery of the beam to the three physicshalls, the photo-cathode is

illuminated by three separatelaser systems. The electronsemitted by the three

lasersoperating at 499 MHz pulse frequencyare combined in a 1497MHz beam,

from which beamsto individual halls are extracted after acceleration.

The initial acceleration to 45 MeV takes places in the injector area. The

orientation of the electron spin in the injector (\injection angle") determinesthe

degreeof longitudinalit y of the electronpolarization after spinprecessionin magnetic

elements of arcsand beamlinesof the experimental halls. For each con¯guration of

polarization and energyin the three halls the injection angleneedsto be calculated

separately[42].

From the injector the beamis deliveredto the north linac, whereit is acceler-

35



Figure 5.1: Schematic view of the JLab accelerator(Figure by J. Grames).

ated in radio frequency(RF) cavities by 400 MeV 1. Then the beam goesthrough

the east recirculation arc to the south linac to be further acceleratedby 400 MeV.

Finally, the beam reaches the switchyard, where it can be either extracted to any

of the three experimental halls or steeredthrough the west arc for another passof

acceleration(up to ¯v e passesin total).

The helicity of the beam was pseudo-randomly°ipp ed with the frequencyof

30 Hz. The beam current asymmetry (BCA) was minimized with the use of an

asymmetry feedback system. The BCA was typically below 1000ppm. Other basic

properties of the CEBAF beamdelivered to the E93-026are listed in Table 5.1.

1This is the nominal value. For E93-026the linac gain was set to 569 MeV.
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Table 5.1: Basic beamproperties (for E93-026)

energy 3481MeV
relative energyspread < 10¡ 4

current 100nA
polarization 75%
repetition rate 499MHz/hall
bunch time width 330 fsec
transversesize 100¹m
emittance < 10¡ 9 m rad

5.1.2 Hall C beamline

Superharps

A superharp (a wire scanner)is a devicewhich provides a beampro¯le measure-

ment with a high precision(» 10 ¹m ). It consistsof a movable frame, two vertical

wires and one horizontal wire. The signalsfrom the wires in combination with the

position encoder readouts provide su±cient information for determination of the

beampro¯le. Superharpspermit the measurement of the beamenergyby using the

relation betweenthe ¯eld integral (calculatedusing the magnetic¯eld map) and the

de°ection angle (measuredwith superharps). The accuracyof this method is 10¡ 4

for relative energymeasurements and 10¡ 3 for absoluteones. Detailed information

on Hall C superharpscan be found in references[43] and [44].

Beam position monitors

The beamposition and incident angleweredeterminedby a seriesof beamposition

monitors (BPMs) located in Hall C arc and beamline. A BPM consistsof four

antennas rotated by 45± with respect to the vertical direction. When the beam
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Figure 5.2: Hall C beamlineelements [40].

passesthrough the beamline,each of the antennaspicks up the beam'sfundamental

frequency. The digitized signals from the antennas are then used to calculate the

center of gravit y in the BPM coordinates, from which the relative beamposition in

the beamline is calculated. The absoluteposition of BPMs was calibrated against

survey measurements. Details on BPM operation can be found in [45].

The beam position near the target was determined by a secondaryemission

monitor (SEM) [41]. SEM readingswere also usedto calibrate the beam position

versusthe slow raster current. The SEM and the BPMs provided an accuracyof

about 1 mm.

Beam curren t monitors

Beam current and total charge passingthrough the target were measuredwith

the use of beam current monitors (BCMs). Hall C is equipped with two BCMs.

The BCMs are RF cavities positionedcoaxially with the beamline. The RF cavities

serve ascylindrical waveguideswhosetransversemagneticmode TM 10 is excited by
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the beam'sfundamental frequency(1497MHz). The signal is then downconverted

in frequencyand sent to an rms-DC converter whoseoutput is proportional to the

beamcurrent.

During data taking, the performanceof BCM1 was unstable, and thus all

calculationsinvolving beamchargewerebasedon readingsfrom BCM2. Both BCMs

read10¡ 15 nA above zeroin the absenceof the beam. A software cut on the beam

current wasusedto prevent overestimationof the chargepassingthrough the target

dueto thesezeroreadings(seeSection6.2 for details). The calibration of BCMs was

performedusingthe injector Faraday cup. The accuracyof the BCMs wasestimated

to be 5% [46].

M¿ller polarimeter

The Hall C M¿ller polarimeter [47] provided high-precisionmeasurement of the

beampolarization. A schematic view of the polarimeter is shown in Figure 5.3.

system
laser

1.0m 7.85m

solenoid

collimator

Q1

beam

detectors

Q2

3.20m

target

Figure 5.3: Layout of the Hall C M¿ller polarimeter [47].

The 10¹ m iron target waspolarizedto 8% with a 4 T superconductingsolenoid.A

systemof movablecollimators in combination with a two-quadrupoleoptical system
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was usedto suppressMott background, providing a signal-to-noiseratio of 1000:1.

Recoiland scatteredelectronsweredetectedin two lead-glasscounters. A statistical

accuracyof about 1% could be obtained in about 20 minutes of measurement time.

5.1.3 Raster magnets

The electron beam was rastered over a 2.2 cm diameter with the Hall C raster

system. The purposeof beamrastering wasto ensureuniform distribution of target

polarization over the target faceto improve the accuracyof the NMR measurement.

The raster systemconsistsof the slow raster and the fast raster. Each raster sub-

system consistsof two magnetsdriving the beam in x and y directions, a power

resonanceloop and a raster pattern generator. The fast raster smearedthe beam

over a spot of dimensionsof 1 mm£ 1 mm while the slow raster generateda pseudo-

spiral pattern with the radius of 1.1 cm (seeFigure). The amplitude of slow raster

currents wasmodulated at 0.95Hz. To minimize inducedexperimental asymmetries

the frequencyof the modulation was synchronizedwith the beamhelicity °ip. The

shapeof the amplitude modulation waschosento approximate the A(t) =
p

R2
0 ¡ ®t

dependencefor which the beam charge deposited at raster radius r approximately

constant (seeFigure 5.4). The details of the Hall C raster systemcan be found in

references[40] and [48].
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(a) (b)

Figure 5.4: Rasteredbeam: (a) distribution over the target face,(b) radial pro¯le.
The straight line ¯tted to the radial distribution shows that the latter is approxi-
mately linear, i.e. the beamchargedeposited per unit area is roughly constant.

5.1.4 Chicane magnets

The polarizedtarget requiresa 5 Teslamagnetic¯eld for its normal operation. This

¯eld bends incident electrons down. To ensurenormal incidence of the electron

beamonto the target surfacea systemof two chicanemagnetswasused(seeFigure

5.5). A detailed description of the chicanesystemis given in [49]2.

5.2 Hall C High Momen tum Spectrometer

The High Momentum Spectrometer (HMS) is a standard piece of equipment of

TJNAF Hall C. The spectrometercanbe rotated about the target, providing a wide
2This description includes the BZ2 magnet which was not usedin the 2001run of E93-026.
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Figure 5.5: Chicanemagnets.The dimensionsand anglesshown on the picture are:
l1 = 4:84 m, l2 = 13:87 m, Á0 = 2:3±, Á1 = 0:8±, Á2 = 3:1.

range of measurablescattering angles. The basic subsystemsof the HMS include

the collimator system,the magneto-opticalsystemand the detectorpackagelocated

in a shieldedhut.

Two di®erent collimators can be installed in the HMS entrance: the octagonal

pion collimator was usedfor normal data taking, while the sieve slit was usedfor

spectrometer optics checkout. Three quadrupole magnetsand one dipole magnet

comprisedthe magneto-opticalsystemof the spectrometer. QuadrupolemagnetsQ1

and Q3 focusedrays in the dispersive direction, Q2 focusedtransverserays and the

dipole magnet provided a vertical bend of 25± into the detector hut. The detector

packageconsistedof two drift chambers for tracking, two setsof x-y hodoscopesfor

timing and forming the primary trigger, a gas ·Cerenkov detector and a lead glass
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Figure 5.6: Hall C High Momentum Spectrometer: (a) { entire spectrometer, (b) {
contents of the detector hut. Note that the calorimeter is tilted in order to prevent
lossof particles in gapsbetweenthe blocks.

shower counter for particle identi¯cation. The basiccharacteristicsof the HMS are

listed in Table 5.2.
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Table 5.2: HMS characteristics.

Maximum central momentum 7.4 GeV/c
Momentum resolution 0.04%
Solid angleacceptance 5.9 msr
Scattering angleresolution 0.8 mrad
Out-of-plane angleresolution 1.0 mrad
Extended target acceptance 15 cm
Vertex reconstructionaccuracy 5 mm¤

¤ Minimum value. In generalmomentum dependent.

5.3 Polarized target

The UVa cryogenicpolarizedtarget hasbeenusedin SLAC experiments E143,E155

and E155x prior to being used in E93-026and is documented in references[40],

[41], [50], [51]. The target was polarized using the dynamic nuclear polarization

(DNP) mechanism(seeAppendix A.1). This technique requiresthe target material

(15N D3) to be placed at a low temperature (about 1K) in a strong magnetic ¯eld

(5 Tesla). To transfer the electron polarization to the nuclei, the material must be

additionally radiated by the microwavepower. Further, the target polarization must

be continuously monitored. The main components of the target systemare shown

in Figure 5.7.

In the remainderof the sectionwe will describe each of thesecomponents.

5.3.1 Magnet

The 5 Teslasuperconductingmagnet was provided by Oxford Instruments. It con-

sistedof two setsof coils,approximately 50cm in outer diameterand approximately
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Figure 5.7: Main components of the UVa polarized target.

8 cm apart at the core (Figure 5.8). The shape of magnet was such that its parts

did not interfere with the acceptanceof the spectrometer and allowed taking data

in two orientations, perpendicular and parallel to the magnetic ¯eld. The magnet

produceda 5 T magnetic ¯eld uniform to 1 £ 10¡ 4 over the target cell volume and

stable to 1 £ 10¡ 6 per hour.

5.3.2 Refrigerator

The 4H e evaporation refrigerator was installed vertically along the center of the

magnet. Liquid helium for refrigerator operation was supplied from the magnet
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Figure 5.8: Target cryostat and magnet.

dewar through a short transfer line into a separator. The function of the separator

was to separatethe liquid and the gas phasesof helium and feed the liquid into

the target chamber either directly or through a systemof heat exchangers. Three

mechanical pumpsremoved up to 1:5¡ 2 Watts of heat deposited in target by beam

and microwave radiation.
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5.3.3 Insert

The insert carrying targets cells, microwave guidesand horns, NMR instrumenta-

tion, anneal heater and temperature sensorswas set along the central bore of the

target (seeFigure 5.9). The targets weretwo 15N D3 targets (\top" and \b ottom"),

carbon, empty cup and two holes,8 mm and 10 mm in diameter. A stepper motor

was used to move the insert in the vertical direction so that any target could be

placedin the beampath. Having two 15N D3 targets in the sameinsert reducedex-

periment downtime dueto restoration of material polarization propertiesafter beam

radiation damage(\target anneal"). The hole targets were used for target align-

ment. Data taken with empty and carbon targets was used to calibrate inclusive

simulations (seeSection6.4).

5.3.4 Micro waves

The microwave systemprovided photonsdriving the polarization-enhancingtransi-

tions. The microwave power was generatedby an Extended Interaction Oscillator

(EIO) tube at frequenciesaround the electron spin resonancefrequency(140 GHz)

and could be tuned in a range of 2 GHz. The exact choice of the frequencywas

determinedby the desiredsign of the polarization of the material. The microwaves

weredeliveredfrom the generatorto the microwavehorn in the target insert through

a waveguide.A horn switch allowed oneto choosewhich of the two N D 3 targets to

polarize. A changein the helium boil-o®wasusedto estimatethat about 1 Watt of
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Figure 5.9: Target laddercarrying target cells. The targetsare(from top to bottom):
top 15N D3 (the purple spot is due to the radiation damage),10 mm hole, 8 mm
hole (partially obscuredby the microwave horn of the bottom 15N D3 cell), bottom
15N D3, carbon and empty.

microwave out of 20 Watts generatedreached the target cell.

5.3.5 NMR and data acquisition

The target polarization was continuously measuredby the NMR technique (see

Appendix A.2). The NMR systemusedtwo copper-nickel coils, one for the bottom

target and onefor the top target. The signal from coilswassent through a ¸= 2 cable

to the Liverpool Q-meter. Calibration constants for the NMR signal wereprovided
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by a seriesof thermal equilibrium (TE) measurements. A target data acquisition

computerusedLabview interfaceto display onlinevaluesof the target polarization as

well asother critical parametersof the target system(temperature, helium pressure,

microwave frequencyand power etc.). The online target polarizationsserved mostly

for data taking guidance(the ¯gure of merit of the experiment dictates a minimum

polarization below which targets should be switched or annealed)and for a quick

online analysis. The actual target polarization numbers usedin calculation of the

AV
ed wereobtained in a full o²ine analysis(seeSection7.3 for details).

5.3.6 Target material

As the sourceof polarized deuteronsfrozen deuteratedammonia was chosen. This

choicewas determinedby high maximum polarization (up to 40%) and high radia-

tion damageresistanceof this material. Additionally , 15N D3, than the usual 14N D3

ammonia, was used, since in 14N both unpaired nucleon spins contribute to the

experimental asymmetries,whereasin 15N only the proton asymmetry is contami-

nated and needsa correction. The purities of the target material were 98%for the

nitrogen and 99%for the deuterium.

The target material was fabricated by shattering frozen ammonia and sifting

the crystals to obtain the fragments of the desiredsize (1-3 mm). Free paramag-

netic radicals neededby dynamic nuclear polarization were introduced by means

of irradiation in an electron beam. Of the seven batches of material used during
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Table 5.3: Averagepolarizations and total radiation dosesfor various targets.

positive polarization negative polarization
hPt i , % Qtot , C hPt i , % Qtot , C

stick 3 top +23.7 2:39¢10¡ 3 -21.3 1:25¢10¡ 2

stick 3 bottom +21.5 1:73¢10¡ 2 -19.3 1:94¢10¡ 2

stick 4 top +28.7 9:77¢10¡ 3 -24.4 1:90¢10¡ 2

stick 4 bottom +28.1 1:60¢10¡ 2 -24.2 1:81¢10¡ 2

the experiment, two were obtained by in situ cold (1.5 K) irradiation while the re-

maining ¯v e were\temp ered" (i.e. let warm until disappearanceof the purple color

createdby irradiation). It wasfound that the \temp ered" loadsof the material had

higher averagepolarization. [52].

Averagepolarization breakup by cell and material load is given in Table 5.3.

All four material batches given in the table have been prepared by \temp ering".

The overall averagewas+24.9% for positivepolarization and -22.4%for the negative

one. An averageradiation dosebetweenannealswas about 200£ 10¡ 14 electrons

(0.32 mC), which correspondsto about 9 hours of the beamtime with the nominal

current (100 nA). A typical anneal took about 1 hour and the temperatures were

about 100 K. The details on the target material performanceand preparation can

be found in [52] and [53].

5.4 Neutron detector

The neutron detector was assembled from plastic scintillators arranged in vertical

planes.The designof the neutron detectorwasdeterminedby optimizing the ¯gure-
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of-merit (FOM) within experimental constraints (number of available scintillators

and slots for neutron detector signals). The simulation for optimizing the neutron

detector FOM useddetector e±cienciescalculatedby KSUVAX program and verti-

cal distributions generatedby the customizedversionof MCEEP (seeSection6.5).

The detector layout as determined from thesesimulations is shown in Figure 5.10

and described below.

5.4.1 Con¯guration and position

The front two layersconsistedof 1 cm thick scintillators (called paddles) for tagging

charged particles. The bulk of the neutron detector was made up by three kinds

of scintillators called bars (seeTable 5.5(a)). The placement of bars was dictated

by considerationsof rates. Front planesand top counters tend to have higher rate,

therefore they were ¯lled with narrower bars. To improve the detection and iden-

ti¯cation of protons, the ¯rst paddle plane and the ¯rst bar plane were extended

vertically. In addition to paddlesand bars, two plastic scintillators (called sticks)

were included in the detector betweenthe third and fourth bar planesfor calibrat-

ing the horizontal position. A detailed description of the neutron detector layout is

given in Table 5.5(b).

Each scintillator had a photomultiplier tube (PMT) attached to each end.

The scintillator and the PMTs were connectedthrough BC-800 lightguides. The

mean of the left and right PMT TDC signals provided the time of the hit while
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Figure 5.10: The neutron detector.

the di®erencewasusedfor estimating the horizontal hit position. The two typesof

PMT tubesusedwere2 inch Phillips 2262(paddlesand 10cm bars) and Hamamatsu

R1250(15 cm bars). The scintillators with the attached PMTs wereheld by frames

mounted on a movable platform. From the direction of target the neutron detector

was protected from low-energy background by a lead shielding (with total lead

thicknessof 25mm beforecounters 1-14in paddleplane1 and 15mm beforecounters

15-27,counting from the bottom). Protection from the background comingfrom the

beamlinewas provided by concretewalls built around the neutron detector.
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Table 5.4: Neutron detector scintillators (a) and their layout (b).

type material crosssection length phototube qty
paddles BC-408 11 cm £ 1 cm 160cm Phillips 2262 44
10 cm bars BC-408 10 cm £ 10 cm 160cm Phillips 2262 48
15 cm bars BC-408 trapezoid¤ 160cm HamamatsuR1250 28
20 cm bars BC-408 trapezoid¤¤ 160cm HamamatsuR1250 28
sticks BC-408 2 cm £ 2 cm 200cm Phillips 2262 2

¤Top width 12 cm, bottom width 15.4cm, height 15 cm.
¤¤Top width 7.2 cm, bottom width 11.4cm, height 20 cm.

plane type of counters # of counters packing¤ height
1 paddles 27 0.5 cm overlap 61.2cm
2 paddles 17 0.5 cm overlap 61.2cm
3 10 cm bars 26 0.6 cm 66.7cm
4 10 cm bars 16 0.6 cm 67.7cm
5 20 cm bars 18 0.6 cm 65.7cm
6 10 cm & 15 cm bars 10+4 0.6 cm¤¤ 73.8cm
7 15 cm bars 12 0.6 cm 66.6cm
8 15 cm bars 12 0.6 cm 66.6cm

¤ Vertical distancebetweenadjacent counters.
¤¤ 1.6 cm betweenthe 15 cm and 20 cm bars.

The neutron detector was positioned so that the momentum transfer vector

pointed approximately into its center. That allowedto emphasizequasielasticevents

and improve the dilution factor. The front plane of the detector was placedat the

distanceof 595 cm from the target to allow a comfortable time-of-°ight separation

of 8 nanosecondsbetweengammasfrom delta electroproduction and nucleons.
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5.4.2 Gain monitoring

It is possiblefor the gainsof the PMTs to changeduring the experiment. They may

drift over a long period of time or they may sagdue to high rates in the detector.

It is thereforedesirableto monitor gainsof PMTs. The experiment E93-026useda

laserpulser for that purpose.

The nitrogen laserwas located in a specially designatedroom in the counting

house. The 337 nm UV light generatedby the laser was transformed by the scin-

tillator radiator into visible blue light (¸ » 400 nm). This light was transported

by an 80 m long 1 mm diameter silica ¯b er to the primary distribution box in the

experimental hall, wherethe signal wassplit 1:25. Outputs from this box werecon-

nectedto a 1:64splitter via a 10 m long 1 mm diameter silica ¯b er. Outputs from

the splitter werethen sent to both endsof the bars. The light output wasmonitored

by a PIN diode.

By comparingthe ADC of the lasersignal to its known intensity (300 ¹J per

pulse)it is possibleto monitor photomultiplier gainsand perform energycalibrations

of the neutron detector.

The laserpulser logic for E93-026is described in the next section. The details

on the design and implementation of the Hall C gain monitoring system can be

found in [54].
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5.4.3 Gain matc hing

The gains of bar PMTs were matched using cosmicsdata. A cosmicstrigger was

de¯ned as (OR of top detectors) AND (OR of bottom detectors). Additionally , in

the o²ine analysis the vertical acceptancewas restricted by requiring hits in four

consecutive bars. The gain matching procedureconsistedof taking cosmicsdata at

three di®erent high voltage(HV) settingsfor each PMT and then ¯tting the cosmics

peak versusHV. The new HV waschosensuch that the cosmicspeak wasobserved

in ADC channel 1100§ 100.

The paddles were gain matched using the beam. The bottom part of the

detector was calibrated with the target ¯eld turned o® becauseotherwise it does

not have enoughstatistics. The proton peakwasplacedin ADC channel1200§ 100.

The details of the gain matching procedurecan be found in [55].

The thresholds were set to 45 mV for bars and 60 mV for paddles. These

valueswereobtained by examination of ADC spectra (they werechosenso that the

low energybackground did not exceedthe height of the proton peak).

5.5 Electronics and data acquisition

In this sectionwe will considerthe data acquisition systemof the experiment. We

will start by overviewingthe electronicsfor variouscomponents of the experimental

setup. Then we will describe how the signalsfrom thesecomponents are combined
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together to form triggers. The sectionwill be concludedwith a brief description of

the event building procedure.

5.5.1 Electronics

HMS electronics

The HMS logic wasa standardone(see[56] for a detaileddescription). The electron

trigger was¯red by hodoscopes(a hit in 3 of 4 planeswasrequired for that). There

was no hardware pion rejection. The standard software cut required three or more

·Cerenkov photoelectrons.The signal from the shower counter was not used.

Neutron detector electronics

The neutron detector electronicssetup is shown in Figure 5.12. The PMT signals

were ampli¯ed by £ 10 Phillips 776 ampli¯ers. The ampli¯ers are 16 channel units

with individual o®setadjustments and two outputs. The o®setswere set to a neg-

ative value of 1-3 mV. It hasbeenexperimentally con¯rmed that inclusion of these

ampli¯ers did not degradethe timing resolution.

The linear signals from the ampli¯ers were sent to the counting houseelec-

tronics room wherethey were split 2/3 and 1/3. The 1/3 signal was sent to ADCs

through a delay unit while the 1/3 signal was fed to LeCroy leading edgediscrim-

inators. One of the two outputs of the discriminator went to a custom built logic

delay unit and then further to scalersand TDCs. The other output of the discrim-
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Figure 5.11: HMS trigger electronics. SCIN and STOF are elementary electron
triggers formed by hodoscope signals. ELLO, ELHI and ELREAL are advanced
electron triggers formed from SCIN, STOF, pion rejection and calorimeter signals.
In E93-026only SCIN electron trigger was used.

inator was sent to a LeCroy 4516logic unit wherecoincidencebetweenPMT pairs

was formed. The OR output of the LeCroy 4516module was ¯red whenever there

was a coincidencein one (or more) out of 16 pairs of PMTs. The signal from the

OR output supplied as input to a JLab custom built coincidencemodule to form a

coincidencewith the HMS PRETRIG (seethe next sectionfor data acquisition and
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Figure 5.12: Neutron detector electronics. \PP" means\P atch Panel", \S" stands
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trigger details).

The cosmicstriggerswereformedby signalsfrom the top and bottom detectors

of each plane. The signalswere OR'd separatelyfor top and bottom detectors. A

Level 1 cosmicstrigger was formed by an OR betweenthesetwo signals,while an

AND resulted in a Level 2 cosmicstrigger.
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Laser electronics

The laser trigger was formed by a coincidencebetweena photo diode and a photo-

tube (seeFigure 5.13).

LIN
FAN S

M11

N11

ADC

21,1,4(1) DISC TDC

DISC

21,1,11(3) 2/2

PIN diode

DISC
Laser PM

S: Splitter
21,1,6(4)

LASER
(to 8LM)

Figure 5.13: Laser trigger

Scalers

There werethree di®erent scalertypesusedin this experiment: asynchronousscaler,

helicity scalerand event scaler.

Asynchronous scalerswere mostly used for counting single rates of the de-

tectors. They were read out every two secondsand were not synchronized to the

helicity °ip frequency(thus the name asynchronous). The singlesrates from the

scalersweredisplayed online using the scalerserver and a Tcl graphic userinterface

(GUI), which allowed one to detect phototube problemsin a timely manner.

There werethree helicity gatedscalers:h+ for positive helicity, h- for negative

helicity and hboth for both helicity states (for consistencycheck). These scalers
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Figure 5.14: Helicity scalerelectronics. SclStr is the scalerclock signal issuedby
the helicity circuit during the PHT.

were generatedduring each period of helicity transition (PHT) by a signal from

the helicity electronics. Helicity gated scalerskept track of charge and dead time

separatelyfor the two di®erent helicity statesfor a proper normalization of the event

counts.

The event by event scalerwas read out each event (except for scalerevents)

and counted only clock and charge.

5.5.2 Triggers and events

In the 2001 run of E93-026 the data was taken in an open trigger mode. The

neutron detector signalswere read out and digitized for each HMS trigger, and all

coincidenceswere made in software. Hardware coincidenceelectronicsonly served

as a backup in caseof failure of the data acquisition system to run in a bu®ered

mode (which was necessaryfor open-trigger running). Since the bu®eredmode

running was successful,the hardware coincidencetriggers were never used during

the experiment.

For a typical beamcurrent of 100nA the HMS pretrigger rate wasabout 400Hz
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with a computer dead-timeof 4.5 %. The electronicsdead-timewas negligible (see

Subsection7.7.3).

Trigger logic

Pretriggers3 and triggers were formed by two Octal Logic Matrix elements (see

Figure 5.15) basedon signals from experimental subsystems(HMS and neutron

detector electronics) and DAQ signals generatedby the Trigger Supervisor (TS).

The DAQ signals are GO (indicates active DAQ system), EN1 (physics triggers

enabledafter taking pedestals)and BUSY (DAQ is processinga trigger and is not

open to any other triggers).

In addition to the two physicstriggers usedin this experiment (hms and cos-

mics), there was a number of auxiliary triggers generatedby DAQ, e.g. pedestal

triggers generatedin the beginningof each runs to determineADC pedestals.4

A pretrigger was ¯red by a signal from electronicsof the relevant subsystem

if the following conditions were ful¯lled:

1. DAQ was active (GO signal high)

2. pedestalshave already beentaken (EN1 signal high)5

3. helicity transition is not occurring (PHT signal low).

3The di®erencebetween pretriggers and triggers is due to the busy status of DAQ only. A
pretrigger makesa trigger if the BUSY signal is not present

4Other trigger types, such as laser, sos, coin (coincidence between SOS and HMS) or e*B
(coincidencebetween HMS and the neutron detector) were not used in the experiment and will
not be discussedhere.

5For a pedestalpretrigger the casemust be exactly the opposite, i.e. EN1 has to be low.
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Table 5.5: Outputs of 8LM #1 and #2.

8LM #1 output Signal Logic
Q0 HMS-pretrigger HMS&EN1&GO&(!PHT)
Q1 SOS-pretrigger SOS&EN1&GO&(!PHT)
Q2 COIN-pretrigger HMS&SOS&EN1&GO&(!PHT)
Q3 PED-pretrigger PED&GO&(!EN1)
Q4 HMS-trigger HMS&EN1&GO&(!PHT)&(!BUSY)
Q5 SOS-trigger SOS&EN1&GO&(!PHT)&(!BUSY)
Q6 COIN-trigger HMS&SOS&EN1&GO&(!PHT)&(!BUSY )
Q7 PED-trigger PED&GO&(!EN1)&(!BUSY)

8LM output #2 Signal Logic
Q0 e?B-pretrigger e?B&EN1&GO&(!PHT)
Q1 LASER-pretrigger LASER&EN1&GO&(!PHT)
Q2 COSMICS-pretrigger COSMICS&EN1&GO&(!PHT)
Q3 e?B-trigger e?B&EN1&GO&(!PHT)&(!BUSY)
Q4 LASER-trigger LASER&EN1&GO&(!PHT)&(!BUSY)
Q5 COSMICS-trigger COSMICS&EN1&GO&(!PHT)&(!BUSY)
Q6 SCALER-trigger SCALER&EN1&GO&(PHT)&
Q7 | |
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Figure 5.15: Trigger setup.

Forming a trigger required ful¯lling the sameconditions plus DAQ not being busy

processingthe previoussignal (BUSY signal low).

The outputs of the 8LM modules were fed to the TS. The TS was used to

determinethe trigger con¯guration (enabledtriggersandprescalefactors)depending

on the run type (main, cosmics,hms only or scalers).Trigger con¯gurations for this

experiment are shown in Table 5.6.

Table 5.6: TS input and con¯guration. Enabled triggers are indicated with checks.

TS input Trigger main cosmics hms scalers
1 HMS p p p

2 SOS
3 COIN
4 e?B p

5 LASER p p

6 COSMICS p

7 |
8 PED p p p

9-12 |
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EPICS

The important experimental quantities (magnet currents, target polarization etc.)

were monitored by the EPICS (for Experimental Physics and Industrial Control

Systems)system. The DAQ queried the EPICS databasefor thesevalues, formed

an EPICS event and injected the event into the data stream. This occurredon two

time scalesdependingon expectedstabilit y of queriedvariables: each 2 secondsfor

\fast" EPICS variablesand each 30 secondsfor \slow" EPICS variables.

Event formation

The DAQ system was controlled by CODA software [57]. When TS accepteda

trigger, it sent a signalto read-outcontrollers (ROCs)which causedreadoutof ADCs

and TDCs. The ADC and TDC data werecollectedby ROCsand storedin a bu®er,

from wherethey later forwarded to the Event Builder (EB). The EB assembled the

event fragments togetherand synchronizedthem by checking their numbers. In case

of a mismatch an error °ag was inserted into the data stream, which allowed the

analysissoftware to skip bad synchronization events (seeSection6.2). Finally, the

event was written to a hard drive. A background processcopiedcompletedruns to

a tape.
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Chapter 6

Analysis soft ware

This chapter describes software tools used in data analysis. It starts with an

overviewof the softwarecomponents and their interaction with each other. The next

sectioncontains a descriptionof the data-streampreprocessor(sync¯lter ). Then we

give an overview of the event analyzer1, focusingmainly on HMS and neutron de-

tector event reconstruction. The chapter is concludedwith two sectionsdevoted to

inclusive and coincidencesimulation packages.

6.1 Overview

The interaction of the softwareanalysistoolswith each other is shown in Figure 6.1.

The CODA data ¯les are analyzed with the event analyzer. In order to remove

synchronization errors from the data, the CODA ¯le is piped through the sync¯lter.

Additionally , sync¯lter reports provide dead-time correctedcharge for both helici-

ties. The event analyzerwrites reconstructedevents into a PAW-compatible ntuple

1Terms event analyzer (or simply analyzer) and analysis engine(or simply engine) refer to the
samecode.
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¯le. The experimental asymmetriesarecalculatedby the cut processor,whosefunc-

tion is to count quasi-elasticneutron events for both helicities from the ntuples,

calculate run-by-run asymmetriesand then asymmetry averages(by target mate-

rial, beamand target polarization sign etc.). Calculating asymmetriesrequiresthe

knowledgeof the dilution factor, which is suppliedby the coincidenceMonte Carlo.

The packing fraction for the dilution factor calculation is obtained using inclusive

simulations.

6.2 Sync¯lter

Historically, a needfor a data stream preprocessorcameabout due to the FastBus

synchronization problem (hence the name sync¯lter ). Later, a number of other

issues,such as non-zeroBCM readings,analysiscrashesdue to missingend-of-run

events, and computer dead-timecorrection, have comeup, and sync¯lter proved to

be the most convenient tool for solving them. Let us review di®erent aspects of

sync¯lter usagein more detail.

Synchronization errors During E-93026the DAQ systemusedseveralautonomous

crates for data processing,each of them having an independent internal event

counter. Matching of di®erent counters was checked every time a synchronization

event was generated(about every two seconds). In caseof a mismatch an error

event was generated,which indicated that all data during the last synchronization
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interval would have to be discarded.The error event followed the questionablepiece

of data in the data stream. However, the analyzerdoesnot have event memory, and

therefore cannot make use of an error warning issuedpost-factum. This problem

was solved using a data stream preprocessor,which accumulated input data in a

bu®er,and inverted the relative order of the error event and the data to which it

referred. In practice, synchronization errors occurred only in a few runs, and even

there the fraction of bad sync events did not exceedonepercent.

Missing end-of-run events In caseof a ROC crash during a run, the end-of-

run event is normally not inserted into the raw data ¯le, which in its turn made

replay enginecrashwithout producing any meaningful results. To prevent the loss

of thesedata (which are in most casesperfectly usable),sync¯lter wasusedto insert

¯ctitious end-of-runevents whenencountering an unexpectedendof the input data.

Low beam curren t The beamcurrent wasnot always stable. Low beamcurrent

often correlated with low beam quality. Additionally , the beam current monitors

exhibit signi¯cant non-linearity for I B E AM < 50 nA. Therefore,it hasbeendecided

to discard the low current (I B E AM < 50 nA) data with the useof the sync¯lter.

Computer dead-time Once the DAQ receives an event, it becomesunable to

processanother onefor a short period of time (normally, a few nanoseconds).Since

scalersaccumulate beamchargeregardlessto whetheror not the DAQ wasready for

taking data, event rates (and thereforemeasuredasymmetries)require a dead-time
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correction. In E93-026we usedsync¯lter to take care of this issueby ignoring the

beamchargeaccumulated during the busy status of the DAQ.

A detailed description of the sync¯lter can be found in [58].

6.3 Hall C repla y engine

The event analyzer for E93-026was basedon standard CSOFT packageof Hall C.

This software package includes a number of C libraries for processingCODA ¯les

and Fortran utilities for event reconstruction in Hall C spectrometers,HMS and

SOS.Hall C replay enginehas a run-time programming mechanism called CEBAF

Test Package(CTP) [59] to dynamically (i.e. without making changesto the source

code) modify:

² parametersusedby engine,such asdetectorcon¯guration, particle massesetc.

² cuts on both raw and analyzedevents

² output histograms(conditioned by cuts)

² format of output scaler¯les

The sourcecode of the analysisenginecan be broken down as follows:

Initialization section resets the counters, registers CTP variables, reads the

con¯guration ¯le, readsin detector decoding map, parametersdatabaseand TBPM
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thresholds from corresponding ¯les and opens the input data stream from a raw

CODA ¯le either directly or piped through the sync¯lter.

Non-ph ysics events pro cessing section extracts information stored in control

events, including spectrometersettings, target number, detector high voltages,run

start time etc., and checks synchronization status for sync events.

Physics events analysis section doesmost of the actual analysisjob. It begins

with calculating beam-relatedquantities (socalled\b eamreconstruction") and then

depending on the event type doesor skips HMS, neutron detector and coincidence

reconstructions.

Shut-do wn section saves epics, scaler, statistics and other output ¯les, closes

ntuples, writes out pedestal values, calculates new TDC o®setfrom laser pulser

events and writes the ¯nal summary.

6.3.1 HMS event reconstruction

HMS event reconstructioninvolved two steps: focal planereconstructionand target

quantities reconstruction. Focal plane reconstruction determines the coordinates

and slopes of the particle track in the spectrometer focal plane and passesthem

to the target reconstruction routine, which calculatestarget track quantities such
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as vertex coordinates, track slopes at the target and the relative deviation of the

particle momentum from the central momentum of the spectrometer,±H M S.

Focal plane reconstruction

Focal plane reconstruction decodes detector hits and calculates focal plane track

coordinates and slopes. All proceduresinvolved in this step are standard onesand

did not undergo any customization during E93-026(an outline of standard HMS

reconstruction as well as further referencescan be found at [40]). If a valid focal

plane track was found, then the algorithm proceedsto the next step:

Target quan tities reconstruction

SinceHMS optics is very well known, a standard reconstruction(i.e. no target ¯eld,

no beamrastering) can be doneby simply applying a non-linearmatrix transforma-

tion to the four focal plane quantities (coordinates x, y and slopesx0, y0) [60]. For

our experiment, however, the situation is more complicatedbecauseof curvature of

charged particle tracks by the target ¯eld and a large vertical beam o®setdue to

beamrastering. To correctly account for these,a doubly nestediterativ e approach

was adopted.

Reconstruction with a beam o®setbut without the target ¯eld can be done

through the following steps:

1. Do the standard reconstruction assumingno vertical o®set(X = 0) to get a
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¯rst guessof the target quantities.

2. Apply forward transport transformation to the target quantities assuming

X = 0. Repeat the forward transport transformation with the actual vertical

beam o®setX = X B E AM and calculate the changein focal planesquantities

due to the beamo®set.

3. Apply the focal plane correctionscalculated in the previous step and repeat

the backward reconstruction to get the next iteration values of the target

coordinates.

4. Repeat steps2-4 until di®erencebetweentwo consecutive iterations in ±H M S

is lessthan a pre-de¯ned value.

With the use of this procedureit is now possibleto correct for the e®ectof

the magnetic ¯eld as follows:

1. Apply the reconstruction procedure described above to the measuredfocal

plane quantities to obtain a ¯rst guessestimate of the virtual target coordi-

nates2.

2. Drift the electron to a ¯eld-free region, then track it back3 into the magnetic

¯eld to the intersection point with the incident beam. That gives the ¯rst

guessof the real target coordinates.
2Virtual target coordinates are de¯ned as a set of target coordinate that would result in the

samefocal plane quantities as the measuredonesif there were no magnetic ¯eld present.
3Tracking through the target ¯eld was doneby solving the di®erential equationsof motion in a

magnetic ¯eld using Runge-Kutta method.
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3. Calculate the correction for the virtual beamo®setand apply it.

4. Apply the beam-o®setreconstruction procedureto the corrected focal plane

quantities to get a better estimate for the virtual target coordinates

5. Drift the electronto the ¯eld-free region, then track it back to the intersection

point with the incident beam to get a better estimate for the real target

coordinates.

6. Repeat steps3-5 until the reconstructedvertical position in the beamplane is

equal to the actual onewithin a predeterminederror.

Normally, the algorithm convergedwithin 5 iterations. The events where conver-

genceis not achieved (which happenedin lessthan 0.1%of cases)werediscarded.

6.3.2 Neutron detector event reconstruction

The neutron detector reconstructioncan be structured as follows:

1. Singlehit analysis

2. Tracking

3. Particle identi¯cation.

All code pertaining to the neutron detector side analysis was combined into one

subroutine namedn reconstruction . The subroutine beginswith clearing all old

event data by calling n reset event . Then it ¯nds all hits with acceptableTDC
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valuesand calculatesraw TDC di®erences.After that, the event type is checked

and in caseof a laser pulser event the control is passedto special subroutines

(n analyze pindiode and n analyze laser event ). If the event is a physicsone,

the algorithm proceedsto proceduren time correct . This proceduresappliestim-

ing corrections, including event-to event path length, velocity di®erenceand pulse

height (walk) corrections. Having thus concludedanalyzing singlehits, the subrou-

tine then calculatesquantities neededby coincidencereconstruction(layer averages,

coincidencetime, and electronmomentum transfer in neutron detector coordinates)

and ¯nally doesthe tracking (ndet tracking ) and particle identi¯cation (ndet pid )

as described below.

Tracking

The neutron detector tracking routine ndet tracking combines single hits into

one or several tracks. In order to be assignedto the sametrack singlehits needto

have similar meantimes (within § 10 ns) and match the kinematic acceptance.

The main part of the routine consistsof two nestedloops: the outer oneloops

over all bars in all planes, looking for an unused hit to start a track with. The

inner loop checks unusedhits in subsequent layers; if a hit falls within the meantime

window and the line connectingthe tested hit with the last one on the track falls

within the kinematic acceptance,the hit is addedto the track and labeledas used.

After hits have beensorted into tracks, line regressionroutines are called to ¯t the

tracks to straight line. Finally, the routine calculatestrack slopesand checks for a
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Figure 6.2: A proton event in the neutron detector

¯red paddle on the track with energydeposited above minimum. Paddle hits play

a key role in the particle identi¯cation processoutlined in the next paragraph.

Individual trac k PID

The neutron detectortracking subroutinendet tracking starts by testing minimum

track energyand track coincidencetime requirements. If both tests are passed,the

routine determinesthe individual track PID by looking at paddle hits and at the
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Table 6.1: Event PID

PID code description frequency(%)
No track or bad track(s)

0 no track 7.9
-1 singlebad track 0.2
-2 oneproton and oneneutron track, neither used 5.4
-3 multiple tracks, all bad/non-proton 0.0

Good proton
1 oneproton track { alsousedfor individual tracks 11.9
2 only reasonabletrack is proton 0.02
3 better of 2 proton tracks { basedon µnq probability 1.9
4 better of 2 proton tracks { other hasbad Â2 0.02
5 better of 2 proton tracks { other hasbad time 0
8 best track of several is proton { µnq probability 0

Paddle track
9 paddle track 57.7

Good neutron
11 oneneutron 12.8
12 only reasonabletrack is neutron 0.1
13 better of 2 neutron tracks { basedon µnq probability 1.5
14 better of 2 neutron tracks { other hasbad Â2 0.1
15 better of 2 neutron tracks { other hasbad time 0

initial hit of the track (the one in the plane closest to the target). The scheme

of the PID algorithm is given in in Table 6.2. Most events are identi¯ed by ab-

sence(neutron) or presence(proton) of a paddle hit, but there are two important

exceptions:

² tracks started at the 1st bar plane4 at counter 17 or above are always labeled

as protons;

² tracks started at bar planes3-6 are always labeledas neutrons.

4i.e. 3rd detector plane (¯rst two planesare paddles)
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Table 6.2: Individual track PID

Track started at PID if
plane counter paddle hit no paddle hit

1 17-27 proton proton
1 1-16 proton neutron
2 any proton neutron

3-7 any neutron neutron

Track selection and PID °ags

For two-track events, the better track is found accordingto the algorithm described

below:

² check track PIDs; if samenucleons,proceed,otherwise,discard both tracks;

² check track Â2 (if exactly onetrack fails the Â2 check, pick the remainingtrack;

otherwise,proceedwith other checks)

² check track time (in the samefashionas above)

² if still have two contenders,pick the track with greater µpq probability.

Multiple (3 or more) track events with heterogeneousnucleonsor multi-neutron

tracks were discarded. For multi-proton events, the track with the best µpq proba-

bilit y was chosen.

A casewhen a track consistedof paddlehits only (so-calledpaddle track) was

labeled with a special PID code. Although a signi¯cant part of paddle tracks are
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protons, their contamination by electronicsnoise makes paddle events essentially

unusable.

The PID codesare summarizedin the table 6.1.

6.3.3 Kinematic calculations

Oncethe tracking hasbeendone,the enginecalculateskinematic quantities. There

are two subroutinesresponsible for this task, h physics (electron arm kinematics)

and c physics (coincidencekinematics).

Thesecalculationsusetwo coordinatesystems:the spectrometer(or transport)

oneand the beamone. The x axis in both coordinate systemsis pointing vertically

down, z is given by the beammomentum for the beamsystemand the spectrometer

for the spectrometersystem,and ~y = ~z £ ~x.

Electron arm

The momentum of the incident electron in the beam coordinate system is simply

given by

~k = (0; 0; Evx ); (6.1)

whereEvx = E ¡ E loss is the vertex electronenergywhich di®ersfrom the nominal

beamenergyE by pre-scatteringenergylossE loss. In the spectrometercoordinate
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systemthe scatteredelectronmomentum is given by

Pvxp
1 + (x0)2 + (y0)2

(x0; y0; 1); Pvx =
p

E 2
vx ¡ me

2 (6.2)

wherex0 and y0 arethe electrontrack slopes,P is the measuredelectronmomentum,

me is the electronmass,Evx = E ¡ ¢ E loss and Pvx arevertex energyand momentum

correspondingly, and ¢ E loss is the post-scattering energy loss. The momentum

components in the beamcoordinate systemare easilyobtained by a rotation to the

spectrometerangleµsp:

~k0 =
E 0

p
1 + (x0)2 + (y0)2

(x0; y0cos µsp ¡ sin µsp; y0sin µsp + cos µsp): (6.3)

The analysis code usesthe components of this vector to calculate the scattering

angleµe and the out-of-planeangleÁe:

µe = arccos
k0

z

j ~k0j
(6.4)

Áe = arctan
k0

y

k0
x
: (6.5)

The four-momentum transfer squared Q2 and the invariant mass W are readily

obtained from the four-momenta k¹ and k0
¹ :

Q2 = ¡ q¹ q¹ (6.6)
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W =
q

(q¹ + T ¹ )(q¹ + T¹ ); (6.7)

whereq¹ = k¹ ¡ k0
¹ is the four-momentum transfer and T¹ is the four-momentum of

the struck nucleonin the lab frame, T¹ = (M ; 0; 0; 0).

Nucleon arm

The subroutine c physics calculatesµnq, the anglebetweenthe momentum trans-

fer ~q and the track of the nucleon, and µcm
np , the angle between the relative n-p

momentum with respect to the momentum transfer in the n-p center of masssys-

tem.

The ¯rst step in the calculation is forming the unit vector in the direction of

the momentum transfer, q̂ = ~q=j~qj, and then transforming it to the neutron detector

frame, q̂ ! q̂0

~q0 = (qx ; qy cos µnD et ¡ qz sinµnD et; qy sinµnD et + qz cosµnD et): (6.8)

The direction of the nucleon track is characterizedby vector ¢ ~n = (¢ x; ¢ y; 1),

where ¢ x and ¢ y are slopes of the nucleon track determined by the tracking

subroutine. Then µnq is simply the angle between¢ ~n and ~q0. For convenient can-

cellations, ~q0 is replacedwith a collinear vector ¢ q = ~q0=q0
z:

cos µnq =
¢ ~n ¢¢ ~q

j¢ ~nj ¢j¢ ~qj
=

(¢ ~n)2 + (¢ ~q)2 ¡ (¢ ~n ¡ ¢ ~q)2

2j¢ ~nj ¢j¢ ~qj
: (6.9)
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A Lorentz boost to the center of masssystemgivesthen µcm
np [40]:

µcm
np = ¼¡ arctan

"

sinµnq

µ
º + M D

E cm
tot

cos µnq ¡
qEn

E cm
tot Pn

¶ ¡ 1
#

; (6.10)

whereº and q are energyand momentum transfer, M D is the massof the deuteron,

En and Pn are the energyand the nucleonmomentum of the knockedout nucleonas

determinedfrom the time of °ight, and E cm
tot =

p
(º + M D )2 ¡ q2 is the total energy

in the center of masssystem.

6.4 Inclusiv e simulations

Inclusive simulation software was designedfor calculating packing fraction of the

polarized target (seeSection 7.5). The basic components of the software package

include the quasi-freescattering cross-sectionmodel, radiative correctionsand ac-

ceptancesimulation. The simulation was run separatelyfor each target materials.

Contributions from each target material wereaddedwith proper weights to represent

kinematic spectra of actual composite targets.

6.4.1 Cross-section mo del

Inclusive electron scattering cross-sectionswere simulated using the QFS code by

J. W. Lightbody and J. S. O'Connel [61]. The model assumedincoherent scattering

through following reaction mechanisms:
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² quasielasticscattering o®a bound nucleon

² two-nucleonemission

² ¢-resonanceelectroproduction

² two higher resonances(W = 1:5 GeV and W = 1:7 GeV)

² deepinelastic scattering (in the x-scalingregime)

The N (e;e0) scattering crosssectionwas calculated from the Rosenbluth for-

mula (seeEq.(2.10)). A standard dipole parametrization GD = (1+ Q2=0:71)¡ 2 was

usedfor GE
p , GM

p and GM
n . The chargeform-factor of the neutron wasapproximated

by Galster parametrization GGal ster = ¹¿
1+ b¿GD with b= 5:6.

The sumof elementary quasielasticcrosssectionswasmultiplied by a Gaussian

in electron energy loss, centered at Q2=(2M ) ¡ ²s, and with a width proportional

to qkF =M , where²s is the meanseparationenergyand kF is the Fermi momentum

of the target nucleus. This Gaussiansmearingaccounted for the Fermi motion of

nucleonsinside the nucleus.

The two-nucleon emissionprocess,expected to be of signi¯cance in the dip

region betweenthe quasifreeand delta production peaks,was calculatedas:

¾(Q2; º ; µ) = ¾M ott (µ)
·

Q2

2q2
+ tan2(

µ
2

)
¸

R2N (Q2; º ); (6.11)
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whereµ and º are electron scattering angle and energyloss,correspondingly. The

responsefunction R2N (Q2; º ) was parametrizedas follows:

R2N (Q2; º ) = K 2N (N Z=A)q2GD (Q2; ¤ 2N )
³

¡ 2
2N W 2

(W ¡ Wcm )2+¡ 2
2N W 2

´
£

£
h
1 ¡ exp

³
¡ (º ¡ º thr )

¡ thr

´ i
; (6.12)

where N = A ¡ Z , Z and A are the number of neutrons, protons, and all nu-

cleonsin the nucleus,correspondingly, K 2N is the two-nucleon knockout strength,

GD (Q2; ¤ 2N ) = (1 + Q2=¤ 2
2N )¡ 2 is the dipole form, W is the invariant mass,Wcm =

(M + M ¢ )=2, º thr = Q2=4M is the thresholdenergyloss,¡ 2N and ¡ thr are the width

and the threshold scaleof the Lorentzian, both determinedfrom the data.

The resonancecontributions to the total crosssections,both for ¢ and the

higher resonances,alsohad Lorentzian shape as in Equation (6.13):

¾¢ = K ¢ Aq2GD (Q2; ¤ ¢ )
³

¡ 2
¢ W 2

(W ¡ Wcm )2+¡ 2
¢ W 2

´
£

£
h
1 ¡ exp

³
¡ (º ¡ º thr )

¡ thr

´i
; (6.13)

with the width

¡ =
q

¡ 2
R + ¡ 2

Q + ¡ 2
A (6.14)

determinedby the threecomponents: natural resonancewidth ¡ R , Fermi broadening

component ¡ Q and nuclear medium e®ectscomponent ¡ A .
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Finally, the deepinelastic scattering crosssectionwas approximated with the

following expression:

¾= ¡ v¾° (º )(1 + ²Rx )F 2
x (Q2); (6.15)

where¡ v is the virtual photon °ux,

¡ v =
®

2¼2

E 0·
EQ2

1
1 ¡ ²

; · = º ¡
Q2

2M
; (6.16)

² is the virtual photon polarization, Fx (Q2) is a form factor, Rx is the ratio of

longitudinal to transversecrosssections,and ¾° (º ) is the real photon crosssection.

Parametrization of ingredients of the deepinelastic scattering crosssectionis given

below:

Rx = 0:56£ 106(MeV=c)2=(Q2 + M 2
N ); (6.17)

¾° (º ) =
µ

¾0 +
¾1

º ¡ º ¼

¶ ·
1 ¡ exp

µ
¡

(º ¡ º ¼)2

2¡ 2
x

¶ ¸
; (6.18)

F 2
x (Q2) = a1 exp(¡ a2Q2) + b1 exp(¡ b2Q2) + c1 exp(¡ c2(Q ¡ c3)2); (6.19)

wherethe parametersai , bi and ci are de¯ned in the Table 6.3.

Table 6.3: Deepinelastic scattering form factor parameters
a1 a2 b1 b2 c1 c2 c3

0:55 2 ¢10¡ 5 0:45 0:45¢10¡ 6 0 0:1 ¢10¡ 12 4 ¢10¡ 6
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A kf (MeV) ²s(M eV)
4 180 20
9 200 20
12 221 20
15 240 20
27 250 25
59 260 35
64 260 35

Table 6.4: Fermi momenta and separationenergiesof nuclei usedin simulation.

6.4.2 QFS parameters

The Fermi momentum and the separationenergyof the nucleuswere looked up in

a special table. The lookup code and the table itself (seeTable 6.4) were addedto

QFS by C. Harris [41]. He also updated someinternal parametersof QFS regulat-

ing widths and strengths of various resonancecontributions. A summary of these

changesis given in Table 6.5.

6.4.3 Deuterium cross sections

The nucleusof deuterium, the deuteron, consistsof one neutron and one proton.

The QFS model of quasielasticscattering crosssection is basedon the Fermi gas

model, i.e. is largely statistical. Therefore, it is not surprising that this model

breaksdown for a systemconsistingof just two constituents.

In order to overcomethis di±cult y, a special subroutine for electron-deuteron

scattering wasdesignedby C. Harris. In this subroutine, the total cross-sectionwas

calculated as a sum of a quasielasticpart basedon y-scaling model and the deep
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Table 6.5: Updated internal parametersof QFS

physicsname namein QFS original value modi¯ed value description

¡ x GAM0 650MeV 610MeV width parameter for
the real photon cross-
section

¤ 2N AR 570MeV 550MeV dipole form param-
eter for the two-
nucleonknockout

¤ ¢ AD linear in A 774MeV dipole form parame-
ter for the ¢ electro-
production for 1 <
A < 4

¡ ¼
thr GAMPI 5 MeV 50 MeV threshold scalefor ¢

electroproduction
°R GAMR 120MeV 100MeV scalefactor for Fermi

broadeningcontribu-
tion to ¢-resonance
width
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inelastic part. The latter was obtained from a ¯t to the resonanceregion data.

The quasielasticcontribution to the cross section was calculated using the

Krautschneider momentum distribution [62]:

n(k) = A

"

C +
µ

1
k2 + · 1

¡
1

k2 + · 2

¶ 2
#

; (6.20)

whereA, · 1 and · 2 areempirical constants and C is the term responsiblefor rescat-

tering. In our simulation the rescatteredterm was assumedto be zero.

The results of the simulations for deuterium comparedto experimental data

can be found in Fig. 6.3. The agreement is better than 10% except far from the

quasielasticpeak, which is adequatefor the needsof the experiment.

6.4.4 Radiativ e e®ects

The code for calculating both internal and external radiative correctionswas pro-

vided by J. Arrington [56]. Unradiated cross-sectionsweretakenasinput from QFS.

The calculationswere basedon a peaking approximation formula derived by Stein

[64] for the particular caseof quasi-elasticscattering from a more generalformula

by Mo and Tsai [65]:

¾= ¾sof t + ¾pr e + ¾post;
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Figure 6.3: QFS versusNE4 data for transversescattering [63].
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¾sof t =
µ

R¢ E
E 0

¶ b(tb+ ta ) µ
¢ E
E 0

¶ b(tb+ ta ) ·
1 ¡

»=¢ E
1 ¡ b(ta + tb + 2t r )

¸
¹¾(E; E 0)

¾pr e =
Z E ¡ R¢ E

Emin (E 0)
¹¾(²; E 0)

µ
E ¡ ²
E 0R

¶ b(ta + t r ) µ
E ¡ ²

E

¶ b(tb+ t r )

·
b(tb + ta)

E ¡ ²
Á

µ
E ¡ ²

E

¶
+

»
2(E ¡ ²)2

¸
d²

¾post =
Z E 0

max

E 0+¢ E
¹¾(E; ²0)

µ
²0¡ E 0

²0

¶ b(ta + t r ) ·
(²0¡ E 0)R

E

¸ b(tb+ t r )

·
b(tb + ta)
²0¡ E 0

Á
µ

²0¡ E 0

²0

¶
+

»
2(²0¡ E 0)2

¸
d²0: (6.21)

Here ¾sof t , ¾pr e and ¾post are soft photon, hard photon pre- and post-radiation

contributions to the total radiated crosssectioncorrespondingly,

R =
MT + 2E sin2 µ

2

MT ¡ 2E 0sin2 µ
2

is a kinematic factor, M T is the target nucleusmass,tb and ta are the target thick-

nessesbeforeand after the interaction point,

t r =
®
¼

·
log

µ
Q2

m2
e

¶
¡ 1

¸

is the equivalent radiator thicknessaccounting for internal bremsstrahlung. Other

ingredients of Eq. 6.21are:

89



b=
4
3

·
1 +

1
9

Z + 1
Z + ´

log¡ 1(183Z ¡ 1=3)
¸

;

´ = log(1440Z ¡ 2=3)=log(183Z ¡ 1=3);

¹¾(E; E 0) = ~F (Q2)¾(E; E 0);

~F (Q2) = 1 + 0:5772£ b(ta + tb) +
2®
¼

(¡
14
9

+
13
12

log
Q2

m2
) ¡

¡
®
2¼

log2 E
E 0

+
®
¼

·
1
6

¼2 ¡ ©(cos2 µ=2)
¸

;

» =
¼m
2®

ta + tb

(Z + ´ ) log(183=Z 1=3)
;

and ¯nally , ¢ E is the energy cuto® (determined by detector resolution or other

experimental considerations)and

©(x) =
Z x

0

¡ logj1 ¡ yj
y

dy

is the Spencefunction.

The numerical integration was performedusing the Romberg technique. The

results werechecked by comparingto the cross-sectiondata from the SLAC experi-

ment NE3 (seeFig. 6.4). The agreement is excellent for both radiatively corrected

and uncorrecteddata.
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Figure 6.4: Comparison between SLAC NE3 [66] data and simulations. Carbon
target. Thickness(including equivalent radiator) t = 3:26%of the radiation length.
Beam energyis 3595MeV, the scattering angle is 16±.
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6.4.5 Acceptance e®ects

The HMS e±ciency is momentum dependent. Therefore,whencomparingresultsof

simulations to experimental data oneneedsto account for acceptancee®ects.

For E93-026the HMS momentum acceptancewascalculatedfrom data taken

with the samebeam energyE = 2:06 GeV and spectrometer angle µH M S = 18:5±,

but two di®erent central momenta, P 1
H M S = 2:060 GeV and P2

H M S = 1:963 GeV.

In the E 0 region where the momentum acceptanceis °at for both data sets the

di®erencein shape of their E 0 spectra is entirely due to acceptancee®ects(sincethe

kinematics are the same). This allows one to deconvolute the cross-sectionand the

acceptancefunction using the proceduredescribed below [67]. 5

1. add together 6 E 0 spectra of the two data sets,C1(E 0) and C2(E 0), as the ¯rst

guessfor the cross-section,

¾0(E 0) =
w1C1(E 0) + w2C2(E 0)

w1 + w2

2. divide out the cross-sectionfrom the E 0 spectra, changevariablesfrom E 0 to

±, and add the results, resulting in an estimatefor the acceptancefunction ´ i :

´ i
1 =

C1(E 0)
¾i (E 0)

´ i
1 =

C1(E 0)
¾i (E 0)

´ i (±) =
w1´ 1[P1

H M S(1 + ±)] + w2´ 2[P2
H M S(1 + ±)]

w1 + w2

5For a correct understanding of the procedure it is important to realize that the momentum
acceptanceis a function of the relative momentum ± = ¢ P

P = E 0¡ PH M S
PH M S

, whereascross-sections
are functions of E 0. Therefore, if we expressthe acceptancefunction in terms of E 0, its horizontal
scalewill depend on the central momentum of the spectrometer PH M S .

6If statistics are limited, proper statistical weights w1;2 are necessary
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Figure 6.5: HMS momentum acceptance.

(a) Raw spectra (b) Acceptance-unfoldedspectra

Figure 6.6: HMS acceptancee®ects:E 0 spectra for carbon runs 40466and 40655
(PH M S = 2:06 GeV and PH M S = 1:9627GeV) before (a) and after (b) unfolding
acceptancee®ects.
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3. divide out the acceptancefunction obtained in the previous step from the

last iteration of the cross-sectionand add the results together, resulting in an

improved result for the cross-section:

¾i
1 =

C1(E 0)
´ i [P1

H M S(1 + ±)]
¾i

1 =
C1(E 0)

´ i [P1
H M S(1 + ±)]

¾i =
w1¾i

1 + w1¾i
1

w1 + w2

4. repeat steps 2-3 until cross-sectionsextracted from the two data sets agree

within a pre-de¯ned range.

The acceptancefunction asobtained in the above procedureis shown in Figure 6.5.

The asymmetry in the shape of the acceptancefunction is due to the target ¯eld

and ¯nite extensionof the target along the beamdirection.

Figure 6.6 shows the results of the unfolding procedure for two runs taken

with di®erent HMS central momenta, PH M S = 2:06 GeV and PH M S = 1:9627.

Good agreement betweenthe unfoldedspectra for the two runs showsthat unfolding

procedurehasbeendonecorrectly.

6.4.6 Comp osite target mo dels

In experiment E93-026in addition to normal production data taken with the po-

larized 15N D3 target, somedata were also taken with carbon and empty targets.

Empty and carbon data can be taken with target nose¯lled with helium (\w et"

runs) or empty (\dry" runs), which gives four combination of ¯xed-thicknesstar-
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Table 6.6: Target material thicknesses

wet carbon dry carbon wet empty dry empty 15N D3
¤ ´ =t¤¤

Al 1.5 mm 1.5 mm 1.5 mm 1.5 mm 1.5 mm 10.0
C 6.9 mm 6.9 mm { { { 18.83
He 31 mm { 40 mm { 25 mm 3.63
N { { { { 15 mm 5.07
D { { { { 15 mm 15.0

rad. length 6.1% 5.2% 2.6% 1.7% 5.8% {
¤ Assuming50%packing fraction
¤¤ Luminosity per unit length (nA g

cm3 )

gets7. Each target has a di®erent radiation length and therefore the simulation for

the sametarget material used in di®erent targets has to be done separately. The

cross-sectionsfor each target material were weighted with luminosities and then

added together. The luminosities were calculated basedon the table of material

thicknessesin electron'spath compiledby C. Harris [41].

6.4.7 Comparison of simulation results to exp erimen tal data

The results of simulations are shown in comparisonwith our experimental data in

Figure 6.7. The comparisonis given for three typesof ¯xed-thicknesstargets: dry

carbon target, carbon target with helium in the nose,and helium target. The results

of the simulation agreewith our experimental data to 10%. This level of agreement

is su±cient for the goalsof the experiment.

7The packing fraction, i.e. e®ective thicknessfor 15N D3 material, was not known a priori . See
Section 7.5 for details.
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Figure 6.7: Comparisonbetweensingle-armdata and simulation results.

6.5 Coincidence Mon te Carlo simulations

CoincidenceMonte Carlo simulations played an important role in the data analysis

of experiment E93-026. It was usedfor such major tasks as cut optimization (see

Section 7.2), dilution factor calculation (seeSection 7.6), radiative correctionson

AV
ed (see Section 7.7.1), and a number of minor tasks. The simulation software

was basedon program MCEEP by Paul Ulmer. The original code was augmented

to adequately treat the e®ectsof the target magnetic ¯eld. In addition, the code

was extendedwith interpolations of ArenhÄovel's calculations of cross-sectionsand

asymmetries.
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6.5.1 Basics of MCEEP

The program allows a user to chooseone of the three options: elastic scattering,

bound ¯nal state or unrestricted continuum. For the bound state casethe ejectile

momentum is calculated from the bound state missingmassspeci¯ed in the input

¯le, whereasfor the continuum caseit is randomly sampledand the missingmassis

calculatedon an event-by-event basis.

Sampled quan tities

The programsamplesthe experimental acceptanceuniformly, usingcalculatedcross-

sectionsas weighting factors when simulating realistic physical spectra. In a most

generalcase(continuum scattering) an event is generatedby \thro wing" seven ran-

dom quantities: the in-plane and out-of plane anglesand momenta for the electron

and the hadron,and the energyof the bremsstrahlungphoton, radiated either before

or after the main interaction depending on the \coin toss".

For the bound ¯nal state, the hadron momentum is calculated from other

quantities. For elastic scattering, only electron anglesare sampled,and all other

quantities are calculated.

HMS spectrometer mo del

Simulation of event detection in the HMS consistedof two major parts: forward

tracking of the incident particle through the target magnetic¯eld and HMS magnets
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and reconstruction of the successfulevent. To account for the e®ectof the beam

rastering, the vertex coordinateswere randomly sampledwithin the raster spot.

The standard (i.e. without the target ¯eld and beamraster corrections)part

of the algorithm consistedof the following basicsteps:

1) projecting a particle to the magnet aperture, assumingmotion along a

straight line;

2) checking the coordinatesof the particle versusthe aperture of the magnet;

if they fall outside the actual dimensionsof the magnet aperture then the particle

is labeledas stopped, and the algorithm proceedsto the next iteration;

3) tracking the particle forward in the magnetic¯eld of the spectrometermag-

net using COSY In¯nit y coe±cients.

These steps are repeated for each of the 4 HMS magnets. Finally, if the

particle does not stop in one of the magnets, the sameapproach is used to ¯nd

which detectors(assumedto be 100%e±cient) are ¯red in the HMS detector hut,

and the 4 focal plane quantities are determined.

The reconstructionalgorithm essentially repeatsthat of the data analysiscode

(seeSubsection6.3.1).

Cross sections

The crosssectionsarecalculatedassumingplanewaveimpulseapproximation (PWIA),

i.e. the virtual photon is absorbed by one o®-shellnucleon which (as well as the
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incident electron) can be described by a plane wave. Under these conditions the

(e;e0N ) crosssectioncan be factorized as follows [2]:

d¾
d²f d­ ed²N d­ N

= K ¾eN S(Em ; ~pm ); (6.22)

whereK is a kinematic factor, ¾eN is the elementary o®-shellelectron-nucleonscat-

tering cross-sectionand S(Em ; ~pm ) is the spectral function which represents the

probability of ¯nding a nucleonwith initial momentum ~pm and binding energyEm

within the nucleus. The elementary cross-section¾eN is calculatedusing the \cc1"

prescription of de Forest [68]:

¾eN = ¾M ott

·
Q4

q4
WC + (tan2 µ=2 ¡

Q2

q2
)WT ¡

¡
Q2

q2

µ
tan2 µ=2 ¡

Q2

q2

¶ 1=2

WI cosÁ+
µ

tan2 µ=2 ¡
Q2

q2 cos2 Á

¶
WS

#

(6.23)

WC =
1

4 ¹EE 0

·
( ¹E + E 0)2

µ
F 2

1 +
¹q2
¹

4M 2
· 2F 2

2

¶
¡ q2(F1 + ·F 2)2

¸
(6.24)

WT =
¹q¹

2

2 ¹EE 0
(F1 + ·F 2)2 (6.25)

WS =
p02 sin2 °

¹EE 0

µ
F 2

1 +
¹q2
¹

4M 2
· 2F 2

2

¶
(6.26)

WI = ¡
p02 sin2 °

¹EE 0
( ¹E ¡ E 0)

µ
F 2

1 +
¹q2
¹

4M 2
· 2F 2

2

¶
; (6.27)

99



where ¹E and E 0 are the initial (o®-shell)and ¯nal energiesof the struck nucleon,p0

is the momentum of the struck nucleon, ° is the angle between ~p0 and ~q, ¹q¹ is the

four-momentum transfer correctedfor o®-shelle®ects,and F1 and F2 are Dirac and

Pauli form factors.

Spectral functions

The MCEEP hasmany built-in spectral functions. Additionally , the modular struc-

ture of MCEEP allows various spectral functions representing di®erent models of

the nuclei to be easily incorporated into the program through external ¯les.

The simulations for 4H e useda parametrization for t+p breakupchannelusing

Urbana potential [69] (MCEEP option 32). The nitrogen spectral function was

approximated by that of 16O for 1p1=2, 1p3=2 and 1s1=2 shells(MCEEP options 40,

41and 42). The spectral function for aluminum wasa customparametrization based

on quasielasticdata. Finally, copper and nickel were approximated by the carbon

spectral function provided by I. Sick.

Radiativ e e®ects

The MCEEP hasoptions for simulating internal and external radiation and ioniza-

tion energy loss. Radiative e®ectsare only taken into account for electrons 8 by

sampling bremsstrahlungphoton energy. The peaking approximation is used, i.e.

the photon is emitted either along the incident electron momentum or along the

8Those of hadrons are negligible due to their high mass.
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scatteredelectron momentum. The details of the implementation of the radiative

e®ectscan be found in [70].

6.5.2 Customization of MCEEP

Normalization factors

In order to account for physicalmechanismsbeyond PWIA, the PWIA crosssections

werecorrectedby normalization factors given by a product of nuclear transparency

and the nucleoncorrelation factor (seeTable 6.7). Details on normalization factors

can be found in [40].

Table 6.7: Nuclear normalization factors

2H 4H e 15N Al Cu N i
1.0 0.85 0.55 0.50 0.50 0.50

Target magnetic ¯eld. The original code of MCEEP was modi¯ed in order to

account for the curvature of the chargedparticle tracks by the target magnetic¯eld.

The electron arm reconstruction branch of the Monte Carlo usedthe sameFortran

code as the HMS reconstruction in event analyzer. Transporting protons through

the magnetic¯eld is in all respectsanalogous.Obviously, neutrons,beinguncharged

particles, do not needany special treatment.

Neutron detector. The neutron detector was modeled in MCEEP as a set of

detector layers, each layer characterized by its own e±ciency. These e±ciencies
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were calculated following the procedureby Madey et al. [71]. The probability of

¯ring the n-th plane of the neutron detector was calculated basedon individual

plane e±ciencies(seeTable 6.8).

Table 6.8: Modeledneutron detection e±cienciesby detector plane

1 2 3 4 5 6
0.095 0.095 0.154 0.143 0.116 0.116

The ¯nite timing resolution for the neutron detector was simulated by Gaus-

sian smearingof the hit position.

ArenhÄovel's calculations. Even though MCEEP is capableof calculating po-

larization observables,for a precisionmeasurement of Gn
E oneneedsto usefull cal-

culations including the e®ectsof the mesonexchangecurrents, isobarcon¯gurations

and other relevant physical processes.Additionally , it is desirableto have accurate

calculationsfor the deuteronscattering crosssectionaswell to minimize the uncer-

tainty in the dilution factors. Such calculationswereprovided by H. ArenhÄovel on a

kinematical grid 9 shown in Table6.9. The valuesof crosssectionsand asymmetries

betweenthe grid points wereobtained by spline interpolation.

The D(e;e0N ) scatteringcross-sectionwasradiated by multiplying by a radia-

tiv e correction factor calculated from other materials. The AV
ed was calculated for

each event and written out to the output ntuple, thus simplifying the procedureof

experimental acceptanceaveraging.
9Note that the grid in µcm

np has two step sizes. The step size is 2:5± in the quasi-elastic region
(0± ¡ 30± and 150± ¡ 180±) and 5± elsewhere.
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Table 6.9: Kinematical grid for D(e;e0n) crosssection

variable range step size
E 0 (MeV) 2660¡ 3140 15

µe 16± ¡ 20± 0:4±

µcm
np 0± ¡ 360± 2:5± ¡ 5±

Pion pro duction contamination In order to study the contamination of the

measuredasymmetryby pion production events (° ¤ + p ! n + ¼+ and° ¤ + n ! n + ¼0)

a simulation program EPIPRODwasembeddedinto MCEEPthrough an interfacesub-

routine qf pion production

The program EPIPRODwas originally designedby T.M. Payerle basedon an

earlier program by R.W. Lourie and then wasrewritten and extendedby J.J. Kelly.

It can calculatevarious quantities for the electroproduction of pseudoscalarmesons

for both recoil polarization and polarized target reactions. The crosssectionsand

other observablesare calculated from helicity amplitudes, which in their turn can

be calculatedusing oneof the following options:

1. a semi-realisticisobar plus Born model

2. SAID model

3. interpolation of external multip ole amplitudes.

The pion events were sampled according to the PWIA cross-sections.The

momentum distributions of the struck nuclei wasthe sameasfor the quasifreecase.

The sizeof the pion-production contamination of the quasifreeyield was found to
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be small (lessthan 0:5%).

6.5.3 Output and results

MCEEP can output its results both in histogram ¯les and ntuples, which can be

converted into a PAW-compatible [72] format. The contents of the output ntuple

are described in the Table 6.10

Table 6.10: MCEEP's output ntuple

variable name description

PFE I scatteredelectronenergyE 0

PFP I in-plane angleof the knocked out hadron

TSCAT scattering angle
N coin neutron detector°ag (neutron detector¯red if 1, not ¯red

otherwise)

H coin HMS °ag
thetanpcm anglebetweenthe nucleonsin the center-of-massframe,

µcm
np

thetapqs angle betweenthe nucleon momentum and the momen-
tum transfer, µpq

AedVf observed asymmetry AV
ed

aedv vtx vertex AV
ed

radflag radiation °ag: 0 { no radiation, 1 { pre-radiation, 2 {
post-radiation

A review of Monte Carlo spectra in 4 kinematic variablesin comparisonwith

data is given on the Fig. 6.8. The agreement for W and E 0 is excellent. For the µnq

spectrum there is a disagreement in the tail region. This is exactly what oneshould

expect basedon MCEEP's PWIA calculations,sincelarge µnq corresponds to large
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transversemissing momentum, i.e. strong ¯nal state interactions and many-body

current e®ects.The simulated and measuredspectra for µcm
np agreereasonablywell.

Figure 6.8: CoincidenceMonte Carlo (red) comparedto data (black). The events
are subject to standard neutron cuts (seeSection7.2).
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Chapter 7

Data analysis

This chapter dealswith the details of the experimental data analysis. The chapter

starts with a descriptionof the data replay process.Then wediscusscuts and inputs

(target and beam polarizations) usedin asymmetry calculation. Then we proceed

to packing fraction and dilution factor calculations. The last two sectionsof the

chapter discussvarious corrections applied to the calculated asymmetry and the

Gn
E extraction procedure.

7.1 Data repla y

Data replay reconstructsparticle tracks and event kinematics from TDC and ADC

signals stored in the CODA format. This task is handled by the event analyzer

described in the previouschapter. Sincethe entire experimental data set consistsof

hundredsof runs, the replay wasdonein parallel on an autonomouscomputersystem

called Batch Farm. The submissionand control of analysisjobs was conductedby

a Tcl/Tk script package\Batc hMan" (for \Batc h Manager").
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The initial stage of data replay involves two steps: selection of runs to be

analyzedand preparation of input for the event analyzer(detector calibrations).

7.1.1 Runs selection

Along with data taken under normal running conditions with the polarized target,

other data weretaken in the experiment for di®erent purposes(tests of experimental

hardware, calibration data, beam polarization measurements etc.). Also, someof

the production data weredamagedbecauseof various problemsexperiencedduring

the data taking. Theseruns must be excludedfrom the analysisprocess. A more

detailed list of excludedruns is given below:

² non-15N D3 targets (carbon, empty, hole)

² M¿ller runs

² checkup runs

² DAQ crashduring the run

² serioushardware problems(magnet quenches,persistent HV trips etc.)

² unstablehelium level in the target nose

² suddenlossof target polarization

² wrong position of the HMS collimator.
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7.1.2 Detector calibrations

Raw data ¯les contain information about particle tracks in the form of ADC and

TDC signalsof detector hits. In order to reconstruct the tracks and calculatephys-

ical quantities of interest, one needsto match the timing of individual detectors,

supply conversionconstants betweenADCs and energydeposited in a detector etc.,

i.e. to perform detector calibrations.

HMS calibrations

HMS calibrations consist of timing calibrations of hodoscopes,generatingtime-to-

distance maps for the drift chambers, and determining gains of each block of the

lead glasscalorimeter. Sincethe HMS is a standard pieceof equipment of TJNAF

Hall C, thesecalibrations are a well-establishedprocedure,the details of which can

be found elsewhere[56].

Neutron detector timing calibrations

Signals from PMT of detector scintillators arrive at the counting room with a

delay of a few tens or even hundredsof nanoseconds.Due to unequalcablelengths,

intrinsic transit times and high voltages,thesedelays generallydi®erbetweenright

and left PMTs. For a precisecalculation of hit positions and meantime associated

with a track it is necessaryto apply time o®setcorrections to the meantime and

TDC di®erenceof a hit. Theseo®setsare calculated by ¯tting the corresponding

spectra of individual detectors. The o®setis then given by the peakposition. After
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the calibration is completed, o®setparametersare written to text ¯les which are

later read in by the analyzer. The quality of the calibration can be checked by

plotting TDC di®erenceand meantime spectra for individual detectorsand making

sure that they are centered around zero.

Neutron detector energy calibration

Energy calibrations of the neutron detector were performed using cosmicdata.

Cosmic rays are dominated by high energymuons, for which the energydeposited

in a given amount of material is well known [40] (e.g 22 MeV for 10 cm scintilla-

tors). Thus the position of the cosmicpeakprovidesthe desiredconversionconstant

betweenthe ADC channelsand energy.

7.1.3 Repla y pro cedure

The replay of largeamounts of data wasperformedusing the Je®ersonLab comput-

ing facility (Batch Farm). The Batch Farm consistsof 175Linux CPUs. A usercan

submit a job to the Batch Farm by meansof a command¯le which contains basic

information about the commandto beexecuted,input ¯les and relevant parameters.

An interface betweenthe Batch Farm and a user was provided by a Tcl/Tk

package \Batc hMan" , custom designedfor experiment E93-026. It allows a user

to observe the status of submitted jobs, kill undesiredjobs, restart failed jobs and

submit new jobs.

When a list of runs is submitted for analysis,BatchMan createsa command
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¯le for each run and submits it to the Batch Farm. The command¯le contains a

referenceto the batch job script which copiesanalysissetup and the ¯rst segment

of the raw data 1 to the local Batch Farm computer and launchesthe analysisjob.

While a data segment is being analyzed, the next one is copied to the local disk

drive in a background process.Upon completion of the analysisjob the batch job

script copiesthe results to BatchMan output directories.

7.2 Cut optimization

For the purposeof Gn
E extraction we only needquasielastic ~d(~e;e0n) events. Co-

incidencentuples produced by the event analyzer contain all events that ¯red an

HMS trigger and weresuccessfullyprocessedby DAQ (including inelastic, acciden-

tal background and proton events). Therefore, one needsto selectdesiredevents

by applying cuts. One cut is obvious: if we are interested in neutron events, we

need to look at events with the neutron PID (PID codes 11, 12, 13, 14 and 15).

The other cuts are determinedby ¯gure-of-merit considerationsand the quality of

Monte-Carlo model in a given kinematic region.

The ¯gure-of-merit is a®ectedby kinematic cuts through the dilution factor:

cuts emphasizingthe quasielasticregionimprove the dilution factor and thus reduce

the error magni¯cation factor. At the sametime, thesecuts inevitably reducethe

number of good events, too, and thus increasethe statistical error itself. The op-

1Due to size limitations on the tape servers raw data ¯les are split into 2 Gb segments. The
number of segment ¯les per run varied from 1 to 4 for E93-026.
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timum can be determinedwith the useof Monte Carlo simulations. The results of

simulations are shown in Figure 7.1. The ¯gure shows ¯gure of merit as a function

of kinematic variables for several distinct setsof cuts. The ¯gure of merit can be

de¯ned asthe experimental time requiredfor achieving givenaccuracy, and for ¯xed

PB and PT it is proportional to f
p

R, where f is the dilution factor and R is the

event rate.
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Figure 7.1: Figure of merit for di®erent kinematic cuts. Note that W (MeV) hereis
not the invariant mass,but rather W0, the width of the cut on the invariant mass:
jW ¡ 939j < W0.
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Table 7.1: ~d(~e;e0n) cuts. Hereypos is the horizontal position of the neutron track at
the referenceplane (plane 3 of the neutron detector), E tr ack is the energydeposited
in the neutron detector, ¢ t is coincidencetime, ZB E AM is the coordinate of the
vertex along the beam direction (zero corresponds to the center of the target cell)
and MN = 939MeV is the nucleonmass.

cut suppressedevents
Nphotoelectr ons > 2 pions in the HMS

jW ¡ M N j < 70 MeV inelastics(¢ electroproduction)
E 0 > 2829MeV sameas above
jyposj < 40 cm heavy nuclei (broad Fermi distribution)
µpq < 0:08 rad high missingmomentum

¡ 3 < ¢ t < 5 ns accidentals
E tr ack > 12 MeV low-energynoisein the neutron detector

jZB E AM j < 3:2 cm events reconstructedoutside the target cell
µe > 0:26 rad events reconstructedoutside spectrometeracceptance

As one can see, the ¯gure-of-merit (FOM) generally favors wide-open cuts

rather than tight ones: it increasesmonotonically with the width of the W cut, the

widest ypos cuts also give highest FOM, and ¯nally , the three wide µnq cuts all lie

higher than the tight µnq cuts. However, in all casesthe dependenceis fairly °at

which allows us a certain freedomof choice. This freedomwas used to pick cuts

emphasizingthe kinematic region whereMonte Carlo works best. Someevents do

not have an adequatemodel in Monte Carlo (e.g. pions in HMS, background etc.).

The cuts for reduction of theseevents were developed using qualitativ e reasoning

and a trial-and-error approach. A completeset of cuts usedin the analysisis given

in Table 7.1.
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7.3 Target polarization

The target DAQ permits online monitoring of the target polarization. The prompt

availabilit y of the resultscomesat the expenseof the accuracyof the measurement.

The quality of online target polarizations is su±cient for data-taking purposes,but

the actual physical calculationsare more demanding.

Therefore, upon the completion of the experiment a full o²ine analysis of

NMR signalswasperformed,including reevaluation of baselines,re¯tting the NMR

signalsand reanalysisof TE measurements.

7.3.1 Baseline subtraction

A baselineis the responseof the NMR circuit in the absenceof target polariza-

tion. Baselinemeasurements (normally taken after each anneal)wereperformedby

changing the target magnetic ¯eld such that the NMR signal of the deuteron was

pushedoutside the frequencysweeprange. Baselinesand NMR signalswerestored

separately in Labview binary ¯les so that in caseof a noisy or corrupt baselinea

di®erent onecould be associated with a given set of NMR signals.

The presenceof the polarization signal introducesa slight distortion of the

NMR circuit response. Additionally , temperature °uctuations and beam distur-

bancecan alsoa®ectthe shape of the NMR signal. Therefore,baselinesubtraction

is followed by a ¯t of the quadratic polynomial to the \wings" of the subtracted
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signal with subsequent subtraction2. The analyzedNMR signal on di®erent stages

of the o²ine analysis is shown in Figure 7.2. Note that the secondand the third

plots are almost identical, which is due to the fact that the wingsare normally very

small and the constant pedestalsubtraction su±ces in most cases.

Figure 7.2: NMR signal on di®erent stagesof the o²ine analysis.
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Figure 7.3: TE calibration constants for various groups. The § ¾ for the groups
are shown with horizontal solid lines. The symbols are: plus { stick 1 top, asterisk
{ stick 1 bottom, circle { stick 2 top, x { stick 2 bottom, triangle { stick 3 top,
diamond { stick 3 bottom, pu®{ stick 4 top, cross-hair{ stick 4 bottom.

7.3.2 TE constan ts

If a material is allowed to thermalize, the spin temperature becomesequal to the

actual (\lattice") temperature. Under these conditions the target polarization is

completelydeterminedby the magnetic¯eld, temperatureand the magneticmoment

of the deuteron and can be calculated analytically (SeeEq. A.2). The area under

2In practice, this is donein two steps: ¯rst a constant pedestalis subtracted from the signal and
then one ¯ts the residual wings with a quadratic polynomial. This approach permits to improve
the quality of the ¯t.
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Table 7.2: Target polarization uncertainties.
stick 3 top 3.30%
stick 3 bottom 4.61%
stick 4 top 4.90%
stick 4 bottom 5.24%

the NMR signalmeasuredin thermal equilibrium (a TE constant) thus providesthe

calibration constant for the NMR measurement.

Since the target polarization in thermal equilibrium is hundreds of times

smaller than the typical polarization during production running, performing TE

calibrations is a challenging task. All 110 TE measurements taken during E-93026

werecarefully examined.Excluding unacceptablemeasurements (noisy signals,non-

thermalized material, etc.) resulted in the total of 2095good signalswith from 12

to 36signalsin oneTE measurement. Good signalswereaveragedfor each material.

Thesegroup averageswereusedin the actual target polarization calculations.

The uncertainty on target polarization was estimated by scatter of TE con-

stants (seeTable 7.2). The TE constants normalized to group averagesare shown

in Figure 7.3.

7.4 Beam polarization

The beampolarization wasmeasuredin a seriesof M¿ller runs. Individual measure-

ments werecombined into groupsde¯ned by changesin the half-waveplate positions.

It has beenassumedthat the variation of the beam polarization valueswith time
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was linear, and thus the valuesof beam polarization for runs betweenM¿ller mea-

surements wereobtained by linear ¯ts. The details of individual measurements are

given in Appendix A.2

7.4.1 Hall A curren t leakage

The Je®ersonLab acceleratorprovides the electronbeamwith (generally) di®erent

energiesand/or polarizations to three experimental Halls. This is achieved either

by using one laser for all three Halls or using one laser per each Hall. For the

Q2 = 1:0 (GeV=c)2 data, the latter was the case.

When running on three di®erent lasers,it is possiblefor the current of other

halls to leak into Hall C slits. Since Hall B was run in a high-polarization, low-

current mode, the leakage from that Hall was of no concern. The casewas the

opposite with the Hall A (high current, low polarization), resulting in a sizable

admixture of low-polarized Hall A beamin the Hall C beam.

The leakagewas measuredin a procedurethat involved measuringthe beam

current with:

A. C slit open, C lasero®,A laseron

B. C slit closed

C. C slit open, both A and C laserson.
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The HMS scalerwas usedas a luminosity monitor. The leakageis given by

I leakage =
A ¡ B
C ¡ B

;

whereA, B, C is the HMS scalerrate for each of the three steps.

The Hall A current leakagewas normally measuredevery shift (i.e. every 8

hours). After a short bad period (with leakagesup to 9%) the leakage was kept

within 2%. Sincethe Hall A polarization is of the samesign and about half sizeof

that of the Hall C, the resulting correctionis lessthen 1%. Taking into consideration

other dominant errors and the statistical accuracyof the experiment, it has been

decidedto neglectthis correction. Instead,a 1%uncertainty wasaddedto the beam

polarization error.

7.4.2 Results

The results of the M¿ller measurements and their parameterizationsusing straight

line ¯ts is given in Figure 7.4. The global averageof the beam polarization was

found to be 71:8 § 2:4%

A breakdown of the total beam polarization error by sourceis given in Ta-

ble 7.3. The error is dominated by scatter in beampolarization values.
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Figure 7.4: Resultsof M¿ller measurements and their parameterizations.

Table 7.3: Beam polarization error.

Source Relative error(%)
M¿ller statistics 1.20
Monte Carlo statistics 0.70
Systematics 0.47
Hall A current leakage 1.00
Scatter of measurements 2.82
Total 3.33
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7.5 Packing fraction

The packing fraction of the polarized target is the ratio of the volumes(or thick-

nesses,if the distribution of materials over the target face is uniform) of polarized

material and cryogenichelium insidethe target cup asseenby the beam. This quan-

tit y determinesdilution of the measuredasymmetry by unpolarized helium inside

the target, which together with contributions from other material determinesthe

overall dilution factor f .

7.5.1 Metho d of determination

Unlike other target materials, the thicknessof internal helium cannot be measured

directly, sincethe frozenammoniahas the form of small beadsand doesnot ¯ll up

the volume of the target cell uniformly. Further, the packing fraction of a target

changesduring the data acquisition due to material leakage,target anneals,changes

in the beam-targetalignment etc. Therefore,oneobtains the packing fraction using

the observed event rates. One can simulate inclusive event rates for targets with

di®erent packing fractions with the inclusive simulation program described in the

previous chapter, and then extract the actual packing fraction by comparing the

results of the simulations with the measuredrates.

The inclusive event rate from a target material is essentially the product of

the crosssectionand luminosity integrated over the experimental acceptance.The

total rate is the sum of rates from all target layers. Sincefor each layer the rate is
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approximately proportional to the thicknessof the layer 3, the relation betweenthe

total inclusive rate and the packing fraction is approximately linear:

p:f : = o®set+ rate £ slope: (7.1)

Hence,oneneedsto perform simulations for two valuesof packing fraction in

order to determine the o®setand slope of Equation 7.1. It is convenient to choose

the two referencevaluesof the packing fraction to be 40% and 60%. Additionally ,

to avoid a systematic uncertainty related to absolute normalization we normalize

N D3 rate by carbon rate. The packing fraction is obtained by linear interpolation:

p:f : =
(r ¡ r40)40+ (r 60 ¡ r )60

r60 ¡ r40
%; (7.2)

wherer is the ratio of the 15N D3 rate to carbon rate asmeasuredin data, and r 40

and r60 aremodel ratios assumingpacking fraction of 40%and 60%,correspondingly.

7.5.2 Event selection

The data were cut on the number of ·Cerenkov photoelectrons(hcer npe > 2) for

pion rejection. Both Monte Carlo and data were also cut on the scatteredelectron

energy (2880 < E 0 < 3100 MeV) to emphasizethe quasielastickinematics. The

stick 3 data wereadditionally cut on the horizontal raster position (beamx> 0) to

3There are nonlinear e®ectsdue to thickness-dependent radiativ e energy losses.However, they
are of the order of 1% and can be neglectedhere.
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eliminate the contribution from the sidewall (seeSection7.6.3 for details).

7.5.3 Pro cedure and results

The calculation of the packing fraction was performed separatelyfor two di®erent

target insertswith di®erent material loads(\stic k 3" and \stic k 4"). For each insert,

the entire set of 15N D3 and carbon data was replayed in the single-arm mode

of the analyzer (with the neutron detector side ignored). Then a cut processor

counted events that survived the imposed cuts 4. The inclusive event rate was

normalizedby dead-timecorrectedcharge(provided by syncfilter output), HMS

trigger e±ciency, and the tracking e±ciency. Finally, the 15N D3/carb on rate ratio

was formed.

The data ratio was comparedto simulated 5 ratios with packing fraction of

40% and 60%. The ratios are shown in Figure 7.5(a). As one can see,the shapes

of the E 0-dependencesfor di®erent packing fractions are practically identical, which

con¯rms that nonlinear e®ectsdue to radiation are small.

The packing fraction wasextracted from theseratios using Equation 7.2. The

scatter of the packing fraction valuesover E 0 characterizessystematicand statistical

accuracyof the measurement. The statistically weighted averageover all E 0 bins

wastakenasthe ¯nal result for the packing fraction. The systematicerror contained

two contributions (added in quadrature): scatter in E 0 bins (3.2% for both sticks)

4The events were counted in 32 uniform E 0 bins, covering range from 2660MeV to 3140MeV,
to study the systematic errors.

5seeSection 6.4 for a description of the simulation package
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and scatter in inclusive ratesover time (0.85%for stick 3 and 2.6%for stick 4). The

¯nal results are: 51:2 § 3:3% for stick 3 and 46:7 § 4:1% for stick 4.

7.6 Dilution factor

Sincethe target material is not pure deuterium, in addition to deuteronevents one

hascontributions from unpolarizedscattering on ammonia'snitrogen, liquid helium

in the target cell, NMR coils, target windows etc. As a result, the asymmetry is

\w ashedout" or \diluted". The asymmetry for scattering from all materials (²al l )

is:

²al l =
N +

al l ¡ N ¡
al l

N ¡
al l + N +

al l

; (7.3)

The total rate Nal l is the sum of rates of polarized and unpolarized contributions,

Np and Nu. If we take into account that the unpolarized rates doesnot depend on

the electronhelicity, the expression(7.3) can be transformed to:

²al l =
N +

p + N +
u ¡ N ¡

p ¡ N ¡
u

N +
p + N ¡

u + N ¡
p + N +

u
=

N +
p ¡ N ¡

p

N +
p + N ¡

p + N +
u + N ¡

u

=
N +

p ¡ N ¡
p

N +
p + N ¡

p
¢

N +
p + N ¡

p

N +
p + N ¡

p + N +
u + N ¡

u
= ²

Np

Nal l
= ²f ; (7.4)

where ² is the asymmetry of scattering from the pure material and the dilution

factor f is the ratio of the polarized yield to the total yield.
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For the purposesof our experiment it is convenient to expresspolarized and

unpolarized yields of the Equation 7.4 via rates of speci¯c target materials. The

only polarized material in the target is the deuterium6 and thus Np = Nd. The

unpolarizedyield can be broken into contributions from the ammonianitrogen NN ,

helium insidethe target cell N int
H e, helium outsidethe target cell N ext

H e and target walls

NW . Sincethe relative ratio of ammonia and internal helium yields is determined

by the packing fraction, we can rewrite (7.4) as:

f =
Nd p:f :

N ext
H e + Nd p:f : + NN p:f : + N int

H e(1 ¡ p:f :)
; (7.5)

where the yields for materials inside the target cell are calculated assumingthat

they ¯ll up its entire volume.

Sinceyields are determinedby kinematic-dependent scattering crosssections,

the dilution factor is also a function of kinematic variables. The coincidenceevent

rate measuredin the experiment cannotbeseparatedinto contributions from speci¯c

materials. Therefore,for a proper determination of the experimental dilution factor

oneneedsto run Monte Carlo simulations.

The simulations were performed using the customizedversion of MCEEP(see

Section6.5). The simulation was run separatelyfor sticks 3 and 4 becauseof their

di®erent material thicknesses(due to di®erent packing fractions and di®erent orien-

tation with respect to the beam).

6In reality, the nitrogen alsocarriessomepolarization, but it doesnot contribute to the neutron
asymmetry. Seepage49.
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7.6.1 Pion contamination

In electron-nucleon scattering the virtual photon may excite the nucleon to a res-

onant state which then decays into a nucleon with an emissionof a pion. Such

reaction mechanismis known aspion electroproduction. For a coincidenceelectron-

neutron measurement only two such reactionsare of interest: ° ¤ + p ! n + ¼+ and

° ¤ + n ! n + ¼0.

Most of events coming from thesereaction are suppressedby kinematic cuts,

in particular by the cut on the invariant mass, jW ¡ M N j < 70 MeV, where

MN = 939MeV is the nucleonmass.However, someof pion events becauseof Fermi

broadeningmay have kinematics similar to that of the quasielasticscattering and

thuscontaminate the measuredasymmetry. It hasbeenexperimentally veri¯ed that

theseevents do not carry any statistically signi¯cant asymmetry. Therefore, their

contribution (found to be0:44%)canbe includedinto the dilution factor calculation.

7.6.2 Misorien tation of the 4K shield

In the beginningof the data analysisit hasbeenfound that the distribution of the

events along the beam direction has strange shouldersoutside the target cup (see

Figure 7.6) at jZB E AM j > 3 cm . It has beenestablishedthat theseshoulderswere

due to a misorientation of the 4K shield (which surrounds the tailpiece with the

target insert) such that for someraster positions the beamwascomingnot through

the thin window in the shield,but rather through the shield itself, thus transversing
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an order of magnitude larger amount of material than expected (seeFigure 7.7).

A Geant 4 simulation (seebelow for details) showed that the e®ective thicknessof

the 4K shield was 1.822mm for stick 3 and 1.874mm for stick 4. The majorit y of

theseevents were eliminated by the standard analysiscut jZB E AM < 3:2 cmj. The

residual contribution from the 4K shield events was estimated by ¯tting a sum of

three asymmetricGaussiansto the ZB E AM spectrum (seeFigure 7.6) and wasfound

to be 0:23%§ 0:05%. This correction was applied to the dilution factor.

7.6.3 Stic k 3 rotation

When stick 3 was extracted, we found that the radiation damagepattern on the

material was consistent with an anomalouscounter-clockwise rotation of the insert

about the vertical axis. Obviously, such a rotation a®ectsthe thicknessesof the

material transversedby the beam and therefore the dilution factor. In order to

account for this e®ect,a C++ program waswritten basedon Geant 4 libraries [52].

The program calculates average thicknessof each target material in the beam's

path and incorporates horizontal and vertical displacement and a rotation about

the vertical axis of the target insert.

The angle of the stick rotation was determined by the 4 mm horizontal dis-

placement of the hole target to be 15:8±. However, sincethe raster calibrations are

only accurateto about 1 mm, there is a 3:8± uncertainty in the rotation angle.

The mutual arrangement of the beam and the rotated stick is shown in Fig-

127



hszbeam - n std - 1042

0

200

400

600

800

1000

1200

1400

x 10 2

-6 -4 -2 0 2 4 6

2003/05/20   14.07

Figure 7.6: The ZB E AM distribution (black) decomposedinto contributions from the
target cup contents (red) and upstreamand downstream4K shieldwindows(green).
The boundariesof the standard analysiscut is shown with dash-dotted lines. See
text for details.
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Figure 7.7: A top view of the cup (yellow) inside the 4K shield (red). The rastered
beamis shown in green. The beamis entering the target on the top.

ures7.7 and 7.8. As onecan see,apart from a changein the e®ective thicknessesfor

target materials inside the cup, the stick rotation givesrise to a contribution from

the cup sidewalls.

The simulations were run with rotation anglesof 11:94±, 15:82± and 19:70±.

The target thicknessesobtained are summarizedin Table 7.4.
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Figure 7.8: Target insert rotation.
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Table 7.4: E®ective thicknesses(mm) for various target materials.

Material Stick and rotation
s3(0±) s4(11:94±) s4(15:82±) s4(19:70±)

4K Shield 1.822 1.874 1.874 1.874
Drift Space 49.927 52.860 52.860 52.860
Tail Window 0.208 0.213 0.213 0.213
LHe 11.535 10.931 11.010 11.035
Cup Window 0.051 0.048 0.047 0.046
Cup Wall 0 0.573 0.637 0.687
Cup Contents 29.201 28.384 28.243 28.159

7.6.4 Results

Material thicknessesin Table 7.4 together with packing fractions (51.2%for stick 3

and 46.7%for stick 4) provide the necessaryinput for the MCEEPsimulations. Simu-

lation resultsfor the nominal rotation (15:8±) of stick 3 aresummarizedin Table 7.5.

Table 7.5: Simulated (e,e'n) rates from various target materials for dilution factor
calculation (stick 3).

Target Thickness Normalization Radiation Luminosity Rate
(cm) factor¤ length (%) (¹A ¢g=cm2) (per 100nC)

2H 1.581 1.0 0.38 0.04775 0.739
He 2.419 0.85 0.37 0.02058 0.215
15N 1.581 0.55 2.93 0.11937 0.183
Al 0.014 0.50 0.157 0.00754 0.009
Cu 0.01 0.50 0.70 0.00896 0.017
Ni 0.0043 0.50 0.30 0.00383 0.007
inelastics { { { { 0.005
total { { 5:96¤¤ { 1.175
¤ SeeSection6.5.2 for de¯nition.
¤¤ Includesmaterials not seenby HMS (and thereforenot included into the table).

UsingTable7.4it is straightforward to obtain ratesfor stick 4 and for alternate
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rotations of stick 3. The dilution factor of the stick 3 is 62:7% for the nominal angle

and62:8%for 11:94±, i.e. the uncertainty in the rotation angleis about 0:1%relative.

For stick 4 the result is 62:6%. The uncertainty in the dilution factor wasestimated

by comparingthe measuredrateswith Monte Carlo predictionsand wasfound to be

2:6% relative. With this, for the statistically weighted dilution factor for the entire

data set onehas62:6 § 1:6%.

7.7 Corrections

Before the experimental asymmetry can be usedfor extraction of the Gn
E , it needs

to be correctedfor dilution and/or contamination from unwanted background (ac-

cidental coincidences,multi-step reactions,misidenti¯ed protons), lossof events in

electronics(electronics deadtime) and bias of reaction kinematics due to electron

energylossby radiation.

7.7.1 Radiativ e corrections

In the analysisof the experimental data wedealwith measured valuesof the reaction

kinematics. These,however, in generalmay di®er from the actual, or vertex kine-

matic quantities. The main mechanism responsible for this di®erenceis radiative

energylossby both incident and scatteredelectron.

Since the bremsstrahlungphotons are not observed, one needsagain to re-

sort to simulations to estimate the e®ectof these energy lossesand correct for
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it. The MCEEPimitates the e®ectsof internal and external radiation by sampling

bremsstrahlungphotons according to the bremsstrahlungspectrum. The photons

areemitted alongthe direction of either the incident or the outgoingelectron(peak-

ing approximation). Radiative e®ectscan be turned o® by disabling the corre-

sponding option in the input ¯le. The value of the acceptanceaveragedMonte

Carlo asymmetry with the radiation o® is then comparedwith the nominal value

(radiation on) and the ratio betweenthesetwo givesthe desiredradiativecorrection.

This procedurewas doneseparatelyfor internal and external radiative e®ects

and yielded a 0:55 § 0:50% correction for the internal radiation. The correction

due to the external radiation was found small due to the statistical Monte Carlo

uncertainty of 0:50%

7.7.2 Paddle ine±ciency

The particle identi¯cation algorithm was based on the hit in one of the paddle

planes. The probability for a proton to producea hit in a paddleplane (i.e. paddle

e±ciency) is very high, but still below 100%. A proton that did not ¯re a paddle

was likely to be identi¯ed as a neutron. As the protons have the asymmetry of

the opposite sign (comparedto that of the neutrons) and have a larger quasielastic

scattering crosssection, even a small paddle ine±ciency can result in a sizeable

contamination of the neutron asymmetry.

The contribution of misidenti¯ed protons to the total measuredneutron asym-
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metry A can be found as:

A =
N +

n ¡ N ¡
n + N +

p ¡ N ¡
p

Nn + Np
=

=
NnAn + NpAp

Nn + Np
¼ An +

Np

Nn
Ap; (7.6)

whereN +( ¡ )
n(p) is neutron (proton) yield for positive (negative) beamhelicity, An(p) is

the \clean" (uncontaminated) asymmetry of neutrons (protons), and we used the

fact that Np ¿ Nn .

Expressing the combined ine±ciency of paddle planes ² through individual

plane e±ciencies²1;2 we obtain the following formula for the asymmetry contami-

nation ¢ A:

¢ A = (1 ¡ ²1)(1 ¡ ²2)
Np

Nn
Ap: (7.7)

The paddle plane e±ciencieswere calculated using 2-out-of-3 (one paddle +

one bar) events in the ¯rst three detector planesand were found to be 96.0%and

98.3%for planes1 and 2, correspondingly. The Np=Nn ratio was extracted from

our experimental data. It was found that initial proton-to-neutron ratio of 6:1 was

reducedby the µnq < 0:08 cut to 1:2. Finally, the proton asymmetry Ap was also

taken from our experimental data to be ¡ 15:2%. Plugging thesenumbers into the

Equation 7.7 we obtained the proton contamination correction of order 50 ppm,

i.e. about 1% of the size of the statistical error of the measuredasymmetry, and
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thereforenegligible.

7.7.3 Electronics deadtime

When the counting rates in detectors are high, the data acquisition system may

start losing events. This is known as deadtime. The experimental deadtime can

be divided into computer deadtime (loss of events due to the BUSY status of the

DAQ) and electronics deadtime. The computer deadtime is taken care of by the

data stream preprocessor(seeSection6.2) and thus we only needto correct for the

electronicsdeadtime.

The lossof events in electronicsoccurs due to overlap of signalsthat have a

¯nite time width. Sincethe principal trigger in the experiment wasthe HMS trigger,

the neutron detector electronicsdid not contribute to the deadtime.

The HMS electronicsgeneratedHMS gatesof 4 di®erent widths: 30 ns, 60 ns,

90 ns and 120ns. By observingthe dependenceof the event rate on the gate width

and extrapolating it to 0 ns one can ¯nd the \ideal" HMS rate. The deadtime is

then the di®erencebetweenthe 30 ns gate rate and this 0 ns extrapolated value.

Three randomly chosenruns were studied. Typical results are shown in Fig-

ure 7.9. The values of the correction is of the order of 15-30 ppm and thus is

negligiblegiven the statistical accuracyof the experiment.
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Figure 7.9: The number of HMS events asa function of the gate width (run 43021).

7.7.4 Acciden tal background subtraction

Although most of the unwanted background is eliminated from the analyzeddata

by the coincidencetiming cut (¡ 5 ns < ¢ t < 3 ns), someof it survives this and

other cuts. As the asymmetryassociated with the background may (and most likely

will) di®er from the neutron asymmetry, it is desirableto estimate the level of the

background and correct for its e®ects.

It is straightforward to calculate the fraction of accidental hits under the co-

incidencepeak. This can be doneby examination of the hit meantime spectra (see

Figure 7.10). Determination of the number of accidental tracks within the coinci-

dencewindow requiresmore sophistication, becausethe relation betweenhits and

tracks is very non-trivial. There are generally three possibilities. An accidental hit
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can:

² form a new track

² combine with an existing track

² destroy an existing track by pushing its averagesoutside the cut windows.

Figure 7.10: Hits meantime distribution. Note that the tail of delayed events after
the coincidencepeak.

It is hard to estimate the relative contributions of thesemechanismson an-

alytic grounds. Instead, a simpler approach was adopted. It was assumed,that
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the relationship betweenthe total number of tracks and the number of accidental

hits is approximately linear (for reasonablylow background). Then the number of

\pure" tracks (no accidentals) can be obtained by extrapolating the dependenceof

the track number on the level of background hits to zerobackground. The number

of background hits was controlled by adding extra coincidencewindows.

Two such windows were used, \early 1" (¡ 21:5 ns < ¢ t < ¡ 11:0 ns) and

\early 2" (¡ 32:0 ns < ¢ t < ¡ 21:5 ns), both having the samewidth as the nominal

coincidencewindow (¡ 3 ns < ¢ t < 7:5 ns). The resultsareshown in Figure 7.11. A

straight line ¯t to the data points shows that our assumptionof a linear relationship

betweenthe number of background hits and the number of resulting tracks is valid.

The relative background (de¯ned asthe ratio of background to \clean" coinci-

dencetracks) is slightly di®erent from the relativeexcess(ratio of background tracks

to all tracks) plotted in Figure 7.11. The relativebackgroundaveragesover the entire

sampleof analyzeddata (16 runs) aregiven in the Table7.6. The global averagewas

calculated from background in windows early1, early2 and early12using weighting

factors of 30%,30%and 40%respectively, and was found to be 0:51§ 0:23%.

Table 7.6: Background study results. "Early12" refers to tracks with both early1
and early2 windows open. The numbersare relative backgrounds(%), asde¯ned in
the text.

counts early 1 early 2 early12 average error
44583 0.62 0.43 0.49 0.51 0.23

138



-1

-0.5

0

0.5

1

1.5

2

2.5

0 1 2 3 4

re
la

tiv
e 

tr
ac

k 
ex

ce
ss

 (
%

)

hit background level

data
fit

Figure 7.11: Relative track excess(i.e. relativechangein the number of tracks dueto
additional background) versusthe background level. The three points correspond to
normal data (coincidencewindow only), oneextra \early" window, and both \early"
windows.

7.7.5 Multi-step reactions contamination

The vast majorit y of neutronsdetectedin the neutron detectorcomefrom quasielas-

tic ~d(~e; e0n) scattering in the target material. However, a small fraction of neutron

events are brought up by charge exchange reactions in the lead curtain and the

target material. Additionally , decay of pions generatedin the lead producespho-

tons that cannot be distinguishedfrom neutrons. Contributions from thesereaction

mechanismscarry proton asymmetry, which has the opposite sign comparedto the

neutron one,and thereforeit is important to correct for thesee®ects.

In the analysisof E93-026the following multi-step reactionswereinvestigated:
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² in the lead shielding

{ d(e;e0p) followed by 208Pb(p;n)

{ d(e;e0p) followed by 208Pb(p;¼0) and ¼0 ! ° °

² in the target material

{ d(e;e0p) followed by 15N (p;n)

Chargeexchangein the deuteron itself is included in the theoretical calcula-

tions as a part of ¯nal state interactions and doesnot require a correction. Charge

exchangein other target materialsdoescontribute to the scatteringasymmetry, but

is negligiblecomparedto the nitrogen.

Charge exchange in the lead

The sizeof the contribution of the chargeexchangein the lead wasestimatedusing

Monte Carlo simulations. For proton kinematics, actual distributions from experi-

mental data wereused. The proton energywascorrectedfor the energylosssu®ered

in the lead. The emitted neutron wasgeneratedusing 208Pb(p;n) crosssectionfrom

the charge exchangestudies of the Basel Gn
M experiment [73]. Since the angular

dependenceof the 208Pb(p;n) crosssection is not known, two extreme caseswere

considered:

² sameangular dependenceas free p ¡ n scattering

² no angular dependence
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The straight averageof the resultsfor the two caseswasusedin the simulation.

The di®erencebetween the two answers (26.7%) was included in the systematic

uncertainty.

For simplicity, the neutron detector in the simulations was replacedwith a

cube of dimensionsgiven by the enclosureof all bar planes except the extended

top of plane 3. Neutron detection e±ciency ² was calculated as a function of the

pathlength x, ² = exp(¡ ®x). The constant ® was calculated using the KSUVAX

program[71] and wasfound to be independent of neutron energy(within 10%)above

the threshold energyof 55 MeV.

As we noted earlier, the neutronsgeneratedby chargeexchangecarry the pro-

ton asymmetry, thereforethe simulation usedactual proton asymmetriesmeasured

in E93-026as functions of various kinematic variables.

The resulting correction is ¡ 3:15%§ 3:01%. The error is dominated by the

uncertainty in the chargeexchangecross-section[74].

7.8 Results

7.8.1 Extraction of Gn
E

The Gn
E extraction procedureis very straightforward. First, onecalculatesrun by

run asymmetries(seeFigure 7.13) and their statistically weighted average. Then

all relevant correctionsare applied (accidental background, radiative e®ects,charge
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exchangeetc.). In parallel, oneaveragesthe theoretical asymmetryover the detector

acceptancefor di®erent valuesof Gn
E Finally, the Gn

E is found as the solution of

the equation Aexp = A theor (Gn
E ) (seeFigure 7.12).

The time evolution of neutron asymmetriesis shown in Figure 7.13(a). In

order to improve the statistical resolution, group averages(rather than run-by-run

asymmetries)are plotted there, where the groups are de¯ned by changesin beam

and target polarizations. The scatter of individual points is purely statistical, as

con¯rmed by Figure 7.13(b) wherea Â2 distribution for run-by-run asymmetriesis

plotted in comparisonwith the theoretical curve.

The asymmetry was also calculated for proton events. Since proton form

factors are better known at our kinematics, proton asymmetriescan be compared

to the theoretical predictions, thus providing a check of experimental systematics.

Also, we have much (roughly by a factor of six) more proton events thatn neutron

ones,and they carry a larger asymmetry, sothe statistical resolution is much better

for protons. The results of the proton asymmetry study are shown in Figure 7.14.

The agreement between the theoretical calculations and experimentally measured

proton asymmetriesis excellent.

The global averagefor the neutron asymmetry (correctedfor beamand target

polarizationsonly) wasfound to be4:031§ 0:471%.After applying the dilution factor

and other correctionsit becomes6:641§ 0:776%. The linear interpolation 7 between

the AV
ed valuesfor Gn

E = 1:1 GGal ster and Gn
E = 1:3 GGal ster gives0:0423§ 0:00506

7Higher order e®ectsare smaller than 0.05%(relativ e) and thus neednot be considered.
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Figure 7.12: The Gn
E extraction plot. The charge form factor of the neutron is

plotted as the function of the measuredasymmetry. The solid line is the ¯t to
the sampled points (black) points. The red point is the corrected experimental
asymmetry (6:64§ 0:78%).
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Figure 7.14: Proton asymmetries:Monte Carlo (solid line) comparedto data (open
circles).

for the Gn
E (1:172 GGal ster ). When calculating the theoretical asymmetries, the

dipole parametrization for the magnetic form factor of the neutron was assumed.

However, recent measurement indicate that the true value of Gn
M deviatesfrom the

dipoleparametrization: Gn
M =GD = 1:072§ 0:014[75]. Monte Carlo simulations with

di®erent valuesof Gn
M showed that its e®ecton the Gn

E is linear. With this, the

¯nal value for the Gn
E becomes:

Gn
E = 0:0454§ 0:0054; (7.8)

where the uncertainty is statistical. Systematicuncertainties will be consideredin

the remainderof the section.
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7.8.2 Kinematic uncertain ties

The leading kinematic uncertainty is due to the horizontal position of the neutron

detector. The initial comparisonbetweenypos (i.e. horizontal position of the nucleon

track at the 3rd plane) spectra of the data and the Monte Carlo revealeda 4 cm

discrepancywhich wasattributed to a biasin the surveymeasurement of the neutron

detector angle. In order to determine the impact of this uncertainty, the data

analysiswas repeatedwith a shifted neutron detector position.

This showed that a 5 mrad shift in the neutron detector anglechangesthe AV
ed

(and therefore,Gn
E ) by 2.4%. Sincea 4 cm shift in ypos corresponds to a 6.4 mrad

shift in the angle, the uncertainty due to the neutron detector position is 3.22%.

The next largest kinematic uncertainty is the onedue to the ¯eld angle. This

quantit y was measuredby surveyors to the accuracyof 0:1±, which propagatesto

0:99%uncertainty in AV
ed, as found by Monte Carlo simulation with a shifted target

¯eld orientation. Other kinematic uncertainties werealsostudiedusingMonte Carlo

simulations and were found to have a small impact (seeTable 7.7).

7.8.3 Other exp erimen tal uncertain ties

The combined kinematic uncertainty together with other sourcesof the systematic

error aregiven the Table7.8. The largestuncertainty is the onerelated to the target

polarization (4.6%). Other important contributions include the combined kinematic

uncertainty, beampolarization error and the chargeexchangeuncertainty.
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Table 7.7: Kinematic uncertainties.

quantit y original error propagatederror
beamenergy 1:7 MeV 0.29%
spectrometermomentum 2:8 MeV 0.36%
spectrometerangle 1 mrad 0.6%
target ¯eld 0:1± 0.99%
vertical position of the nDet 4.8 mrad 0.58%
horizontal position of the nDet 6.4 mrad 3.22%
total | 3.47%

Table 7.8: Systematicuncertainties.

quantit y relative error
target polarization 4.60%
beampolarization 3.30%
dilution factor 2.63%
chargeexchange 3.01%
magnetic form factor 2.29%
total kinematic uncertainty 3.47%
radiative correction 0.50%
accidental background 0.23%
total 8.10%
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Sincethe asymmetry dependsnot only on the charge form factor of the neu-

tron, but also on the magnetic one, which is known with a limited accuracy, the

Gn
M uncertainty of 2.29%must also be included. The overall error is obtained by

combining all partial errors in quadrature and is found to be 8.10%. With this, the

¯nal result of the experiment becomes:

Gn
E (Q2 = 1:0) = 0:0454§ 0:0054(stat) § 0:0037(sys): (7.9)

7.8.4 Reaction mechanism dependence

In order to investigatethe e®ectsof variousaspectsof the reactionmechanismon the

extracted value of Gn
E the extraction procedurewasrepeatedwith the valuesof the

theoretical asymmetriescalculated in two simpli¯ed models: PWIA+R C (relativis-

tic impulse approximation) and FSI+RC (the former plus ¯nal state interactions).

Sincewe are only interested in the relative sizeof various nuclear correctionsand

sincethe relation betweenthe extracted Gn
E and the model value of Gn

M is linear,

the dipole parametrization was usedfor Gn
M for all three models.

The results of this study are presented in Table 7.9. The e®ectsof the meson

exchangecurrents and isobarcon¯gurations are thussmall (of order of 2%), whereas

the e®ectof the ¯nal state interactions is somewhatbigger (» 5%).

These numbers compare very favorably to analogousestimates for the un-

polarized measurements, where the e®ectsof nuclear corrections of 10 ¡ 30% are

148



typical. Also, comparisonwith calculationsfor Q2 = 0:5 (10.5%di®erencefrom the

full calculation for PWBA+R C and 2.4%for FSI+RC) show that thesecorrections

becomerelatively lessimportant at higher Q2.

The impact of the choice of the N ¡ N potential on the AV
ed is negligible for

quasifreekinematics [36].

Table 7.9: Reaction mechanism dependenceof Gn
E All calculations assumedipole

parametrization for Gn
M .

model Gn
E impact(%)

Full 0.0423 {
PWBA + RC 0.0397 6.1
FSI + RC 0.0415 1.9

7.8.5 Parametrization of Gn
E

Traditionally, Gn
E is parametrizedusing the so-calledGalster parametrization

GGal ster = ¡
a¹ n¿
1 + b¿

GD ; (7.10)

with a = 1, b= 5:6, GD = (1+ Q2=¤ 2)¡ 2 and ¤ = 0:71(GeV=c)2. This parametriza-

tion, basedon low-Q2 data from early 1970's [16], continuesto work well even for

higher Q2 data. However, the improvedprecisiondata from this experiment and the

results of a recent recoil polarimetry measurement in JLab Hall C [27] now reveal a

sizeabledeviation from the conventional Galster ¯t.

We performed a ¯t to the world Gn
E databaseusing the traditional Galster

form (7.10). The ¯tting procedure yielded a = 0:86 § 0:04 and b = 3:06 § 0:46
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with the Â2 per degreeof freedom of 0:71. The charge radius measurement [10]

was included into the ¯tted databaseto constrain the slope of Gn
E at low Q2. The

comparisonof the ¯t with the experimental data can be seenin Figure 7.15.
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Figure 7.15: Results of the 2001run of E93-026(2001 run { red stars, 1998run {
cyan triangle) comparedwith other experimental data (seeFigure 8.7for description
of the markers). The solid line is the improved Galster ¯t of Section7.8.5.
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Chapter 8

Theoretical predictions of Gn
E

8.1 Asymptotic behavior

Modern physicsseesthe nucleonasthree valencequarksdressedwith a seaof quark-

antiquark pairs, interacting by meansof gluon exchange. The ultimate description

of the nucleonis to be given by quantum chromodynamics(QCD). At the low and

intermediatemomentum transfersthe QCD calculationsare not feasible(due to ex-

treme nonlinearity of the interaction). At the high momentum transfers, however,

the quarks behave as free particles (this feature of QCD is known as asymptotic

freedom). Therefore,for large Q2 the running coupling constant of the strong inter-

action ®s(Q2) becomessmall and perturbative techniquescan be applied.

8.1.1 Dimensional scaling laws

Certain conclusionsabout the asymptotic behavior of the form factors can be made

without performing the actual perturbative QCD (pQCD) calculations. Consider
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high energy e ¡ N scattering. In order for the nucleon to keep its identit y and

remain in the ground state after the interaction (i.e. for the scattering to occur

elastically), it is necessarythat all the quarkscontinue to move collinearly after the

virtual photon is absorbed. Therefore, the struck quark must shareits momentum

with the other constituents by meansof gluon exchange. In the most generalcase

of n constituents, this involves n ¡ 1 gluon exchanges. As each gluon propagator

brings in a factor of 1=Q2, this meansthat the scattering amplitude would go like

1=(Q2)n¡ 1. Hencethe Fock states involving gluons and seaquarks are suppressed

comparedto the leading order contribution from two gluon exchangebetweenthe

three valencequarks (Figure 8.1).

Figure 8.1: Elastic e¡ N scattering amplitude at high Q2.

Sincea nucleonhelicity °ip requiresa °ip of helicity of a nearly masslessquark,

the spin-°ip amplitude (describedby the Pauli form factor F2) is suppressedrelative

to the non-°ip one(describedby the Dirac form factor F1). Analyticit y suggeststhat

the suppressionfactor dependsrather on Q2 than on Q, and a natural assumption

(but not a rigorousprediction) is 1=Q2. With this, the asymptotic behavior for the
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Dirac and Pauli form factors becomes[76]

F1 » 1=Q4; (8.1)

F2 » F1=Q2: (8.2)

The equations8.1 and 8.2 are known as dimensionalscaling laws.

If one expressesF1 and F2 in terms of Sachs form factors, one arrivesat the

1=Q4 asymptotic dependencefor both GE and GM .

8.1.2 Perturbativ e QCD calculations.

Magnetic form factors

The dimensionalscaling laws only give the leading power asymptotic behavior for

Q2 ! 1 . More information (normalizations, logarithmic corrections,etc.) can be

obtained by performing the actual pQCD calculations.

The perturbative approach is basedon QCD factorization theorems, which

allow scaleseparationbetweenthe short-distanceand long-distancemotion of the

partons. The short-distance(high momentum) motion corresponds to hard (per-

turbativ e) physics,while long-distance(low momentum) motion correspondsto soft

(non-perturbative) physics.
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For the helicity conservingform factor of the nucleon1 onehas in pQCD :

F1(Q2) =
Z 1

0
[dxi ]

Z 1

0
[dyi ]Áy(x i ; Q)TH (x i ; yi ; Q)Á(yi ; Q); (8.3)

whereTH (x i ; yi ; Q) is the hard scattering amplitude, Á(x i ; Q) is the minimum Fock-

state wave function integrated over transversemomenta, x i is the longitudinal mo-

mentum fraction carriedby the i -th valencequark, and [dxi ] = dx1dx2dx3±(1 ¡
P

i x i ).

It is straightforward to expressTH in terms of momentum fractions x i . The situa-

tion is more complicated with the soft wavefunction Á(yi ; Q). By using QCD sum

rules,onecanextract the moments of this wavefunction from the experimental data.

Sinceonly a ¯nite number of moments is known, such parameterizationsare model-

dependent. If one is only interested in the logarithmic corrections,one can usean

expansionof Á(x i ; Q) in a seriesof eigensolutionsof the evolution equation [77].

Á(x i ; Q) = x1x2x3

1X

n=0

anÁn (x i )
µ

ln
Q2

¤ 2

¶ ¡ ° n

; (8.4)

where¤ is the QCD scaleparameter,andan and°n aresomeconstants. Calculations

performedwith the soft wavefunction (8.4) give for the form factor F1:

F1(Q2) =
32¼2

9
®2

s(Q2)
Q4

X

n;m

bn;m

µ
ln

Q2

¤ 2

¶ ¡ ° n ¡ ° m

[1 + O(®s(Q2); m=Q)]: (8.5)

Sincethe helicity-°ip amplitude (associated with the Pauli form factor F2) is sup-

1Or more generally, any baryon.
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pressedfor high Q2, for the leading term of the left-hand side of the Equation 8.5

can be replacedwith GM :

GM (Q2) !
32¼2

9
C2 ®2

s(Q2)
Q4

µ
ln

Q2

¤ 2

¶ ¡ 4=3¯

(ejj ¡ e¡jj ); (8.6)

where ejj (e¡jj ) is the mean charge of quarks with helicity parallel (antiparallel)

to the baryon's helicity (for nucleonsep
jj = 1, ep

¡jj = 0, en
jj = ¡ 1

3 and en
¡jj = 1

3),

¯ = 11¡ (2=3)nf lavor .

Electric form factors

The contribution of the Pauli form factor F2 to the electric form factor GE is am-

pli¯ed by a factor of Q2 and thereforecannot be neglectedin the limit of Q2 ! 1 .

As we have already mentioned earlier, F2 is related to the helicity-°ip amplitude.

There are two mechanismsof a hadron helicity °ip: quark massesand quark orbital

angular momentum. Sincethe quark massesare small, it is generallybelieved that

the latter mechanism is dominant.

Therefore, calculating the Pauli form factor F2 requiresaugmentation of the

standard formalism with the parton orbital momentum. This technology has been

recently developed by Burkardt, Ji and Yuan [78]. Basedon it, Belitsky, Ji and

Yuan have performed the calculations [79]. By using so called collinear expansion

(expansionof the hard part of the diagram in k2
i =Q2, whereki are quark transverse
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Figure 8.2: A two-gluon exchangehard scattering diagram for F p
2 . Permutations

and mirror imagesneedto be added.

momenta), they expressF p
2 in terms of twist-3 and 4 amplitudes ©3, ©4 and ª 4 as

F p
2 (Q2) =

Z
[dx][dy] f x3©4(x1; x2; x3)T©(f xg; f yg)

+ x1ª 4(x2; x1; x3)Tª (f xg; f yg)©3(y1; y2; y3)g ; (8.7)

wheref xg = (x1; x2; x3), the squarebracketshave the samemeaningasin (8.3), and

Tª ;© are hard scatteringdiagrams(Figure 8.2 and its permutations and re°ections).

The exact solutions for the wavefunctions©3, ©4 and ª 4 can only be obtained by

solving QCD non-perturbatively. However, their asymptotic form for large Q2 is

known [80]:

©3 » x1x2x3; ©4 » x1x2; ª 4 » x1x3: (8.8)

When trying to calculate (8.7) with wavefunctions (8.8) one ends up with diver-
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gent (due to end-point singularities) integrals. The authors arguethat higher-order

pQCD resummation(the Sudakov form factor) provides an e®ective cut-o®for the

integrals at small x » ¤ 2=Q2, where¤ is a soft scaleparameter related to the size

of the nucleon. As a result, the Pauli form factor receives an additional logarith-

mic correction comparedto the Dirac form factor, and the high-Q2 prediction (8.2)

modi¯es to:

Q2F2(Q2)=F1(Q2) » ln2+8 =(9¯ ) Q2=¤ 2: (8.9)

wherefor practical purposesthe 8=(9¯ ) term can be neglected.

8.1.3 Comparison with exp erimen t

At the moment, accuratehigh-Q2 data is available only for Gp
M . Gn

M and Gp
E have

only been measuredat moderate Q2 (up to 4 and 6 (GeV=c)2 correspondingly),

while Gn
E is yet to be exploredat Q2 > 1:5 (GeV=c)2.

The Figure 8.3 shows the magnetic form factor of the proton (for convenience

plotted as Q4Gp
M ). The asymptotic behavior appears to set in at approximately

5 (GeV=c)2 (the slow variations observable at high Q2 can be ascribed to log cor-

rections).

Whether or not this meansthat pQCD is valid at the Q2 of a few (GeV=c)2,

is still an open question. Skeptics believe that the agreement between the Gp
M

behavior and the pQCD predictions is mereluck. It haseven beenclaimed that no

reasonablewavefunction canreproducethe correct normalization of the form factors
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Figure 8.3: Asymptotic behavior of the proton magnetic form factor. The data are:
red horizontal bars [81], green x's [82], blue asterisks [83], magenta squares[84],
cyan squares[85] and yellow circles[86].

[87]. Carlson and Grosshave shown that such a wavefunction doesexist, although

our present level of knowledge is not su±cient to tell whether this wavefunction

realistically describes the actual distribution of the parton momentum fractions in

the nucleon[88].

This discussionwasfurther stimulated by recent resultson the form factor ratio

of the proton, Gp
E =¹ pGp

M [89], [90], [91], which exhibit a linear decline2 of the ratio

from 1 at 0 down to 0.27at 5:5 (GeV=c)2. This correspondsto Q2F2=F1 continuing

to climb up, rather than setting in accordancewith the naÄ³ve pQCD expectation

2It is probably worth mentioning herethat thesenew results badly disagreewith the older ones,
obtained with the Rosenbluth separation (see [92] for a review) where this ratio stays roughly
constant up to Q2 = 6 (GeV=c)2. A number of theorists suggestedthat the disagreement is due
to the 2° exchange[93], [94].
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Figure 8.4: Recent data on the proton form factor ratio (F p
2 =Fp

1 ) comparedwith
the traditional pQCD scaling » 1=Q2 and helicity non-conservingscaling » 1=Q.
The data points are: open squares[89], asterisks[90], ¯lled squares[91]. The solid
line shows Ji's scaling Q2F p

2 =Fp
1 » logQ2=¤ 2 [79] with the QCD scaleparameter

¤ = 0:3 GeV=c.
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Q2F2=F1 » 1 (seeFigure 8.4). Onepossibleexplanation is that the truly asymptotic

regimedoesnot occur until much higher Q2 (of at least10 (GeV=c)2), and the early

scalingof Gp
M is accidental.

As an alternative explanation, sometheorists have pointed to the violation

of hadron helicity conservation (HHC) rule [95]. The HHC rule is a natural conse-

quenceof the pQCD factorization scheme.The hard scatteringkernel is azimuthally

symmetric to the leadingorder. The dependenceon the azimuthal anglecomesfrom

the quark transversemomenta, k§ = (kx § ik y) = j~k? j exp(§ iÁ), which are small

comparedto the large momentum transfer, j~k? j » ¤ QC D ¿ Q [96]. If the quark

orbital angularmomentum in the initial and the ¯nal statesdi®ersby ¢ m units, the

integrand in the pQCD factorization integral will receive a factor of exp(i¢ mÁ). In

order to survive the integration by dÁ this factor needsto be cancelledby a corre-

sponding term from the expansionof the hard kernel in the transversemomentum.

As a result, the contribution from the quark orbital angular momentum (OAM)

becomessuppressedby (k§
? =Q)¢ m » (¤ QC D =Q)¢ m . Sincequark current massesare

small and cannot °ip the hadron helicity, suppressionof the contribution from the

quark OAM leadsto the conservation of the helicity of the hadron, i.e. the HHC

rule.

Critics of the HHC stressthat despite the theoretical attraction of the HHC

rule, there are many experimental situations in which helicity conservation is not

observed [97]. Further, it is arguedthat by making somesimpleassumptions(which
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are not in con°ict with the pQCD itself, but rather with the speci¯c \asymptotic

short distance" approach usedin HHC derivation) onearrivesat the scalinglaw of

QF2=F1 » const; (8.10)

which ¯ts the observed data quite well [95], [98].

However, the result of the direct pQCD calculation by Belitsky, Ji and Yuan

described in the previous section, is also in an excellent agreement with the JLab

data. Thus, the behavior of the F2=F1 ratio for the proton can be interpreted as

a consequenceof the QCD logarithmic corrections (as earlier suggestedby Brod-

sky [77]) rather than an evidencein favor of the HHC violation. It should be noted

though, that the authors do not insist that the observed scaling of the JLab data

with (8.9) is a truly asymptotic behavior. They remark that their calculation of

Q6F p
2 (Q2) with asymptotic wavefunctionsof [99] recovers only 1/3 of the JLab ex-

perimental value at Q2 = 5 (GeV=c)2. From that they concludethat higher-order

correctionsand higher-twist e®ectsare still important at this kinematics, and sug-

gestthat the scalingmay bea precociousonewhich owesits existenceto somesubtle

cancellationsin the ratio.
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8.2 Disp ersion relations

In the theory of functions of a complex variable, the analyticit y of a function re-

quires its real and imaginary parts to be related to each other by meansof socalled

dispersionrelations(DR). If onede¯nesthe four momentum transfer on the complex

plane and imposessomeconstraints due to the properties of the scattering matrix

and the analytic behavior of the scattering amplitudes (so called unitarity and su-

perconvergence requirements), then onearrivesto a setof integral equationsrelating

elastic form factors F1;2 to the absorptive onesF 1;2 [4]:

F1;2(Q2) = F1;2(0) ¡
Q2

¼

Z 1

4m2
¼

dz
F1;2(z)

z(z + Q2 ¡ i² )
: (8.11)

The relations (8.11) are alsoknown as spectral massrepresentations, and the

absorptive form factors are calledspectral functions. The spectral functions charac-

terize the nucleonstructure asprobedby a timelike (i.e. Q2 < 0) virtual photon and

contain contributions from all statescoupledto the N ¹N state that can be produced

electromagnetically. Thus it is di±cult to calculate the right-hand side (8.11) on

purely analytical grounds. Therefore,in order to usethe dispersionrelations formal-

ism for calculation of the elasticform factors,oneneedsto make further assumptions

about the form of the spectral functions.

The simplest way to addressthe dispersion relations (8.11) is by assuming

completedominanceof its right-hand side by low-lying resonances.This approach
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(known as vector mesondominance)will be discussedin the next subsection.

A recent DR analysisof the elastic form factors of the nucleonby Mergell et

al. [100] employs a more sophisticatedmodel, which usesthe extendedunitarit y

relation of Frazerand Fulco [101] to expressthe absorptive isovector form factors in

terms of the ¼N P-wave partial wave amplitude and the pion form factor corrected

for ½¡ ! mixing. In addition to the two-pion contribution, three heavier excitations

½0, ½00and ½000wereaddedto the model and werefound to have a signi¯cant impact.

The low-Q2 behavior of the form factor was ¯xed by the experimental data on

nucleoncharge radii, whereasthe asymptotic behavior at high-Q2 was determined

by built-in constraints from the perturbative QCD.

8.3 Vector Meson Dominance

The conceptof the vectormesondominance(VMD) wasintroducedby Sakurai[102].

The basic idea is that the interaction of a (virtual) photon with a nucleon is dom-

inated by quark-antiquark pairs which overlap with vector mesonstates. In the

languageof dispersion relations this meansthat the massspectral functions can

be well approximated by a set of delta functions corresponding to sharp meson

resonances:

F V;S
1 (Q2) =

X

i

A i ±(Q2 + m2
i ); (8.12)
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where the superscripts V; S refer to isovector (V) and isoscalar(S) form factors,

i = ½;! ; Á::: is the mesonicindex, mi is the massof the meson,and A i are constants

depending on photon-mesonand meson-nucleon coupling strengths. It is straight-

forward to seefrom Equation 8.11that each delta function will result in a pole-like

term

A i =(1 + Q2=m2): (8.13)

The pole-like form factors of VMD werevery successfulin describingthe early (low

Q2) form factor data. In fact, the prediction of existenceof the ½mesonby Nambu

in 1957was inspired by the experimental results on the proton and neutron form

factors [103]. However, the asymptotic behavior of the monopole form factors (8.13)

is at oddswith the dimensionalscalinglaws(8.1) and (8.2). Therefore,modernVMD

modelsare forced to have a correct asymptotic behavior by either using \in trinsic"

form factors or adding phenomenologicalterms.

The ¯rst work to include the pQCD asymptotics into a VMD model was that

of Gari and Kr Äumpelmann[104]. They usedthe extendedversionof VMD (EVMD)

where the photon-nucleon interaction has a purely photonic part in additional to

the traditional mesonpoles. A completedecouplingof the Á mesonfrom the nu-

cleonwith accordanceto the OZI rule3 [105] wasassumed.Thus, the isovector and

3The OZI (Okubo-Zweig Iizuka) rule statesthat the disconnected(\hairpin") diagramsare sup-
pressedwith respect to the continuous quark line graphs. According to this rule, non-strangeness
of the nucleon means that coupling with the strange mesons(Á, K ) is small [105], [106], [107],
[108].
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isoscalarform factors weredeterminedby the ½and ! mesonscorrespondingly:

F I V
1 (Q2) =

·
m2

½

m2
½+ Q2

g½

f ½
+

µ
1 ¡

g½

f ½

¶¸
F1(Q2) (8.14)

· V F I V
2 (Q2) =

·
m2

½

m2
½+ Q2

· ½g½

f ½
+

µ
· V ¡

· ½g½

f ½

¶¸
F2(Q2) (8.15)

F I S
1 (Q2) =

·
m2

!

m2
! + Q2

g!

f !
+

µ
1 ¡

g!

f !

¶¸
F1(Q2) (8.16)

· V F I S
2 (Q2) =

·
m2

!

m2
! + Q2

· ! g!

f !
+

µ
· S ¡

· ! g!

f !

¶ ¸
F2(Q2): (8.17)

The intrinsic Dirac and Pauli form factorsweretaken in a form providing the pQCD

high-Q2 behavior:

F1(Q2) =
¤ 2

1

¤ 2
1 + Q̂2

¤ 2
2

¤ 2
2 + Q̂2

(8.18)

F2(Q2) =
¤ 2

1

¤ 2
1 + Q̂2

"
¤ 2

2

¤ 2
2 + Q̂2

#2

; (8.19)

where Q̂2 = Q2 log
³

¤ 2
2+ Q2

¤ 2
QC D

´
=log

³
¤ 2

2
¤ 2

QC D

´
. A simultaneous ¯t to available at that

moment cross-sectiondata yieldedan excellent Â2 per degreeof freedomof 0.43and

the valuesof free ¯t parameterswere found to be closeto the SU(3) expectations

(or experimental values).

In a later work [109] Gari and Kr Äumpelmannupgradedtheir model to include

the e®ectsof the strangenesscontent of the nucleon and introduced a helicity-°ip

scale. By that time (1992), more experimental data on the nucleon form factors

have becomeavailable, including SLAC measurements of the Gp
E =Gp

M ratio with

the Rosenbluth method. It was demonstratedthat the increaseof the Gp
E over the
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dipole value GD could be achieved by setting the helicity-°ip scaleto the meson

scale,whereasthe traditional model with the helicity-°ip scaleequal to the QCD

scale¤ QC D results in a declineof Gp
E with respect to the GD . Another interesting

result of this work is that the Gn
E is sensitive to the contribution from the Á meson

at moderate Q2, and therefore can serve as a probe of the strange content of the

neutron.

The work in this direction was continued by Lomon [110]. He studied two

familiesof models: three modelsbasedon the original Gari-Kr Äumpelmannapproach

(\GK models") and four modelswith the ½-mesonpolereplacedby a ½0(1450)-meson

pole plus an approximation for the ½-mesonterm in the dispersion-relationsintegral

from [100] (\DR-GK" models). The members of a model family di®er between

themselves only by details of cut-o® and normalization parameters. It was found

that the GK-DR model generally give a better agreement with the data than the

GK ¯ts. The relatively high Â2 of the ¯ts (about twice the number of degreesof

freedom)wasexplainedby inconsistenciesbetweendi®erent experimental data sets.

8.4 Quark mo dels

8.4.1 Nonrelativistic quark mo dels

The picture of a nucleon4 as consisting of three quarks in a con¯ning potential

started to emergein early 1960-sin pioneeringworksof Zweig [106], Gell-Mann [111]

4More generally, any baryon.
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and many others. Despite its simplicity, the model had remarkable successesin

explaining hadronic massspectra and radiative transition amplitudes, and is still

widely usednowadays.

The key element of the model is the SU(6) spin-°avor symmetry5 which allows

to make two important predictions about the form factors without even making

any speci¯c assumptionsabout the quark-quark interaction potential. Namely, the

ratios of the form factors for ¯nite Q2 remain sameas for the static case(Q2 = 0),

i.e. Gn
M =Gp

M = ¡ 2=3, Gn
E =Gp

E = 0 [112].

One exampleof a non-relativistic quark model is the model of Isgur, Karl and

Sprung [113] built on the analogy between QCD and QED. The con¯ning poten-

tial is just the harmonic oscillator potential. The potential responsible for lifting

the degeneracyof the massmultiplets of hadrons is analogousto magnetic-dipole-

magnetic-dipole interactions of electromagnetism.Their results for the proton and

neutron chargeform factors

Gn
E (Q2) =

1
6

hr 2i nQ2e¡ Q2=6®2
; (8.20)

Gp
E (Q2) = e¡ Q2=6®2

: (8.21)

are in a qualitativ e agreement with the experiment for low Q2. However, the model

is only valid for Q up to the constituent quark mass(i.e. a few hundred MeV=c2).

5This symmetry is only approximate (unlik e e.g. exact SU(3) color symmetry).
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8.4.2 Relativistic constituen t quark mo dels

The naÄ³ve picture of the nucleon sketched in the previous section is obviously an

oversimpli¯cation. In reality the u and d quarksare about two ordersof magnitude

lighter than the hadronsthey make up, and in addition to the three valence quarks

there are gluonsand quark-antiquark pairs (sea quarks). The successof the simple

quark model suggeststhat seaand glue degreesof freedomare frozen, while their

e®ectsare hidden in the constituent (as opposedto physical, or current quarks)

quark masses.However, oneproblemstill remains: quark momenta aremuch higher

than their masses,i.e. the quarksare highly relativistic. There have beena number

of attempts to add relativit y to the constituent quark model.

In the relativistic casethere exists three distinct forms of the Hamiltonian

dynamics,di®eringby what generatorsof the Poincar¶e group6 are kinematical (i.e.

interaction-free): instant form, point form and light-cone form [114]. In the point

form (PF) and light-cone (LC) representations boosts are kinematic, and therefore

they are particularly suitable for studying the form factors (it is easyto transform

results obtained in one frame into any other frame).

Ligh t-cone

The light-cone dynamics is formulated in so-calledlight front variables,x1, x2, x¡

and x+ , rather than ordinary world-point coordinatesx1, x2, x3 and x4. As was¯rst

6Poincar¶e group is also known as the inhomogeneousLorentz group. It is an extension of the
traditional Lorentz group of Lorentz boosts and spatial rotations by space-timetranslations.
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demonstratedby Berestetskiyand Terentiev [115], this substitution leadsto signif-

icant simpli¯cations in form factor calculations. Consider the relativistic energy-

momentum relation:

p¹ p¹ + m2 = 0: (8.22)

In terms of the light-cone variablesp+ , p¡ and ~p? = (p1; p2) this becomes:

2p+ p¡ ¡ (p? )2 + m2 = 0: (8.23)

On the LC, the plus component of the momentum has the meaningof the Hamil-

tonian, H = ¡ p+ . If we introduce notation ¹ = p¡ we put Equation 8.23 into a

familiar form:

H = (p2
? + m2)=2¹; (8.24)

which is nothing elsethan the nonrelativistic SchrÄodinger equation for a particle

of mass¹ on a two-dimensionalplane. This analogy with the non-relativistic case

is very helpful, since it implies impossibility of creating virtual pairs with ¯nite

energiesdue to conservation of ¹ = p¡ [115].

Chung and Coester [116], inspired by these advantages, performed an ex-

ploratory computation of nucleonic form factors using exactly Poincar¶e-covariant

wavefunction, Gaussianin the quark momenta, from [117]:

Á(M 0) =
N (mq=¤ QC D )

¤ 2
QC D

exp(¡ M 2
0 =2¤2

QC D ); (8.25)
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where M 2
0 =

³ P
i

p
m2

i + ~q2
i

´ 2
,mi = mq are quark masses(assumedto be equal),

qi are the quark relative momenta, N is the normalization factor and ¤ QC D is the

familiar con¯nement scale.They found that the data canbe satisfactorily described

by the model if oneusessmall quark masses(0:24GeV asopposedto the traditional

value of 0:33 GeV) and a somewhatlarge QCD scaleparameter (0:635 GeV). The

quark form factors did not have any Q2 dependence.

The most recent studieswithin the framework of the light-conedynamicswere

carried out by Cardarelli and Simula [1], [118], [119]. In [118] the authors consider

Isgur's cancellationmechanism and con¯rm the result of [11] to show that Gn
E can

indeedbe interpreted as a measureof the chargedistribution in the neutron. They

establishthat retaining the leading order in the relativistic expansionof [11] corre-

spondsto neglectingthe transversemotion of quarks in the Meloshrotations of the

initial state, and show that in this approximation (which they call the zitterbewe-

gung approximation) the non-relativistic SU(6) result Gn
E = 0 still holds. Further,

they use an example of a harmonic oscillator wavefunction of [113] to show that

full Melosh rotations break SU(6) symmetry and generatenon-zeroGn
E on a level

that qualitativ ely explainsthe existing experimental data (although only 40%of the

neutron chargeradius could be reproduced).

In [1] Cardarelli and Simula further improvedtheir model by including dynam-

ical SU(6) symmetry breaking via spin-dependent quark-quark interactions and by

using the y-component of the electromagneticcurrent (rather than the plus compo-
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nent) 7 for the magneticform factors. They show that although both non-relativistic

and zitterbewegungapproximations fail to describe the experimental data evenwith

the dynamic SU(6)-breaking e®ectsincluded, full light-cone calculations with the

wavefunction of the one-gluon exchange model [120] agree with the experimen-

tal data on the EMFFN (including the JLab results on Gp
E =Gp

M [91]) fairly well.

However, the neutron charge form factor is still underestimated(only 65% of the

experimental value was reproduced).

A better agreement with the experiment can be achieved by using constituent

quark form factors,asdoneby Simula in [119]. There heusesthe low-Q2 experimen-

tal data (up to 1 GeV/c) to ¯x the parametersof the constituent quark form factors,

so the higher Q2 predictions can be consideredto be in a senseparameter-free.

Poin t-form

In the point-form representation all interaction is contained in the four-momentum

operators,which commute amongthemselvesand thus can be simultaneouslydiag-

onalized. As with the light-cone dynamics,boost operators are interaction-free.

The point-form dynamicsformalism wasrecently applied to the studiesof the

nucleonform factorsby Wagenbrunn et al. [121]. The nucleonis consideredthrough

the prism of spontaneousbreaking of chiral symmetry SU(3)L £ SU(3)R down to

SU(3)V vector symmetry associated with Goldstonebosons. The quark-quark in-

7For the full current the situation is rotationally covariant, i.e. it does not matter which
component is used in the calculation. However, that is not necessarilythe casewhen only one-
body currents are included (i.e. an impulse approximation is made) as in [1].
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teraction potential consistsof two parts: phenomenologicallinear con¯nement po-

tential and instantaneousone-boson-exchangepotential. The model has beenvery

successfulin describingthe excitation spectra of light and strangebaryons.

The Hamiltonian is diagonalizedusingthe stochastic variational method [122],

yielding eigenstatesin the center-of-momentum frame. The form factors are then

expressedin terms of the standard single-particle current operator for the quarks

evaluated betweenthe eigenstates,and several Wigner rotations. The authors em-

phasizethat their model allows to obtain a satisfactory agreement with the exper-

imental data without any adjustments (like constituent quark form factors, pionic

cloud, etc.).

8.5 Diquark mo del

The diquark model was originally put forward in order to explain the experimental

results on deep inelastic lepton-nucleon scattering, which suggestedthat only the

struck parton participates in the interaction, while the rest of the nucleonbehaves

as a spectator quasiparticle (see[123] and referencestherein). It also provided an

explanation for missingresonancesin the baryonic massspectrum by reducing the

number of availabledegreesof freedomvia couplingof two quarksinto a bound state

(a diquark).

With respect to exclusive reactions (including nucleon form factors), the di-

quark approach is tempting becauseit allows to extend the applicability of pQCD
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factorization scheme8 to lower Q2 by introducing an additional subasymptoticscale

associated with the diquark. In the diquark picture, the nucleon is viewed as a

bound state of a diquark and a quark at intermediateQ2, whereasat high Q2 (when

the individual quarkswithin the diquark are resolved by the virtual photon) the di-

quark modelsturns into the traditional pQCD, thusguaranteeingcorrectasymptotic

behavior of the form factors.

This approach was adopted by Anselmino et al. [123]. They constructed the

photon-diquark Feynman rules in a complete analogy with the standard BjÄorken-

Drell prescription [124], which wasthen generalizedfor the caseof the gluon-diquark

vertex:

¡ iGS¸ ®=2(q1 + q2)¹

for the scalar (S = 0) diquark and

¡ i¸ ®=2[G1(q1 + q2)¹ g·º ¡ G2(q·
2g¹º + q¹

1 g¹· ) + G3(q1 + q2)¹ qº
1q·

2 ]

for the vector (S = 1) diquark. The form factorsG1, G2, G3 andGS areparametrized

in the form: G3 = 0, GS = gSFS(Q2) and G1 = G2 = gSFV (Q2), wheregS is related

to the strong coupling constant ®S by gS =
p

4¼®S. Finally, the form factors FV

and FS are parametrizedby pQCD considerationsin the following form:FS(Q2) =

®S (Q2 )Q2
0

Q2
0+ Q2 ; andFV (Q2) = ®S (Q2 )Q2

1
Q2

1+ Q2 for zerohelicity verticeswith ~FV (Q2) = Q2
2

Q2
2+ Q2 FV (Q2)

8Also known as Brodsky-Farrar-Lepage factorization scheme.
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otherwise.

With this, the pQCD factorization procedure(with appropriate modi¯cations)

for the form factors yields

Gp
M =

8¼CF

3Q2

( Z
dxdy Á¤

S(y)
®S(Q̂2)FS(Q̂2)
(1 ¡ x)(1 ¡ y)

ÁS(x)

¡
Q2

8m2
FV (Q2)

Z
dxdy Á¤

V (y)
®S( ~Q2)(1 ¡ x)(1 ¡ y)FV ( ~Q2)

xy
ÁV (x)

)

; (8.26)

F p
2 (Q2) = ¡

2¼CF

Q2·
FV (Q2)

Z
dxdy Á¤

V (y)
®S( ~Q2)FV ( ~Q2)

xy
ÁV (x); (8.27)

Gn
M =

4¼CF

3Q2

( Z
dxdy Á¤

S(y)
®S(Q̂2)FS(Q̂2)
(1 ¡ x)(1 ¡ y)

ÁS(x)

¡
Q2

12m2
FV (Q2)

Z
dxdy Á¤

V (y)
®S( ~Q2)(1 ¡ x)(1 ¡ y)FV ( ~Q2)

xy
ÁV (x)

)

: (8.28)

A study along theselines was conductedby Kroll, SchÄurmann and Schweiger

[125]. They useddistribution amplitudes of the form

ÁS(x1) = ÁV (x1) = Ax 1x3
2 exp

·
¡ b2

µ
m2

q

x1
+

m2
D

x2

¶¸
(8.29)

wherequark and diquark massesaretakento bemq = 330MeV and mD = 580MeV;

and x1;2 areusual light-conemomentum fractions. The dependenceof the full wave-

function on the transversemomentum kT is assumedto be of the form

» exp
·
¡ b2 k2

T

x1x2

¸
; (8.30)
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where b is a harmonic oscillator scale parameter, ¯xed in such a manner that

p
hk2

T i = 600 MeV. The results for the Gp
M compare quite favorably with the

experimental databaseavailable at that moment (1991) which hasnot changedsig-

ni¯cantly sincethen. The authorsdid not makea direct comparisonwith the low-Q2

data available for the other three nucleonicform factors becauseof the perturbative

nature of their calculations.

In a recent work by Ma, Qing and Schmidt [126] the diquark model is formu-

lated on the light cone. The authors usea generalform of the proton wavefunction

ª "#
p (qD) = sinµÁV jqV i "# + cosµÁSjqSi "# ; (8.31)

jqV i "# = §
1
3

[V 0(ud)u"# ¡
p

2V § 1(ud)u#" (8.32)

¡
p

2V 0(uu)d"# + 2V § 1(uu)d#" ] (8.33)

jqSi "# = S(ud)u"# ; (8.34)

where µ is the mixing angle that breaks the SU(6) symmetry (if µ 6= ¼=4), and

V SZ and SSZ are vector and scalar diquark instant form Fock states. However, in

the actual calculations only the SU(6)-symmetric caseÁ = ¼=4 is studied. The

momentum wavefunction usedin the model is of the harmonic oscillator type

ÁD (x; ~k? ) = AD exp

(

¡
1

8b2

"
m2

q + ~k2
?

x
+

m2
D + ~k2

?

1 ¡ x

#)

; (8.35)

while the spin part of the wavefunction is obtained by transforming instant states
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into light-cone statesvia standard spin-1/2 Melosh rotations for the quark and via

prescription of Ahluvalia and Sawicki for Melosh rotation of the vector diquark

[127] (for the scalar diquark there is obviously no Melosh transform, sincethere is

no spin).

As usual in the light-cone formalism, the form factors are expressedin terms

of the helicity-°ip and helicity-non°ip matrix elements of the plus component of the

electromagneticcurrent:

h" j
J + (0)
2P+

j "i = F N
1 (Q2); (8.36)

h" j
J + (0)
2P+

j #i = ¡ (q1 ¡ iq2)
F N

2 (Q2)
2M

: (8.37)

With the choiceof the proton wavefunction given by Equation 8.35 the results for

the proton form factors9

F p
1 (Q2) = 3

Z
d2k? dx
16¼3

2
3

cos2 µw0
qwq[(k0+ + mq)(k+ + mq) + k0L

? kR
? ]

ÁS(x; ~k0
? )ÁS(x; ~k? ): (8.38)

F p
2 =

6M
¡ qL

Z
d2k? dx
16¼3

2
3

cos2 µw0
qwq[(k0+ + mq)kL

? ¡ (k+
q + mq)k0L

? ]

ÁS(x; ~k0
? )ÁS(x; ~k? ); (8.39)

wherekR;L = k1 § k2 (and similarly for q), and ~k0
? i = ~k? i + (1 ¡ x i )~q? for the struck

9The results for the neutron form factors are more cumbersome. The interested reader should
refer to the appendix of the discussedarticle.
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quark and ~k0
? i = ~k? i ¡ x i ~q? for each spectator.

8.6 Soliton mo del

Solitons (solitary nonlinear waves) were ¯rst observed in XIX century in hydrody-

namics. With the rapid development of the numerical methods (due to advent of

computers) in the secondhalf of the XX century, studiesof solitons in application

to various branches of physics and other scienceshave gained a wide popularity.

Two distinctive features,localization in spaceand preservation of identit y through

collisions,madesolitons interesting for particle physicists.

Long beforeQCD, in 1960Skyrme has suggesteda ¯eld theory with classical

soliton solutions and an SU(2) ­ SU(2) symmetry spontaneously broken to SU(2)

as the theory of strong interactions [128]. The traveling waves in this model were

interpreted as pions, and the solitons were identi¯ed with baryons. The interest

to this model was reignited when it was shown that a theory of this kind arises

in the 1=Nc expansionfor QCD. The theory was relatively successfulin describing

static nucleonproperties [129], however, ¯rst studieswith the nucleonform factors

[130] have shown that the bare Skyrme model is not su±cient for explaining the

experimental data and inclusion of vector mesone®ectsis necessary.

Recently, Holzwarth conducteda study of the chiral soliton model [131], where

he has investigated two models representing two distinct ways of including vector
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mesone®ectsinto the form factors into the standard pionic Skyrme Lagrangian:

L (¼) = L (2) + L (4) (8.40)

L (2) =
f 2

¼

4

Z ¡
¡ TrL ¹ L ¹ + m2

¼Tr(U + Uy ¡ 2)
¢

d3x; (8.41)

L (4) =
1

32e2

Z
Tr[L ¹ ; L º ]2d3x; (8.42)

whereL ¹ denotesthe chiral gradient L ¹ = Uy@¹ U, m¼ = 138MeV is the pion mass,

is the pion decay constant f ¼ = 93 MeV and e = 4:25 is the Skyrme parameter.

In Model A the vector mesone®ectswere accounted for by multiplying the

form factors by

¤ I (Q2) = ¸ I

µ
m2

I

m2
I + Q2

¶
; (8.43)

wherethe label I refersto the isospin(and m0 and m1 are massesof the isoscalar½

and isovector ! mesons,correspondingly).

In Model B vectorsmesonsterms are explicitly included into the Lagrangian:

L = L (¼) + L (½) + L (! ) ; (8.44)

L (½) =
Z µ

¡
1
8

Tr½¹º ½¹º +
m2

½

4
Tr(½¹ ¡

i
2g½

(l ¹ ¡ r ¹ ))2

¶
d3x; (8.45)

L (! ) =
Z µ

¡
1
4

! ¹º ! ¹º +
m2

!

2
! ¹ ! ¹ + 3g! ! ¹ B ¹

¶
d3x; (8.46)

with the topological baryon current B ¹ = 1
24¼2 ²¹º ½¾TrL º L½L¾, and l ¹ = »y@¹ »,
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r ¹ = @¹ »»y, where»2 = U.

Both modelsgive a satisfactory description of chargeand magnetization radii

and magneticmoments of the neutron and proton.

8.7 Overview

In this sectionweshall comparethe predictionsof variousnucleonmodelsto existing

experimental data on nucleonform factors. For each model describedin the previous

sectionsof the chapter we chosethe most successful̄ t 10.

Not surprisingly, the best agreement with the experimental data is obtained

by Lomon's ¯ts [110]. This is due to the semi-phenomenologicalnature of the

model (i.e. built-in pQCD behavior) and the large number of free parametersof

the model. Other models may provide better physical insight, but none of them

provides an adequatedescription of all nucleonform factors for the entire rangeof

the momentum transfer.

Let us consider the magnetic form factors ¯rst (as the experimental data is

lessambiguous here). Figure 8.5 shows the results for the magnetic form factors

presented in the traditional form (with the dipole form factor GD = (1 + Q2=¤ D )¡ 2

divided out). Only Simula's light-cone calculation basedon one-gluonexchange

wavefunction [119] describesboth magnetic form factors well (although the results

of the calculation are only available up to 10 (GeV=c)2). The soliton model [131]

10The results of the dispersion relations analysisof Mergell et al. [100] are not included into this
overview sincethey are essentially contained in the later study of Lomon [110].
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doesa very good job for the Gp
M , but the prediction for Gn

M starts deviating from the

data at about 1 (GeV=c)2. The caseis the opposite for the point-form Goldstone-

boson-exchangemodel of [121]. Finally, the predictions of the light-cone diquark

model [126] fall short of the data for the both form factors.

The experimental data on the GE =GM ratio of the proton is not helpful in eval-

uating performanceof di®erent models beforethe controversy betweenRosenbluth

[81], [133], [134], [139] and polarized [90], [140] measurements is resolved.

Finally, let us considerthe charge form factor of the neutron (the discussion

of results of the present experiment is postponed until later). None of the models

provides an accuratedescription of the data within the entire measuredQ2 range.

Recent recoil polarized measurements at the JLab [27] (which provide the most

accuratehigh Q2 data at the moment) seemto favor the Simula's prediction; the

prediction of the diquark model also is not far o®. The soliton model, although

successfulfor describingGn
E data at low-Q2, tends to underpredict the data starting

at 1 (GeV=c)2.
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Figure 8.5: Magnetic form factors of the nucleon. The models shown are: soliton
B1 [131] (solid), point-form spectator approximation [121](dashed),light-cone one-
gluon exchange [119](dotted), light-cone diquark [126](dash-dotted) and the DR-
VMD ¯t [110](bold-dotted). The experimental data are from [81], [82], [83], [132],
[133], [134], (for the proton) and [13], [135], [136], [137], [138], [75] (for the neutron).
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Figure 8.6: The GE =GM ratio for the proton. Open symbols are Rosenbluth data
[81], [133], [134], [139], ¯lled symbols are polarizeddata [90], [140] . Modelsare the
sameas in Figure 8.5.
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Figure 8.7: The electric form factor of the neutron. The E93-0262001run results
are shown with red stars. Other data are: open squares{ analysisof the deuteron
quadrupole form factor [22], ¯lled circles{ recoil polarization [25], [141], [27], ¯lled

squares{ ~H e
3

target [31], [33], ¯lled triangles { ~d target [35], [34]. Models are the
sameas in Figure 8.5.
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Chapter 9

Discussion

As we have seenin the previous two sections, the results of the present experi-

ment, as well as those of other recent experiments, can be described by a simple

parametrization (7.10). This gives us con¯dence that the formalism employed by

the experimental methods is adequate(at least in this kinematic regime) and the

measurements are free of major problems.

This consistencyis especially important in light of the recent controversy for

the charge form factor of the proton, where the disagreement betweenthe Rosen-

bluth and polarization measurements is interpreted by many theoristsasan evidence

of the two-photon exchange. If the importance of the two-photon exchangecontri-

bution is con¯rmed, the entire formalism of the electron-nucleonscattering will be

challenged(for example,it will be longer possibleto represent the electromagnetic

structure of the nucleonin terms of just two form factors [94]).

Unfortunately, the accurateGn
E data is only available up to the region where

the Rosenbluth and polarizedresults for the proton begin to diverge. More accurate
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data taken with several approachesis neededat Q2 ¸ 2GeV=c2.

The Galsterparametrization (7.10)hasbeentraditionally consideredashaving

no fundamental physical signi¯cance. Recently, Kaskulov [142] has shown that

under someapproximations Gn
E can be obtained as:

Gn
E (Q2) =

hr 2i n

6
Q2F¼(Q2)GD (Q2); (9.1)

where F¼(Q2) is the form factor of the pion, which has monopole Q2-dependence.

The parametrization (9.1) is of the sameform as the Galster ¯t (7.10). Therefore,

the successof the Galster form at low Q2 can be consideredas a manifestation of

the chiral content of the nucleon. For higher Q2, exchangecurrents are expectedto

becomeimportant.

A careful examination of Figure 7.15shows that the Galster parameterization

is lesssuccessfulat Q2 < 0:4 GeV=c2 than elsewhere.The fact that it is hard to keep

the nuclear correctionsunder control for lower Q2, and the large error bars at this

kinematics, preclude any de¯nitiv e conclusions. However, if one believes that the

groupingof thesedata above the Galster line is neither coincidental nor due to some

common°aw in the data analysis, then one can seethat the Gn
E databasecan be

better ¯tted with a superposition of a broad Galster-like ¯t and a low-Q2 \bump".

Such an ansatzwasmadeby Friedrich and Walcher [143]. They convincingly argue

that the \bump" can be identi¯ed with the pion cloud, which reachesas far out as

2 fm, whereasthe broaderpart correspondsto the constituent quark dynamics. The
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authors stressthe needfor accuratedata at moderate Q2 to test their hypothesis.

Even though none of the QCD-inspired models consideredin the previous

chapter provides a complete description for all four electromagneticform factors

within the entire experimental range,it shouldbenoted that all of them successfully

reproducethe mostessential featuresof the data: the dipolebehavior of the magnetic

form factors at modest Q2 and positive non-zeroGn
E . Non-relativistic SU(6) models

could not recover these features,and thus one can concludethat both relativistic

e®ectsand dynamical SU(6) breaking via spin-dependent quark-quark interaction

are important for understandingthe electromagneticstructure of the nucleon.

The results of the presented experiment and another recent JLab experiment

[27] had an appreciableimpact on the extracted charge density of the neutron [5]

(seeFigure 9.1). One distinctive new feature of the updated densitiesis a positive

bump at about 1-1.5fm, which is not consistent with the traditional interpretation

of the charge distribution neutron in terms of a positive core and a negative pion

cloud. The author statesthat this is a stable and model-independent feature of the

analysiswhich cannotbeeliminated without damagingthe quality of the form factor

¯ts at Q2 » 1 GeV=c2. As suggestedby the author, such oscillatory behavior of

the chargedensity may be a signatureof the d-state component of the wavefunction

which is probably broader spatially than that of the s-state.

Recent accurate measurements of Gn
E with the polarized target had a pro-

nouncedpositive impact on our understandingof the electromagneticstructure of
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the nucleon. It could be of interest to apply this experimental method to the proton

form factors. Measuring Gp
E =Gp

M with a polarized target could not only help to

resolve the controversy between Rosenbluth and polarized data, but also provide

useful information for quantitativ e studiesof the e®ectstwo gammaexchangeif the

latter are found to be of signi¯cance. In that case,extraction of the three form

factors (traditional GE ;M and the one associated with the two photon exchange)

will require measurements with two or more independent experimental methods.
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Figure 9.1: Chargeand magnetizationdensitiesof the neutron. Top panel: GE
n data

usedin the extraction. Recent JLab data points (the present experiment and [27])
are shown in red. Bottom panel: extracted charge densitiesbefore (blue hatches)
and after (grey hatches) the recent JLab measurements.
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Chapter 10

Summary and outlo ok

In the experiment described here (JLab E93-026) the charge form factor of the

neutron wasmeasuredat Q2 = 0:5 and 1:0 (GeV=c)2. The data analysisfor Q2 = 1:0

was discussed.The result is:

Gn
E (Q2 = 1:0) = 0:0454§ 0:0054(stat) § 0:0037(sys): (10.1)

This data point is the highest Q2 datum measuredwith a polarized target. To-

getherwith another recently publishedJLab experiment (E93-038),this experiment

provides the only accuratedirect measurements of Gn
E at Q2 > 1:0 (GeV=c)2.

The theoretical calculations used in the extraction of Gn
E included the rela-

tivistic e®ectsaswell ascontributions from mesonexchangecurrents, isobarcon¯g-

urations and ¯nal state interactions. Studiesof the reaction mechanismdependence

con¯rm the prediction of the ArenhÄovel's model [36] that the sensitivity of this

method of measurement to mesonexchangecurrents and the ¯nal state interactions

is small (2% and 5% respectively) and decreaseswith the increaseof Q2.
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Basedon our andother experimental results,an improvedGalsterparametriza-

tion was suggested:

Gn
E =

0:86¹ n¿
1 + 3:06¿

(1 + Q2=0:71)¡ 2; (10.2)

whereas usual ¿ = Q2=4m2 and the units of Q2 are assumedto be (GeV=c)2.

Our experimental results are consistent with the recoil polarimetry measure-

ment by Madey et al. and the deuteronquadrupole form factor analysisby Sick and

Schiavilla.

The experiment E93-026hasbeena part of massive experimental program at

the JLab and other nuclear facilities (NIKHEF, MAMI, MIT-Bates) aiming at im-

provement of our knowledgeof the electromagneticstructure of the neutron. Thanks

to this ongoinge®ortby many experimentalists, the typical uncertainties in Gn
E have

been reducedfrom 30¡ 40% ten yearsago to 10%. The situation will be further

improvedupon completionof two other experiments. The JLab experiment E02-013

will extend our knowledgeof Gn
E to higher Q2, whereasthe BLAST experiment at

MIT-Bates will improve the accuracyof the world Gn
E databaseat low and interme-

diate Q2.
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App endix A

Principles of operation of the
E93026 polarized target

A.1 Dynamic nuclear polarization

Unpairednuclearspinsalign with the direction of the externalmagnetic¯eld. There-

fore, the simplestmethod of polarizing a material is by placing it into a strong mag-

netic ¯eld. Statistical physicsgives the relation betweenthe polarization and spin

J of the nucleusas follows [50]:

P =
2J + 1

2J
coth

µ
2J + 1

2J
¹B
kT

¡
¶

¡
1

2J
coth

µ
1

2J
¹B
kT

¶
; (A.1)

where ¹ is the magnetic moment of the nucleus,B is the magnetic ¯eld, T is the

spin temperature 1 and k is the Boltzmann's constant.

For the particular caseof a spin-1 systemthis expressionsimpli¯es to:

1In thermal equilibrium the spin temperature is equivalent to the temperature of the system.
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P =
4tanh(¹B =2kT)

3 + tanh2(¹B =3kT):
(A.2)

For realistic experimental valuesof B and T the nuclear polarization is low.

For example, for the values of this experiment, B = 5 Tesla and T = 1 K , the

deuteron thermal polarization is only 0:14%. However, the electron polarization

is very high (99:8%), and this high polarization can be transferred to nuclei using

mechanism which bearsnameof dynamic nuclear polarization (DNP).

Let usconsiderhow DNP works in N H3 targets 2. When the material is placed

in a magnetic ¯eld, degenerationin m, the quantum number for projection of spin

onto the ¯eld direction, is lifted due to Zeemanterms of the Hamiltonian. The

energyeigenstatesare pure spin states.

If then the material is doped with paramagneticradicals, providing free elec-

trons, the spin-spin interaction with unpaired electron spins makesnucleonenergy

eigenstatesmixed spin states(Figure A.1):

je # N "i ! j1i = je # N "i + ²1je # N #i (A.3)

je # N #i ! j2i = je # N #i + ²?
1je # N "i (A.4)

je " N "i ! j3i = je " N "i + ²2je " N #i (A.5)

2N D3 is more complicated due to quadrupole moment and higher spin of deuteron, but all
essential features are the same.
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je " N #i ! j4i = je " N #i + ²?
2je " N "i ; (A.6)

wheremixing coe±cients ²1;2 are small (j²1;2j ¿ 1).

The double-°ip transitions, forbidden in the absenceof the spin-spin inter-

action due to dipole selectionrules, are now allowed. By bombarding the material

with photonsof frequency(¹ e+ ¹ N )B=h it is possibleto causetransitions from state

j2i (nucleonspin anti-aligned) to state j3i . Sinceelectron relaxation time is small

(a few ordersof magnitudeslarger than that of nucleons),this transition is almost

immediately followed by a decay of the j3i to a j1i . As a result, the positive polar-

ization of the material is increased.In exactly the sameway a negative polarization

of material can be achieved by using photons of frequency(¹ e + ¹ N B)=h.

The polarization is further enhancedby a mechanism, known as spin di®u-

sion. In this processthe nuclearpolarization is transferredto neighboring nuclei via

dipole-dipole coupling.

A.2 NMR polarization measuremen t

NMR system

The target polarization wasmeasuredusingNMR technique[144]. The ideaof the

method is basedon the fact that the polarization of a material placedin a varying

magnetic ¯eld of frequency ! is related to the absorptive part of the magnetic

susceptibility of the material [144]:
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je # N "i

j4i ¼ je " N "i

je " N "i

je # N #i

j1 > ¼ je # N "i

j3i ¼ je " N #i

s-sinteraction OFF s-sinteraction ON

je " N #i

j2 > ¼ je # N #i

Figure A.1: The e®ectof spin-spin interaction on levels and states of an electron-
nucleon system in an external magnetic ¯eld. On the left: pure spin levels in
absenceof spin-spininteraction. On the right: spin-spininteraction shifts the energy
levelsandmixespurespinstates,makingpreviouslyforbiddendouble-°ip transitions
allowed.

P =
2

¹ 0¼~° 2N J

Z 1

0
Â00(! )d! ; (A.7)
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j1i

j2i

j3i

j4i

Figure A.2: Positive (solid line) and negative (dashedline) polarization enhance-
ment. Notations for energylevels are explainedin Figure A.1.

where° is the nuclear gyromagneticration, J is the spin of the speciesbeing mea-

sured,and N is the spin density of the material. To measurethe absorption signal

oneplacesan inductor (NMR coil) into the target material. Due to the interaction

with the target material the inductanceof the coil changesand becomes

L(! ) = L 0 [1 + 4¼́ Â(! )] ; (A.8)

where L 0 is the inductance of the coil with unpolarized material and ´ is the ¯ll-

ing factor, describing the coupling between the material and the NMR coil. The

194



impedanceof the coil is in its turn measuredby including the coil into a resonant

LCR circuit tuned to the Larmor frequencyof the deuteron.
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App endix B

Measuring beam polarization with
the Hall C M¿ller polarimeter

M¿ller measurements employ polarized electron-electronscattering for determina-

tion of the beam polarization. SinceM¿ller scattering is a pure QED process,the

analyzingpower canbe calculatedto a very high accuracy, thus makespossiblevery

accuratepolarization measurements.

For the longitudinal polarization of both beam(Pb) and target (Pt ) spins the

scattering cross-sectionin the center-of-massquantities is [47]:

d¾
d­

=
µ

d¾
d­

¶

0

]1 + PtPbAzz(µ)]; (B.1)

where( d¾
d­ )0 = (®(3+ cos2 µ)=(2E sin2 µ))2 is the unpolarizedscatteringcrosssection,

® is the ¯ne structure constant, E and µ are the incident electron energyand the

scattering angle in the center-of-massframe, and Azz(µ) = ¡ sin2 µ(8 ¡ sin2 µ)=(4 ¡

sin2 µ)2 is the analyzing power. The analyzing power reachesa maximum of ¡ 7
9 at

90±. Therefore, the detectors are arranged such that to emphasizethis kinematic
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region. The Azz needsto be correctedfor the Levchuk e®ect[145] which takesinto

account the initial motion of the atomic electrons.

The Equation B.2 givesthe expressionfor the beam-targetasymmetry:

² =
N+ ¡ N¡

N+ + N¡
= AzzPbPt ; (B.2)

which can be rewritten for the beampolarization as follows:

Pb =
²

AzzPt
: (B.3)

Here Azz is the acceptanceaveragedanalyzing power. From the Equation B.3 one

can seethat the error on the beam polarization has statistical contributions from

the M¿ller counts and Monte Carlo statistics, and a systematiccontribution (Monte

Carlo systematicsand the target polarization).

The systematic error is dominated by the Levchuk e®ect,which is 10% rela-

tiv e with the size of the e®ectabout 3%, i.e. the contribution is 0.3%. The spin

polarization in iron is known to 0:25%. Other systematic uncertainties (multiple

scattering, beamposition and direction, target ¯eld value and orientation etc.) are

small (· 0:15%). The overall systematicerror was found to be 0:47%[47].
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