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Abstract

High-energy, exclusivedeuteronphoto-disintegration (
 d ! pn) is an excellent laboratory
for studying the transition from meson-nucleon degreesof freedomto quark-gluon degrees
of freedomin nuclear reactions. Previous measurements of 
 d ! pn up to �E 
 = 5:5 GeV
and � cm = 37� and 53� indicate that the invariant crosssection scalesin energyconsistent
with the constituent counting rule description. Thesemeasurements alsoa indicate possible
threshold for the onsetof this scalingbehavior.

This letter of intent describesa new set of measurements feasibleat Je�erson Lab with
the upgradedCEBAF acceleratorand new Super-High Momentum Spectrometer (SHMS)
in Hall C. Using cryogenic targets and real bremsstrahlungradiators similar in design to
those used in previous JLab measurements of this process,the incident photon range can
be extendedto 6.6 GeV for forward angles� cm = 37� and 53� to con�rm onsetof scalingat
forward angles. New measurements at � cm = 90� will con�rm the persistenceof scaling in
the highest transversemomentum setting for this reaction.

3



1 In tro duction

Exploring and understandingquark e�ects in nuclear reactionsis a challengeof nuclear
physics. The transition from meson-baryon degreesof freedom to quark-gluon degreesof
freedom indicates the need to include QCD in theoretical calculations of these processes.
Exclusive deuteron photo-disintegration (
 d ! pn) is an excellent laboratory for studying
this transition. The useof real photons increasesthe momentum transferredto the detected
nucleon4-fold over its companionexclusive process,elastic electron-deuteronscattering [1].
Thus, it is argued, the probability that QCD e�ects can be seenincreasesin this nuclear
reaction, comparedto that of electron-deuteronelastic scattering. Indeed, in high-energy

 d ! pn the invariant crosssectiondoesappear to follow the energydependencepredicted
by the constituent counting rules for high enoughphoton energy [2]. This letter of intent
describes a new suite of measurements intended to extend the high-energy range for the

 d ! pn processat � cm = 37� ; 53� ; and 90� . Thesemeasurements will test the persistence
of the scaling behavior observed in previous JLab measurements and provide further data
on the transition from non-scalingto constituent counting behavior.

2 Ph ysics Motiv ation

2.1 Meson Exchange vs. QCD

Mesonexchangetheory is the classicaltechnique usedto describe nucleon-nucleoninter-
actions; and has beenvery successful.For deuteron photo-disintegration, however, at high
energy its use has becomelimited. Figure 1 shows the scaledinvariant di�erential cross
section, s11 d�

dt , for the deuteron photo-disintegration reaction as a function of the incident
photon energy. The two models of deuteron photo-disintegration presented are able to re-
produce features in the data quite well up to incident photon energiesof about 500 Mev.
Above this, however, they begin to losetheir predictive power.

Quantum chromodynamics (QCD) is a �eld theory approach to the strong interaction.
QCD views the hadrons, baryons and mesons,as composite objects of point-lik e particles,
quarks. Becausethe coupling constant for QCD, � s, is strongly dependent on momentum
transfer, perturbative methods like those used in QED are only valid at large momentum
transfers. QCD is expectedto be able to describe nuclear interactions, like deuteronphoto-
disintegration; however, � s is still relatively large even at the highest energiesthus far mea-
suredin deuteronphoto-disintegration, perturbative approachesarenot expectedto be valid
[10] and non-perturbative techniquesare very di�cult to calculate.

2.2 Av ailable Descriptions of Deuteron Photo-disin tegration

As described in Section2.1 there are two basicframeworks which can be usedto describe
deuteron photo-disintegration. The mesonexchange picture has produced very successful
models up to a few hundred MeV in photon energy. Two models, one by T. S.-H. Lee and
oneby J. M. Laget, have attempted to describe deuteronphoto-disintegration into the 1 to
2 GeV region. The Asymptotic MesonExchangemodel attempts to modify the traditional
mesonexchangetechniqueby employing short rangedeuteronwave functions to describe the
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Figure 1: s11 d�
d
 for the d(
 ; p)n reaction up to a photon energyof 4 GeV at � cm = 90� . The

the solid curve is the mesonexchangemodel developedby T.S-H. Lee[3] and the long dashed
curve is the mesonexchangemodel developed by Laget [4]. Notice that above 0.5-0.8GeV
the present modelsare unable to reproducethe present data. The data appear to follow an
s� 11 dependence.Data are from Refs. [5, 6, 7, 8, 9]

short distance behavior of the reaction. Models which include QCD conceptsand involve
single quark exchanges,such as ReducedNuclear Amplitudes [11], a Reggemodel known
as Quark Gluon String [12, 13, 14], and the Hard Rescattering Model [15, 16] also exist.
Pertubative QCD, the high energyextreme,providesa very simpleexpressionto predict the
deuteron photo-disintegration crosssectionknown as the Constituent Counting Rules [17].
The results for each model is displayed in Fig. 7. The following sectionswill summarizethe
important featuresof each of these techniques, and what they predict for the energy and
angular dependenciesfor the di�erential crosssection.

2.2.1 Traditional Meson Exchange

The mesonexchangemodel developed by T. S.-H. Lee calculatesthe di�erential cross
section for deuteron photo-disintegration only at 90� in the center-of-mass. This model,
shown diagrammatically in Fig. 2 describes the reaction occurring in two parts involving
photon absorptionand subsequent nucleon-nucleoninteraction. A coupledchannelmodel for
nucleon-nucleoninteractions is usedto characterizethe �nal state interaction. A relativistic
approach hasalsobeentaken, with little e�ect on the model's high energypredictive power.

5



F

d

p' p

-p' -p

a

b

d

F

t

p''-q/2

p''-q/2

q

q

p

-p
-p''-q/2

-p''-q/2

k

k

Figure 2: Diagram of Lee'smesonexchangecurrent model. Figure a) shows the basicmodel
beingstudied. Figure b) shows detail of the nucleon-nucleon�nal state interaction described
in the model. The \bubble" in b) represents the half-o� shell t-matrix governing the �nal
state nucleon-nucleon interaction [3].

J. M. Lagetalsodevelopeda mesonexchangecurrent modelof deuteronphoto-disintegration.
This model, alsoonly calculated the crosssectionat 90� in the center of mass,expandsthe
crosssection in terms of leading amplitudes. As shown in Fig. 1, the results of this cal-
culation indicate good agreement up to a photon energy of approximately 0.7 GeV, after
which the description beginsto break down. In this model the photon is allowed to couple
explicitly to the exchangedmeson,which can be either a � or � . Form factors are usedto
reproducethe correct crosssectionvalues.

2.2.2 Asymptotic Meson Exchange (AMEC)

Nagorny, Dieperink, and their collaborators have deviseda model [18] which attempts
to extend the mesonexchangeconceptinto the few GeV photon energyregion. They argue
that it is not surprising that traditional mesonexchangemodels are unsuccessfulbecause
of the short distancesover which the reaction occurs. In Asymptotic MesonExchangethe
short distance part of the interaction is parametrized with a strong form factor. Because
the hard part of the reaction occursover short distances,relativistic prescriptionsare taken.
Asymptotic MesonExchangegivesmixed results in describingthe energydependenceat all
energies,and angles.

The primary diagrams contributing to this model are shown in Figure 3. The short
distancebehavior, or \hard" part, of the processis described by a strong form factor of the
following type:

G(p2) =
C

(� 2=2 + m2 � p2)g
: (1)

6



d d d
d'

p

p'

n

n

n'

p

g
g g

Figure 3: Asymptotic MesonExchangeMode (AMEC) diagrams[18].

Form factors of this type are obtained from constraining the form factor to reproduce the
asymptotic behavior of the basismodel [19]. In Eq. 1, C is a normalization constant, � is
a \range parameter," m is the nucleonmass,and p the momentum of the o�-shell nucleon
[18]. Nagorny, et al. have usedg = 3 to describe the data between1 GeV and 4 GeV photon
energies[18].

Relativistic e�ects are important at short distances.As a result the authors transformed
their prescription into light-front and instant form relativistic prescriptions. In thesepre-
scriptions the form factor is transformed into the appropriate coordinate systems.

2.2.3 Reduced Nuclear Amplitudes/Quark Exchange

ReducedNuclear Amplitudes (RNA) developed by Brodsky and Hiller and Quark Ex-
change, developed by Radyushkin, are related methods to describe the deuteron photo-
disintegration di�erential crosssection. This method is basedupon the reducedform factor
technique developed by Brodsky and Chertok. In the reduced amplitude technique the
transversemomentum, PT , is the kinematic quantit y which governs the onsetof asymptotic
scaling. The formalism devisedby Radyushkin clearly illustrates the symmetric nature of
the angular distribution predicted by this technique.

Brodsky and Chertok developedthe reducedform factor to describe the electron-deuteron
elastic form factor (seeFig. 4) [11]. The reducedform factor is given by [22]

f d =
Fd(q2)

F 2
N ( 1

4q2)
: (2)

In Eq. 2 Fd is the deuteron form factor and F 2
N is the product of two nucleonform factors.

Each nucleon is assumedto carry 1
4 jqj2, the momentum transfer squaredto the deuteron.

By using the reducedform factor, the nuclear structure is e�ectively removed.
By analogywith the electron-deuteron(e-d) elasticform factor (Fig. 4), for which scaling

setsin at Q2 = 1 (GeV/ c)2, any scalingbehavior for deuteronphoto-disintegration is argued
to set in for momentum transfers, in this casePT , of approximately 1 GeV/ c. Using this
assumptionthe scalingcondition for deuteronphoto-disintegration is:

PT m
 d! pn ' constant; : P2
T � 1 (GeV/c) 2 (3)

The amplitude m
 d! pn can be factored into an energy/momentum-dependent pieceand an
angular-dependent piece,

m
 p! pn = P � 1
T f (� cm); (4)
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Figure 4: Electron-deuteronelasticstructure function results from Je�erson Lab Hall A. The
�gure is from Ref. [20]. The top panel shows the deuteron form factor, Fd, multiplied by
the Q2 dependenceexpectedfrom pQCD predictions. The bottom panel shows the reduced
form factor analysisfrom the RNA method. The dashedcurve is the RNA prediction [21].

whereP � 1
T = tu=s up to logarithmic terms, if particle massesare ignored[11]. From this the

center of massdi�erential crosssectioncan be constructed:

d�
d
 cm

�
1

s[s � m2
d]

1
2

F 2
p (t̂p)F 2

n (t̂n )
P2

T
f 2(� cm): (5)

Radyushkinreformulated the expressionof the form factorsin his Quark Exchangemodel.
A diagram of thesemodelscan be seenin Figure 5. Radyushkin describesthe amplitude in
terms of energyand scattering angle in the center of mass[23]:

M (E; � cm) =
f SD (E; � cm)
(� + mE)4

C(E; � cm) (6)

whereC(E; � ) is given by,

C(E; � ) =

2

41 �
cos2 � cm

(1 + m
E )(1 + � 2

mE )2

3

5

4

; (7)

where� 2 = 0:71 GeV2, E is the laboratory photon energy, and m is the nucleonmass.From
theseexpressionsa symmetry about 90� in the center of mass,given by the cos2 � term, in
the angular distribution of the crosssectioncan be seen.
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Figure 6: Hard RescatteringModel (HRM) diagram [15].

The Hard RescatteringModel, illustrated in Figure 6, allows a photon to be absorbed
on a quark. This results in a high momentum scattering of the struck quark on a quark in
the other nucleon. The residual nucleonshave high relative momentum after the reaction
[15, 16]. A low-momentum, non-relativistic deuteron wave function is usedto describe the
initial deuteron. The use of the low momentum wave function is necessarybecausethe
deuteronis looselybound. The quarkswhich interchangein the reactiondo soby exchanging
a hard (high energy) gluon; and, the struck quark must not radiate any soft gluons before
reaching the secondquark [15, 16].

The quark interchangepieceof this model is parametrized by using high energy, large
angle, proton-neutron scattering data. Becauselittle data are available at the momentum
transfer per nucleon,tN , valuesneeded,d� pn ! pn

dt , wasextrapolated to appropriatevalues. The
proton-neutron crosssectionalready scalesass� 10, so the requirement that d� 
 d! pn

dt scaleas
s� 11 at high energiesis naturally met [15, 16].

The validit y of assumingthat the hard quark-interchangepiececan be parametrized in
terms of np scattering data has beenchallenged. Lee and Julia-Diaz [24] have attempted a
complete calculation of the quark-exchangeamplitude, constrainedby np scattering data.
Comparing their calculation to assumptionsmadein the Hard RescatteringModel [15, 16],
they have cast doubt on the validit y of the simpli�cations of the HRM technique.
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Figure 7: s11 d�
d
 for the d(
 ; p)n reaction up to E
 =5.5 GeV. The present data are in �lled

diamonds. Previous data are from references[5, 6, 7]. The curves are the various models
available to calculate 
 d ! pn as described in the text.

2.2.5 Quark Gluon String

The Quark Gluon String model usesReggetheory to calculate the deuteron photo-
disintegration crosssection. A diagramof this model is given in Fig. 8. This model usesnon-
linear tra jectorieswhich are derived from QCD studiesfollowing a screenedquark-anitquark
potential [12, 13, 14].

The quark-antiquark model was extended to baryons in order to apply the QGS to
deuteronphoto-disintegration. This wasaccomplishedby describinga baryon asa composite
object containing a quark and a diquark. This allowsthe baryon tra jectoriesto takea similar
form as the quark-antiquark systemsstudied in lattice QCD calculationswhich formed the
basisfor the non-linear tra jectories [12, 13, 14].

2.2.6 Perturbativ e Quan tum Chromo dynamics{
Constituen t Coun ting Rules

Processesin quantum chromodynamicsare most simply calculatedin energyor distance
scaleswhereperturbative methodscanbeappliedakin to their application in Quantum Elec-

10
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Figure 8: Quark Gluon String (QGS) Reggediagram [12].

trodynamics. The nature of the running couplingconstant, � s(Q2), requireshigh energiesfor
perturbation theory to bevalid. At perturbativeenergyscales,however, a simpleprescription
existsto predict the behavior of invariant di�erential crosssections.Behavior consistent with
theserules, known as Constituent Counting Rules, has beenseenin high-energyhadronic
processes.Brodsky and Lepagearguethat becausethe QCD cuto� is between100MeV and
300 MeV, from experiment, pQCD could be valid for hadronic distancesas large as 1 fm
[17]. Using this argument it may be possibleto apply a pQCD method to describe medium
as well ashigh energyprocesses.

n

p

d

Figure 9: pQCD Feynmandiagram for deuteronphoto-disintegration.

The Constituent Counting Rules,sometimescalleddimensionalscalinglaws, weredevel-
oped by Matveev, Muradyan, and Tavkhelidze and Brodsky and Lepageindependently. A
diagram describingthe pQCD processfor deuteronphoto-disintegration is shown in Fig. 9.
The Constituent Counting Rule postulates that [17, 25]: There exists a power law scaling
(constituent counting rules) for �xed anglebinary reactions,i.e. A + B ! C + D:

d�
dt

(AB ! CD) �
1

sn� 2
f (� cm): (8)

The energydependenceinvolves only the number of constituents, or elementary �elds, in-
volved in the reaction. Elementary �elds are leptons, photons, and quarks. Only those
components in the initial and �nal statesare counted. For 
 d ! pn the constituent count-
ing rule predicts an s� 11 energydependence.
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Such power law scaling has beenseenin hadronic reactions [26]. For examplefor s �
15 GeV2 in proton-proton elastic scattering s� 10 scaling is seen(seeFig. 10) [27]. Below
s ' 15 GeV2, however, the power law scalingis not apparent [27].

Figure 10: d�
dt � s� 9:7� 0:4 seenin proton-proton elastic scattering. Data are as compiled in

Ref. [27].

3 The Exp erimen t

3.1 Overview

The high momentum transfer per nucleon in deuteron photo-disintegration [1] makes it
an excellent candidate for studies of quark e�ects in nuclear reactions. Previous measure-
ments completed, in Hall C at Je�erson Lab up to E 
 = 5:5 GeV [28, 2] and reinforcedby
measurements madein Hall B [29,30, 31], indicate that the onsetof scalingbehavior consis-
tent with the constituent counting rules [2] becomesobservable at a transversemomentum
of pT � 1:3 GeV/ c. Using the upgradedhigh-energy, continuous wave electron beam, from
CEBAF, further measurements can be readily made.

Thesenew measurements, up to E 
 = 6:6 GeV will be able to con�rm the persistence
of the s� 11 scalingbehavior in the 
 d ! pn reaction. By continuing the data set at � cm =
37� ; 53� ; and 90� a detailed study can be performedin the energyrangewherethe apparent
transition takes place. This will improve the estimate of the transverse momentum, pT ,
at which scaling begins, and add important empirical measurements neededfor improved
theoretical studiesof this transition.

12



3.2 Equipmen t

3.2.1 Beam

This measurement will usethe upgradedhigh energyelectron beam from CEBAF. The
energiesrequestedrange from 2.268to 6.668GeV in 1.1 GeV increments (1/2 passsteps)
at 30 � A. These energieswill provide data which overlaps with previous measurements,
important for cross-checking both new equipment (SHMS) and the virtual photon analysis
technique neededto make thesemeasurements in reasonabletime (seeSec.3.4).

3.2.2 Spectrometers

Detection of the photo-protons from the 
 d ! pn reaction will be donewith the Super-
High Momentum Spectrometer (SHMS) for � cm = 37� and 53� and the High Momentum
Spectrometer (HMS) for � cm = 70� and 90� . The pertinent details of thesespectrometers
aregiven in Table1. Thesespectrometerswith their high central momenta, abilit y to achieve
small angles,and modestsolid anglesmakeHall C the appropriateexperimental hall for these
measurements. In both spectrometersa Cerenkov detector with 1 atm of C4F10, or other
appropriate gas/pressurecombination will be required for high momentum (> 2:5 GeV/ c)
pion rejection.

HMS and SHMS Technical Speci�cations
HMS SHMS

SpectrometerType QQQD QQQD
Maximum Central Momentum 7.4 GeV/ c 11 GeV/ c
Angle Ranges 23� to � 90� 5:5� to 25�

Momentum Resolution < 0.1% � 0.12%
Momentum Acceptance � 18% � 15%to +20%
Solid Angle, extendedtarget � 6 msr � 3.5 msr

Table1: Technical speci�cations for the HMS and SHMS.The SHMSwill be newequipment
in Hall C. Note that the minimum anglebetweenthe HMS and SHMS is 17:5�

3.2.3 Targets and Radiator

This experiment will need the 15 cm Hall C cryogenic targets �lled with liquid deu-
terium and hydrogen. The liquid hydrogen will be usedto assessbackgrounds. Theseare
approximately a 2% radiation length target for thesecryogens.

Heat loadsand target boiling are always a concernwhenworking with cryogenictargets,
both for the data quality and target safety. At the requestedcurrent of 30� A, the targets
will dissipateapproximately 150 watts, well within the acceptablerange for 500 W targets
such as those usedin Hall C for JLab E89-012and E96-003. Expected luminosity for a 15
cm target at this current is � 1:4 � 1038/cm 2/s. Previous experiencefrom JLab E89-012

13



and E96-003indicatesthat cryo-targetsof the designusedin theseexperiments tolerate such
luminosities well.

These
 d ! pn measurements will usereal photons produced by bremsstrahlung. The
photons will be produced using a 6% radiation length copper radiator as in previous Hall
C measurements. This will be installed approximately 1 meter upstreamof the target such
that it is not visible by the SHMS at the most forward angles. The radiator at 30 � A will
be required to dissipateapproximately 75 watts, well tolerated by a radiator of the design
usedin JLab E96-003.

3.3 Kinematics and Rate Estimates

Table 2 shows the meanphoton energies,beam energies,laboratory angles,and central
spectrometer momenta neededfor this measurement. Notice that the � cm = 37� and 53�

degreemeasurements will be taken with the SHMS and the � cm = 70� and 90� with the
HMS. For both spectrometers,the settingsare well within the angleand momentum ranges
speci�ed (seeTable 1). For the remaining two lower-energy� cm = 70� measurements the
SHMS will have to be moved such that the HMS can be positioned to take data.

Kinematic Settings: Beam and Spectrometer
�E 
 (GeV) Ebeam (GeV) � cm(� ) � lab(� ) Plab (GeV) Spectrometer

2.2 2.268 37 19.16 2.673 SHMS
2.2 2.268 53 28.09 2.473 SHMS
2.2 2.268 70 38.39 2.206 HMS
2.2 2.268 90 52.13 1.847 HMS
3.3 3.368 37 16.83 3.693 SHMS
3.3 3.368 53 24.75 3.39 SHMS
3.3 3.368 70 33.99 2.987 HMS
3.3 3.368 90 46.54 2.448 HMS
4.4 4.468 37 15.19 4.7 SHMS
4.4 4.468 53 22.39 4.292 SHMS
4.4 4.468 90 42.5 3.029 HMS
5.5 5.567 37 13.96 5.701 SHMS
5.5 5.567 53 20.6 5.187 SHMS
5.5 5.567 90 39.38 3.601 HMS
6.6 6.667 37 12.98 6.699 SHMS
6.6 6.667 53 19.18 6.078 SHMS
6.6 6.667 90 36.87 4.167 HMS

Table 2: Kinematic settings for each proposedpoint.

Table 5 lists the rates and time neededfor each target and radiator con�guration at
each energy and center-of-massangle. The rate were calculated using a 6% radiator and
the constituent counting rule s� 11 energy dependenceobserved in JLab E96-003[2]. The
required statistical precisionare summarizedin Table 3. This will give good test of between
continuation of the s� 11 scalingbehavior. Also includedin the rate estimatesareestimatesfor

14



Statistical Precisions
�E 
 37� 53� 70� 90�

2.2 0.05 0.05 0.05 0.05
3.3 0.05 0.05 0.05 0.05
4.4 0.1 0.1 | 0.15
5.5 0.1 0.1 | 0.15
6.6 0.1 0.15 | 0.2

Table 3: Statistical precisionsfor 
 d ! pn up to 6.6 GeV.

Parametersusedin rate calculations
CrossSection s11 d�

dt
beamcurrent 30 � A
Radiator Thickness(radiation lengths) 6% Cu
Target Thickness(cm) 15
(radiation lengths) 2%
HMS Solid Angle (mSr) 6
SHMS Solid Angle (mSr) 3.5
Background 40%
Computer Live Time 0.8
Proton Transmission 0.9
Tracking E�ciency 0.95

Table 4: Parametersusedto calculate rates for 
 d ! pn up to �E 
 = 6:6 GeV

computer live time, proton transmissionthrough the spectrometers,and tracking e�ciency .
Theseparametersare summarizedin Table 4.

3.4 Backgrounds, Analysis, and Systematic Uncertain ty

Backgroundsfor 
 d ! pn are attributed to two-stepprocessesfrom the aluminum target
components (windows, 
o w diverters, etc.). These processescan produce protons which
appearabovethe bremsstrahlungend-point in reconstructedE 
 spectra. The liquid hydrogen
target is usedto determine the shape of this background.

Analysis of the background-to-signalratio from the high energy
 d ! pn data taken dur-
ing JLab E96-003allowsfor an extrapolation of the background ratesasthe energyincreases.
For the worst background case,at � cm = 37� at �E 
 = 5:5 GeV, the background was approx-
imately 35% of the measuredsignal. This ratio decreaseswith increasingcenter-of-mass
angles.For exampleat � cm = 53� , the background-to-signalratio dropped to approximately
20%of the measuredsignal. At both �E 
 = 5:0 and 5.5 GeV this ratio remainedreasonably
constant. Thus, it has been assumedthat the backgrounds from two-step processeswill
remain at a reasonablyconstant background-to-signal ratio through 6.6 GeV, the highest
energyrequested.

Figure 11 shows a reconstructed photon spectrum after all geometric cuts have been

15



Rates and Times for d(
 ; p)n at high energy
E 
 (GeV) � cm(� ) Rates (events/min) Time (minutes)

LD2 LH2 LD2 LH2

Radiator In Out In Out In Out In Out
2.2 37 504.7 88.56 108.8 35.42 6.265 2.625 2.909 1.66

53 133.2 23.24 28.75 9.298 23.65 9.881 10.99 6.249
70 83.01 14.43 17.95 5.772 37.8 15.76 17.58 9.968
90 58.23 10.07 12.61 4.027 53.65 22.31 24.97 14.11

Rates (events/hr) Time (hours)
3.3 37 1479 264.5 316.9 105.8 2.171 0.9179 1.005 0.5805

53 383.5 68.21 82.28 27.28 8.339 3.517 3.863 2.224
70 232.8 41.23 50.02 16.49 13.69 5.761 6.345 3.644
90 156.4 27.55 33.66 11.02 20.29 8.514 9.411 5.385

4.4 37 145.2 | 31.19 | 5.492 | 2.545 |
53 37.2 | 8.002 | 21.35 | 9.903 |
90 14.45 | 3.118 | 24.24 | 11.26 |

5.5 37 20.37 | 4.701 | 21.84 | 10.49 |
53 5.177 | 1.196 | 85.72 | 41.2 |
90 1.942 | 0.4497 | 101.1 | 48.68 |

6.6 37 4.145 | 0.9552 | 107.6 | 51.64 |
53 1.047 | 0.2415 | 188.9 | 90.73 |
90 0.3819 | 0.08832 | 290 | 139.5 |

Table 5: Event rates calculated for each energy and angle setting for 
 d ! pn up to 6.6
GeV. Rateswere calculatedassumingthe s� 11 energydependenceobserved in E96-003and
parameterssummarizedin Table 4.

applied. Key cuts in this analysisare the y-target cut, which eliminatesthe aluminum target
windows, but not any internal aluminum components, and the particle identi�cation cut.
Photo-protons are identi�ed by cutting on the reconstructedmassof particles detectedby
the spectrometer(M 2). Combined with background subtraction, assessedwith the hydrogen
target, a clear E 
 reconstruction is observed (Fig. 12).

Systematic errors for this experiment are summarizedin Table 6 basedon experience
from JLab E96-003. The largest sourcesof systematic error arise from the target cut re-
moving the aluminum target windows (4.5%) and the e�ect of the residual electron beam
through the virtual photon technique [32] (5% to 9%). This will be discussedfurther be-
low. Other important systematice�ects are the beamcurrent measurement and solid angle
determinations.

Virtual Photon Metho d

To keep the time neededto complete these measurements under control, the highest
energymeasurements will acquire all data with the radiator in. This prohibits a direct as-
sessment of the e�ect of the residual electron beam. Accounting for theseresidual electron
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Figure 11: E
 spectra for JLab Experiment E96-003at Eb=5.566 GeV at � cm = 37� . The
three panelsshow the e�ects of adding analysiscuts to the data set.

E96-003Correctionsand SystematicErrors
Correction (%) Error (%)

Matthews and OwensBremsstrahlungCalculation 3
Wright and Tiator Virtual Photon Correction 5
Beam Current 1.4
Solid Angle 2.5
Particle Identi�cation 3
Proton Attenuation 10-11 2
Tracking E�ciency 2 2
Target Cut 4.5
Background Subtraction 2

Table6: Dominant correctionsand systematicerrorsfor Experiment E96-003,up to E 
 = 5:5
GeV. Projected errors are expected to be very similar to thosein previousmeasurements.

interactions will be estimated by using the virtual photon method including nuclear recoil
[32]. This method related the deuteron electro-disintegration crosssection to the deuteron
photo-disintegration crosssection. This method recently has beenstudied by direct mea-
surements of the electro-disintegration and photo-disintegration crosssectionsat low energy
(265 MeV and 365 MeV) [33]. This study found that the error from this method could
be as high as 9%. Analysis of E 
 =2.0 and 2.5 GeV data taken during E96-003using the
traditional direct subtraction method and the virtual photon method estimatedthe e�ect at
about 5% for higher energies.Thus the high-precision,lower-energydata requestedon all 4
target/radiator combinations is essential for estimating this error at the highest energies.

3.5 Beam Time Request

The beam request for these measurements is summarized in Table 3.5. This request
assumesrunning the � cm = 90� data points in tandem with the � cm = 37� and 53� data
points at the sameenergy. The � cm = 70� degreewill be taken separately. Also included in
the experimental time estimateis overheadat the scheduleestimatedin Table8. Altogether
the request is for 32.2 days of beam time plus 1.7 days of overhead. The requestassumes
100%facility e�ciency .

17



-0.2 -0.15 -0.1 -0.05 0 0.05 0.1
Eg-E0 (GeV)

-50

0

50

100

150

200

dN
/d

E
g (

G
eV

-1
 C

-1
)

-50

0

50

100

150

200

250

300

Ebeam=5.066 GeV
qcm=37

o

Ebeam=5.566 GeV
qcm=37

o

Figure 12: E
 spectra for JLab Experiment E96-003at Eb=5.066 GeV at � cm = 37� , top
panel, and Eb=5.566 at � cm = 37� , bottom panel after cuts and background subtraction.
The solid curve illustrates the clear bremsstrahlungend-points in thesespectra, as well as
the threshold for � 0 production. The grew shadedarea represents the region in E
 used
to calculate the photo-proton yield. These spectra represent data taken with the worst
background conditions during E96-003.

4 Collab oration Responsibilities

The collaboration membersareresponsiblefor the safeand e�cien t taking of data during
this experiment. The collaboration will provide at leastonemember per shift who is trained
in the correct changing of the targets and radiator. The targets and radiators requested
are similar in designto thosepreviously commissionedin Hall C for earlier deuteronphoto-
disintegration experiments. Many members of the collaboration have participated in the
previousdeuteronphoto-disintegration experiments at Je�erson Lab or other photo-reaction
experiments elsewhere.

Technical Responsibilities for 12 GeV Upgraded

Argonne, has the technical responsibility for the initial SHMS optics design,�eld maps,
and optics veri�cation of the SHMS.

Rutgers University is planning to work with Hall C and University of North Carolina on
the fabrication of the new quartz hodoscope for th SHMS through funding and/or software
development.

18



Beam Time Request for d(
 ; p)n at high energy
E 
 (GeV) Ebeam Time (days)

2.2 2.268 0.136
3.3 3.368 3.043
4.4 4.468 2.404
5.5 5.567 6.636
6.6 6.667 18.28

Total Data Request 30.5
Overhead

Energy Changes 1.3
Target Changes 0.13

Radiator Changes 0.13
SpectrometerChanges 0.15

Total Overhead 1.7
Total Request 32.2

Table 7: Beam request for 
 d ! pn up to 6.6 GeV. Time is measuredin days for 100%
facility e�ciency .

5 Conclusion

The new data range with expected statistical precisionis shown in Fig. 13. Thesenew
data will further extend the range in photon energyfor the 
 d ! pn reaction allowing the
possibility to investigate the onset and persistenceof the s� 11 scaling behavior previously
observed. Data takenat lower energies(E 
 =2.2 and 3.3GeV) will provide neededdata in the
transition region. Theselower-energydata will alsobe usedfor the necessarycrosschecking
of new equipment and assessment of systematicerrors from the virtual photon technique at
higher energies.Altogether thesedata will provided much neededempirical information for
understandingthe nature of QCD e�ects in exclusive nuclear reactions.

OverheadSchedule
Item Duration (hours) Number of Occurrences Total (hours)
Energy Change 8 4 32
Target Changes 0.25 12 3
Radiator Changes 0.167 18 3
SpectrometerChanges 0.5 7 3.5

Total (hours) 41.5
Total (days) 1.7

Table 8: Overheadschedulefor proposedrunning of 
 d ! pn up to �E 
 = 6:6 GeV
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