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ABSTRACT -..

Two of the simplest nuclear reactions, electron deuteron elastic scattering "
and deuteron photodisintegration, will be discuued, la particular,
mewurementm of the tensor analysin8 l_,ower T20 in e-d scattering
performed with a pol_ised 8u target in the VEPP-S electron storage
ring will be presented. In addition, meuuremenzs of deuteron
photo<liaintesration at high energy performeci at SLAC will be discussed.
The meson..exchange ¢elculation$ appear to agree well with M1 available
data for electron-deuteron elutic scattering, while the conatituent counting
rulea appear to describe the high-energy deuteron photodiaintegration
requite at @cre = 90° .

1. Intmductlon

]During the past decade, it w_ widely believed that electromagnetic
probes of the deuteron might reveal the onset of QCD effects irt nuclear
reactions, since the deuteron is the simplest nucleus and the electromagnetic
interaction is the best understood probe of the nucleus. In addition, since
the deuteron contains the smallest number of quarks of the nuclei, then the
onset of asymptotic scaling might be achieved. I shall discuss two of the
simple, st nuclear reactions, electron-deuteron elastic scattering at high
momentum transfer, and photodisintegration of the deuteron at high energy.
In particular, new measurements of tensor polarization at MIT-Bates and
aaaly_,,ing power at Novosibirsk in electron-deuteron scattering will be
discussed in light of recent advance_ in meson-exchemge models., .In
addition, the energy and angular dependence for two-body deuteron
photodisintegration at high energy will be discussed in view of data from
SLAC.

_1. Electron-Deuteron Elastic Seatterin 8

3:'he cross section for electron-deuteron elastic scattering _s well known
up to a very high momentum transfer. The differential cross section is
given by the expression 1

da
_-_ = aM [A(Q2) + B(Q2) tan2(-02)] (I)

where aM is the Mott cross section, 8 is the electron scattering angle, Q is
the four-momentum transfer, A(Q 2) and B(Q 2) are related to the monopole
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(Gc), quadrupole (GQ), and magnetic (GM) form factors of the deuteron
by

A(Q2) = G_ 8 '+_ r/'G_ + 2 _ G2 (2)

B(Q2): +,)G2 (3)

w +here r/ = Q/2 4M_ and MH is the mass of the deuteron,. Some selected.
measured values 2"5 for A(Q z) and B(Q 2) are shown in Fig. 1. The most

notable feature is that B(Q z) e_hibits a second maximum near a
momentum transfez of 2.5 (GeV/c) 2. This feature occurs naturally in a
hadronic model of the deuteron, but would be very difficult to describe in
terms of a quark model. The three curves shown in Fig. 1 represent the
available theoretical calculations 6"8 which simultaneously give the best

description of A(Q2), B(Q 2) and T20, the tensor analyzing power. The
calculations of Hummel and Chung et al. 6 and Tjon 7 are relativistic and
use the Gari-Krumpelmann form factors of the nucleon. The calculation of
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Figure1. Selecteddat_ and theoreticalcalculationafor A(Q2) _nd B(Q2) forelectron-

deuterone]uticscattering.2 The threetheoreticMcalc_llationswere selectedto givethe beatoverallagreementforA(Q ), B(Q2) and T20. The solidcurverepresentsthe calculations
of Ref.6, theduhed from Ref.7 and dash-dotfrom Ref.8.



Schiavillaand Riska8 is nonrelativistic,explicitlyincludesthe pair current
and makes use of the HShler form f_tors of the nucleon. Ali three
calculationsemploy the Argonne V14 descriptionof the deuteron. The
tensoraaalyzingpower T20 isgiven by

T20 = . r_ IX(X+2)+ Y/2]/[I+2(X2+y)]--- (4)

in which

X = 2 r/(GQ/Gc),y = 1 T/(GM/Gc)2[I+ 2(I+r/)tan2(8/2)] . (5)

Clearly,a measurement of T20 willpermit the monopole and quadrupole
form factorsto be deduced.
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Figure 2. Schematic diagram of the experimental axrangement for measuring T20 with an

internal polaxi=ed deuterium gas taxget in the VEPP-3 electron storage ring at Novosibirsk.
The pol_iled atoms we injected into s windowle_ storage cell from _n atomic be_m

source. Only one of the four pairs of electron _nd deuteron detectors axe illustrated.

The recent tensor analyzingpower9 and polarizationI0 measurements
were performed at Novosibirsk and MIT..Bates, respectively. The
experiment at Novosibirsk was a feasibilitystudy conducted as
collaborationbetween Argonne and Novosibirskfor internalpolarizedtargets
in electronstoragerings. In particular,a tensorpolarizeddeuterium gas
targetwas containedin a windowless storagecellin the 2-GEV VEPP-3

: ring at Novosibirsk. A schematicdiagram of the experiment apparatus is
shown in Fig. 2. The storagecellconsistedof a drifilmcoated AE cell
which is 94 cm in length and has an ellipticalaperture to the electron



beam of 46x24 mm. A guide magnetic field is placed around the target to
define the axis of quantization and to minimize depolarization induced by
the fire,varying magnetic field produced by high current pulses of electrons
moving through the target. Polarized de,.lterium atoms from the
Novosibirsk atomic beam source I1 were injected into the storage cell. Four
xmarly identical pairs of electron and deuteron detectors were used to
identify the elastic scattering events as described in more detail in Ref. 9.
The results for T20 from this feasibility study are given by the darkened
diamonds in Fig. 3.
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Figure $. Results for T20 u a function of Q2. The diamonds represent the present
results of the phase I internal target feasibility test at Novosibirsk, while open points
represent new work from an experiment at Bates in which a recoil deuteron polarimeter
was employed. The data at lower Q2 are from Refs. 12 and 13. The (..-) curve is the
simple perturbative QCD model of Carlson, the dotted curve is from Sitaraky et al., while
the remaining three curves are the same as those in Fig. 1.

Recent results 10 from an experiment at MIT-Bates are also shown in
the figure as crosses. These data were obtained by detecting the tensor
polarization t20 of the recoiling deuteron in a polarimeter. This
experimental arrangement is shown schematically in Fig. 4. Here, the
electrons from the Bates Linac impinge on a liquid deuterium target and
the scattered electrons are detected in the OHIPS spectrometer, while the
recoil deuterons are transported to the polarimeter by a QQDQQQD

- system. The polarimeter is based on d-p elastic scattering and was
calibrated at Saturne II.

Again inFig. 3,_the theoretical calculatious 6"8 that simultaneously best

describe A(Q2), B(Q z) and W20 are shown.. It is clear that a recentll _
proposed model 1_ which is based on perturbative QCD and another



which has a high percentage of pre-existing deltas in the deuteron are ruled
out by the present data. These curves are given by the dash-dot m_d
dotted curves in the figure.

In order to constrainthe theoreticalcalculationsfurther,it isessential
to have betterT20 resultsat largemomentum transferand betternucleon
form factors,especiallyGEn measurements. The ultimate goal of the
Novosibirskwork is to produce the highestqualityT20 data available.In
particular,itisexpectedthat the systematicerrorin the T20 measurements

BEAM DUMP

Figure 4. Schematic diagram of the experiment at MIT-Bates to measure t20 in e-d
scattering where the polarization of the recoil deuterons is measured in the AHEAD
polarimeter.

will be only ~5%, as achieved in the feasibility test in Novosibirsk. Since
new detectors as well as new targets are required for the next phase of the
Novosibirsk experiment, the T20 collaboration 16 has grown to include the
NIKHEF, LNPI and Tomsk groups.

Tile next phase of the Novosibirsk experiment which gives
approximately a factor of 7 larger target thickness, is in progre_ss.
Measurements of the phase 2 target thickness and polarization in the
VEPP-3 ring yield 2x1012 nuclei/cre 2 and Pzz = 0.55±0.17. At present,
background from electrons striking the target cell limit the beam current to
60 mA and collimators are being installed to minimize this background.



The final phase of the internal target work involves replacing the
Novosibirsk atomic beam source with the laser-driven source being developed
at Argonne. This source is based on spin-exchange optics! pumping in a
high field and the details have been described elsewhere. 17 In the latest
experiment, potassium was optically pumped at 770.1 am using
approximately 2 watts of 770.1-nra light from an Ar-ion pumped TJ-
Sapphire laser operating a single mode. The experimental arrangement is
shown schematically in Fig. 5. The laser photons passed through a 1/4-
wave plate and the central axis of a dipole magnet pole tip before
impinging on a dri-film coated 18 pyrex cell. The magnetic field was set to
2.2 kG, in order to permit a rapid and convenient change in frequency
from a_ to a. circularly polarized light, since the level spacing in K at
this field is equal to the free spectral range of the intra-cavity thick etalon.
Deuterium atoms were injected into the cell from an RF dissociator tube
and K was introduced through a small hole in the side of the cell.. In the
present tests, the K density, determined from a quadrupole mass analyzer,

8x1011 atoms/cre3 , while the deuterium density in the cell was
wx_l.8,_014 atoms/cre3", estimated from a flow of" 4.2x1017 deuterium atoms/s.

The polarization of the deuterium atoms exiting the transport tube was
measured with a permanent sextupole magnet followed by a compression
tube with a vacuum gauge as indicated in Fig. 5. The principle of this
polarimeter is that the sextupole focuses spin-up atoms and defocuses spin-
clown atoms. Thus, when the optical-pumping spin-exchange is performed
with a one. .(a_) light, would expect to see a signal in the compression tube
detector that corresponds to ali (none) of the atoms for 100_0 deuterium
polarization. If the laser light is blocked, the signal would correspond to
half of the atoms. The compression tube detector could be scanned across
the focus of the sextupole, thereby permitting measurement of the
background for ambient atoms and molecules in the vacuum chamber. In
order to minimize this background, three differentially pumped vacuum
regions were explored. To extract the polarization of the beam it was also
necessary to determine the amount of molecular deuterium that ent.ered the
compression tube. This was determined by measuring the compression tube
signal when the RF dissociator was off and by me_.suring the molecular
fraction_ e.e. the ratio of the yield of mass 4 molecules (D2) with the
dissociator on to that with the RF off. The molecular fraction was

measured nearly simultaneously with the polarization by passing a small
amount of chopped beam from the exit of the transport tube through a
quadrupole mass spectrometer (QMS) as indicated in Fig. 5. In the
present case, the molecular fraction was found to be 0.25±0.02. The results
for a magnetic field of 2.2 kG for three conditions of laser light _.a.,#. and
no light) are shown in Fig. 6 for a deuterium flow of 2.1x1017 s toms//s.
Clearly, from the observation of the three distinct curves shown in Fig. 6,
the polarization of deuterium atoms is large: 73±3%.
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In order to fully demonstrate the power of the present method, we
compare in Table 1 the figure-of-merit of this source with that 11 of the
Novosibirsk source.

TABLE I

Source I(/sec) P zz efr* F= Pzz2xI

(x101s) (xlolS)

Novosibirsk 1.5 0.9 0.5 0.6

ANL-91 (HF) 42 0.41=0.6×7.5x0.9 1.0 7.1

*Injectionefflciency-estimatebased on experiencewith source and storage
cellat INP-Novosibirsk.

$. Photodisintegration of the Deuteron

Results 19 for the differential cross section for two-body brea_-up of the
deuteron at high energy were obtained from SLAC experiment NE8. The
experiment involved focussing electrons from the SLAC NPAS i_ector in
the energy range 0.8 to 1.8 GeV in steps of 0.2 GeV onto a Cu
bremsstrahlung radiator. The photons from this process irradiated a liquid
deuterium target and the photoprotons were momentum-analyzed in the 1.6-
GeV spectrometer. A time-of-flight system and dE/dx detectors were used
to identify protons. An aerogel Cerenkov detector was used to check that
no pions were leaking through the particle identification system.

The resultsfrom experiment NE8 at center-of-massreactionangles of
90°, 114°, and 143° are shown as the darkened points in Fig. 7 and
compared with previous data as well as a meson_exchange calculationby
T.-S. H. Lee20. The disagreement with the meson-exchange model
prompted us to consider other energy dependences, for example that
expectedfrom constituentcountingrulesand the reduced nuclearamplitude
analysis.

A meson-exchange calculation by the Bonn group was presented at the
PANIC 90 meeting and these results are shown in Fig. 8 for 90 °. In this
calculation, Y. Kang et al.21 included ali nucleon resonances with spin

5/2. This very ambitious approach agrees better with the data as shown
in the figure. One concern regarding this calculation is that the _NN
cutoff was changed arbitrarily by 40% for photon energies above 700 MeV.
This procedure can change the energy dependence remarkably and most
likely accounts for the improved agreement with the energy depende._ce of
the data. No present meson-exchange calculation can simultaneously explain
the energy dependence of the cross section both above and below 1.0 GeV
with a constant _NN cutoff.
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The applicationof the constituentcounting rules has been very
successful23 in describingthe high-momentum transferresultsfor electron
elasticscatteringfrom the pion and the nucleons. These resultsare well
known and lend support to the claim that asymptotic scalinghas been
achieved. Although it is generallybelievedthat the constituentcounting
rulescan successfullydescribethe high momentum transferresults,there is
disagreementregardingthe underlyingreason for theirsuccess. While S.
Brodsky ct a/.-23 argue that asymptotic scaling has been observed,
N. Isgur24 contends that thisapparent scalingbehavior is not founded in
perturbativeQCD.

The constituentcounting rules have met with great success in
describingexclusivephotoreactionsfor the proton at high photon energy.
The most celebrated case25 is found in the TP + _+n reaction at
8cm = 90°. According to the constituentcounting rules,the differential
crosssectionat a f'Lxedcenterof mass angleisgiven by

da 1 (6)B't ~ n-2$

where s and t are the usual Mandelstam variables and n is the total
number of constituents in the initial and final states.

It is not surprising that reactions involving only a single nucleon in
the initial state can be described by quark degrees of freedom. However,
for an initial state involving a nucleus it would be very surprising, since
the quarks are believed to be confined to the hadrons and it would be
very unlikely for ali the quarks in the nucleus to be located in a very
small region of the nucleus as implied by the constituent counting rules.
Thus, it is very interesting to compare a photonuclear reaction to the
asymptotic scaling prediction. These results for Ocm---90 °, 114 °, and
143° are plottedas sII da/dt as a functionof E./ in Fig. O. At the
highest energies the resultsare consistentwith the expected 1/s11
dependence.

This is a very surprisingresultand _t firstappears to be at variance
with the elasticelectron-deuteronscatteringdata.z_ After all,ifwe have
not seen evidencefor the onset of asymptoticscalingat Q2 = 4 GeV 2 in
e-d scattering,why do the data.near a photon energy of 1.5 GeV appear
to be consistentwith asymptotic scaling? The main problem is how to
compare the two experimentson the same scale. The important scaleis
the momentum transferredto the individualquarks in the two reactions.
For a matter of simplicitywe willconsideronly the momentum transferred
to the nucleons in the deuteron in the two cases. In the case of e-d
scatteringthe averagemomentum transferto a nucleon in the deuteron is
just (Q/2)2. lt turns out that the magnitude of the momentum transfer25
to a nucleon in the deuteron in the photo-disintegrationprocess is
approximately2mdT d. For the same momentum transferto a nucleon in
e-d scatteringat Q2 = 4 (GeV/c)2, the correspondingphoton energy is 1.1
GeV in the photodisintegrationprocess. Thus, the factthat the photo-
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disintegration data are consistent with asymptotic scaling above a photon
energy of 1.3 GeV is not inconsistent with existing electron-deuteron
scattering data.

The main problem with making a strong conclusion regarding a
consistency with the constituent counting rules is that the s-range of the
consistency with the rules is rather small. One of the main motivations
for experiment NEl7 was to extend the range of measurements to higher s.
Preliminary results from experiment NEl7 go up to E7 = 2.8 GeV at
8cre = 90° and appear to follow the s-11 depciidence.

Brodsky and Chertok 26 proposed that one could better see the onset of
scaling in electron scattering from nuclei if the nucleon form factors were
first removed from the cross section data. This approach represents a
significant departure from conventional models of electron scattering. In the
conventional picture the scattering amplitude for the impulse approximation
depends on the product of the nucleon form factor and the body form
factor of the nucleus. However, in the reduced nuclear amplitude model



the scattering amplitude depends on the product of the nucleon form
factors for each nucleon in the nucleus. This factorization has been shown
to be valid in the limit that the nucleons are unbound, and it is argued
that binding effects are small at very high momentum and energy transfers.

Brodsky and Hiller 27 first applied the reduced nuclear amplitude
analysis to two-body photodisintegration of the deuteron. At that time the
highest energy data were at a photon energy of 1 GeV. The prediction for
the differential cross section from this model is given by

da 1 2 2 2 2

B-_ =-_s,(s_Mc_)],,1/2Fp(t_)Fn(t n) f(0cm)/PT (7)

where the F i are the nucleon form factors, t i = (Pi- Pd) 2, and PT is the
transverse momentum.
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Here f(0) is the reduced nuclear amplitude that is expected to have no
energy dependence where this model is valid. '['i_e results for f2(_) from
experiment NE8 are given in Fig. 10. At center-of-mass aa_gles of O0° and
114 ° the data do not sho_ a strong energy dependence for f(0) at photon
energies above 1 C_V. However, the results at 143 ° are in worse
agreement with the model. Again, it is essential to extend these
measurements to higLer energy as a more stringent test of the model.

A new meson-exchange calculation by Lee and Coester 28 is based on
light-front dynamics. This calculation can explain some of the backward
enhancement, however, sn arbitrary inelasticity must be added to 'the final
stateinteractionfor thispurpose.

4. Sumumry

The new T2C data for e-d scatteringclearlyconstrainthe nuclear
models. On!y a fr_v of the numerous calculations are in reasonable
agreement with A(Q2), B(Q 2) and T20. Furtherconstrai.ntswillarisefrom
bettermeasurements of the nucleon form factorsand betterdata for T20.
The qualityof data for A(Q 2) and B(Q 2) are unprecedented in electron
scattering."Smoking guns signaturesfor QCD in e-d scatteringhave been
ruledout by the T20 data below 1 (GeV/c)z.

Presently_it appears that the energy dependence of the cross section,
da/dt, followsthe constituentcountingrulesat 0cre ..--90°, but at smaller
angles fallsoff more slowly than constituent-.ounting. The sagular
distributionis very forward peaked at high energy,but there isalmost no
data for large angles. The complete angulardistributionat high energy
should be measured20 at SLAC or CEBAF to confirm the suggestionof
forwarda_'tdbackward enhancem_.utof the crosssection.
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