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Two long-standing issues in photonuclear physics, the FEA
Yol oy g 1987
giant Ml resonance in Pb and deuteron photodisintegration, have
been studied recently with polarized photcns at Urbana and
Frascati, respectively. The implications that this work has for

settling these key issues will be discussed. In addition, the

advantages of the internal polarized target method for electron
scattering studies will be discussed and the technology of
internal polarized target development will be reviewed. The first

results from a spin-exchange, optically-pumped polarized H and D
source will be presented.

CONF-8706232--1

DE88 003066
I. IRTRODUCTION

It is now widely recognized that polarization methods in
electromagnetic studies of nuclei are potentially a powerful technique. The
internal polarized target technique which was discussed by Professor Popov in

the previous paper1 has lad recently to many suggestionsz for. experiments and,

in addition to the work fu progress hLere at Novosibirsk, to prop053153 for

electron rings and internal target facilities at the MIT-Bates Laboratory and

NIKHEF. The primary difficulty with this method 1s generating the polarized

target and I shall discuss some novel developments in this field. Two key

experimentsa will be discussed as internal target experiments: (i) polar-

ization in electron-deuteron scattering and (ii) the charge form factor of the

» 3
neutron. The need for D and ﬁe targets is emphasized for these experiments.
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Nuclear studies involving the use of polarized photons have
burgeoned during the past few years owing to the development of the LADON
Facility at the ADONE storage ring and the development of the selective
residual-electron tagging technique at Urbana. In addition, the LEGS Facility
at Brookhaven 1is expected to begin operation this Fall and provide tagged,
polarized photon beams in the energy region of the delta resonance. Thus, I

would like to highlight some initial findings from these new facilities.

II. GIANT Ml RESONANCE IN THE Pb REGION
The 208py, pucleus 1s expected to represent an ideal example of the
collective Ml resonance since both the 113/2 neutron and h]1/2 proton shells
are filled while their spin-orbit partners are vacant. After substantial
effort5 approximately one-third of the expected strength for the Ml isovector

sum rule has been observed for 2OBPb.

This result led to much quandary since
the theoretical calculations, even with 2p-2h and A-h admixtures, could not
account for such a large quenching of the Ml resonance. The primary
difficulty with 2OBPb i{s that most of the Ml strength is expected to lie above
the photoneutron threshold (7.4 MeY) where the experiments are exceedingly
difficult. Laszewskl et al. have pointed out that 206Pb might be a better
nucleus to search for the glant Ml resonance since the (y,n) threshold 1s much
higher (8.1 MeV), and resonance fluorescence methods with polarized photons
would be 2 powerful method for identifying the spin, parity, and transition
strengths of the resonances.

In order to perform the experiment, Laszewskl et 31.6 at Urbana have
recently enhanced the polarization in bremsstrahlung production by selectively

tagging the residual electron as indicated schematically in the upper part of

Fig. 1. Since the photon tagging spectrometer at Urbana is double-focusing, a



fixed collimator was placed in the magnet gap in order to tag electrons
slightly out of the bremsstrahlung production plane. This has the effect of
enhancing the photon polarization by a large factor as shown by a comparison
of the lower graphs of Fig. 1. This novel technique was applied7 successfully

to search for the collective Ml axcitation in 206Pb.

The results of this work
are shown in the upper panel of Fig. 2. A B(Ml,+) of 19i2u% was found below 8
MeV and is consistent with the Ml sum rule8 for isovector transitions in Pb.
This work clears up a long-standing puzzle in nuclear physics.

The presently known B(M1,4) for excitations in 208Pb are compared

206

with that in Pb in the lower panel of Fig. 2. Although the known Ml

strength in 208py, 14 only B(M1,+) = 7ug, its distribution may be consistent

with that in 206

Pb as suggested in Fig. 2. Thus, it is expected that further
work will yield more Ml strength in 208py, and there will not be an ariomalous

quenching effect as previously suggested.

III. PHOTODISINTEGRATION OF THE DEUTEROK
In recent years much progress has been made in the study of the
D(v,n)p reaction owing to the development of new techniquee which can yleld
high—accuracy results. The development of the Compton back-angle scattering
facility9 (LADON) at Frascatl has permitted measurementlo of the polarization-
dependent component, le,(B), of the D(y,n)p cross section. The differential
cross section for the photodisintegration process with linearly polarized

photons of polarization p is given by

92 = 15(8) + pI,(8) cos(é)

where I0 is the cross section for unpolarized particles and ¢ is the azimuthal



angle between the reaction plane and the polarization plane of the Iincideat
phcton. In terms of the Partovi coefficients'! these cross sections are given
by

2 2 4
I =a+bsin"8+ c cos8@ +d sin 6 ccs6 + e sin 8

0

I1 = f sin26 + g sin26 cosd + h 51n46

The primary advantage of the LADON Facility for these studies 1s that the
polarization of the photon beam can be maintained at 99% over a wide range of
photon energies, and much systematic uncertainty in the asymmeiry measurement

is minimized. Results10

from the work at LADON are reproducad in Fig. 3.
Both the cross sections for unpolarized photons (solid points) and Il(B) tend
to be shifted more forward in angle than the theoretical calculations. This
discrepancy 1is particularly acute at the smallest energy of the measurements,
19.8 MeV. The effect of this forward shift is to require a smaller absclute
value of the Partovi coefficients, d and g, than predicted,11 and
consequently, points to smaller E1-E2 terms in the predicted transition
amplitudes.

It is worth noting that renults12 from Argonne indicate the opposite
effect below 16 MeVvi (See Fig. 4.) Here, the cross sections for the ZH(Y.n)H
process were measured relative to that at 8, = 90° and the measured ratio at
forward angles is less than the predictions. This would imply that the
coefficient d is larger in magnitude than expected below 16 MeV. The reason
for either discrepancy is not understood. However, the fact that the Argonne
results are in reasonable agreement with the theoretical prediction at 16 MeV
and the Frascati work are in disagreement with the calculation at 19.8 MeV

suggests that there 1s an inconsistency between the two data sets.



The photoneutron polarization has been studied extensively below 14

MeV and the results are summarized in Fig. 5. It is surprising that all

13 14

published measurements are smaller in magnitude than the calculations
which include meson—exchange currents in the Ml component, but agree with the
impulse calculation of Partovi. This is another indication that our under-

standing of the most basic nuclear process, deuteron photodisintegration, 1is

not understood completely even at low energy and further work is necessary.

IV. ELECTRON-DEUTERON SCATTERING

Professor Popov has already 1ntroduced1 the i1ssue of measuring
polarization in electrin-deuteron elastic scattering. It is now widely
recognized that polarization methods provide the only means of isolating the
charge and quadrupole form factors for the deuteron. The existing
measurements of tso in e-d scattering are shown in Fig. 6. These data
represent the entire collection of polarization data presently available in
electron scattering studies. The two data points at high momentum transfer
were measured15 with a deuteron tensor polarimeter at the MIT-Bates
Laboratory, while the lower q data were determined1’16 with an internal
polarized target here at Novosibirsk. Clearly, these measurements must be

extended to high qz

and efforts are underway both at MIT and Novosibirsk.

A comparison of the relative scales of these two experiments 1is
indicated schematically in Fig. 7. The experiment at MIT required the use of
two large magnetic spectrometers to detect the scattered electrons and
deuterons; whereas, the internal target experiment (shown approximately on the
same scale in the inset figure) was performed with detector arrays. The

Novosibirsk apparatus also is shown with a magnified scale on the same figure

so that the individual components can be seen. The detector hardware is



simplified in the internal target geometry because of the purity of the
polarized target, the high duty factor of the ring and the low background from
the thin internal target.

0f course, the primary limitations of the internal target geometry
is the relatively small target thickness, 1011 nuclei/cmz. Effortsl7 are
underway at Argonne to produce a high flux, laser-driven polarized H or D
source and to develop a storage cell for the polarized atoms. I shall discuss
the recent progress of this work in a few moments. Work is also in progress

18

at Wisconsin ° to develop storage cells for polarized H or D and much progress

has been reported19 for teflon surfaces. The goal is to produce a polarized

14 32

target thickness of 10 nuclei/cm2 in order to achlieve a luminosity of 2 10

cm 2571,

V. ELECTRIC FORM FACTOR OF THE NEUTRON

The power of the polarization method is most readily demongtratedzo
for measurements of small amplitudes such as the charge form factor of the
neutron. The standard Rosenbluth separation 1s relatively insensitive to the
small form factor in this case and the polarization method permits one to
observe the product of the charge GE and magnetic form factors Gy- The
expression for the cross section for electron scattering from a free nucleon
is given below for an incident electron beam with polarization Pe and a target

nucleon of polarization py

K -1 2 2 2
a(ae,e b ) = Oy rec 1YL (141)" Gp + 2 Vot (141) 6

M
Y/ 3/2
1.2 * 2 "1 *
-9 PePN[T(1+r) V Gy cosb - (21) (1+71) V. CpGysine cos¢ ]}

where frec’ V's, t are defined by Donnelly and Raskin.2l



Here, e* and ¢* define the direction of polarization of the target
as shown in Fig. 8. Maximum sensitivity to GE is achieved when 8* = 7/2 and
¢* = 0,v. Of course, the primary difficulty in performing this experiment is
providing the polarized neutron target. The magnitude of the uncertainty in
the electric form f&ctor of the neutron can be gauged by the two analyse522'23
of data indicated in Fig. 9. In addition to the use of polarized deuterons
for this measurement, 1t has been suggested24 that polarized 3He would also
provide a neutron target since the proton spins are paired off in the S-state

of 3He. R. Milner25 26

and R. McKeown“" at Caltech have shown that with the
advent of new laser technology it should be feasible to fabricate an internal

3He target of thickness > 1015 nuclei/cmz, and thus, measurements of G_ should

E
be practical. This problem is particularly challenging, however, since
longitudinal polarized electrons are required at the target location.

Although there are several prop0931327 for preserving electron polarization in

a ring, there has been no experimental test of these concepts.

VI. INTERNAL TARGET DEVELOPMENT
Now I would like to focus on some recent developments in laser-
driven polarized H, D and 3He targets. A high—flux polarized source of H and
D atoms based upon an optical-pumping spin-exchange technique 1is being
d17,28

develope at Argonne. The method involves a two-step process in which an

ensemble of alkali atoms, K say, are polarized by optical pumping and the
polarization is transferred to H or D atoms via spin—exchange scattering.
This method is attractive since the flux of H or D atoms is limited, in

principle, by only available laser power and since the gas load to a storage

ring would be minimal.



The primary technical challenges 1s efficient optical=-pumping of the
K atoms without the presence of a buffer gas. This means that the spectrum of
the laser light must be carefully matched to the Doppler broadened line width
of the K atoms and that the surface in the spin—-exchange cell must inhibit
spin-relaxation of the K and H atoms. The polarization was determined by
observing flourescence from K atoms in the spin-exchange cell when the Zeeman
transition frequency for the H atoms was swept with an RF coil. A Breit-Rabi
diagram for the H atom in shown in the upper panel of Fig. 10, while the
apparatus is shown schematically in the lower half of the figure. If the H
atoms are partially polarized we expect to observe two Zeeman transitions in
the intermediate magnetic field region. These transitions are observed and
shown in Fig. 1ll1. Clearly, the relative intensity of the two transitions
reverses as expected between ot and o light. Here we see the first evidence
for H from an optically-pumped, spin-exchange source! Thus far, a vector
polarization of 10X with a flux of 6 x 1016 s_1 for the H atoms has been
28 u

achieved. ith the assumption that the H atoms are in equilibrium with the

K atoms, and consequently, that the populations N(mp) of the atoms in H follow
a spin-temperature distribution, 1i.e. N(mF) « eBmF where B is the spin
temperature and mp is the total magnetic quantum number, the polarization of
the protons in the spin-exchauge cell is found to be 10Z from these data.
Further improvement in the polarization is expected as we gain more experience
with the source. Note that during this experiment only 2C mwW of laser power
was absorbed in the spin—exchange cell with an H flow rate of 6 x 1016
atoms/s! This is a strong indication that the flux from the source could

improve by at least an order of magnitude with a readily available laser power

of 0.5 watt.



The goal is to provide a target of D atoms with a thickness of 10l4
cnZ and a tensor polarization of tyy 2 0.3 which could be used in an
electron—-deuteron scattering experiment. Again, in order to achieve this
thickness it 1s essential to store the atoms in a windowless bottle and permit
the atoms to leak away befcore the spins relax. In order to achieve this goal
the high flux and polarization expected from the laser—driven source 1s
essential.

A novel internal polarized 3He target is being developed29 at
Caltech. The 3He nuclei are polarized by the well-known method of optically-
pumping metastable 3He atoms. This method has benefited recently from the
development of lasers which can operate at 1.083 im so that 2 3 «x 1016 3ﬁe/s

are produced. It is expected that an internal target of 3ﬁé with a thickness

of 2 1019 cn? s feasible.

SUMMARY
It is already clear that photonuclear physics has benefited
dramatically from the development of polarized photon sources and that much
more work will be performed in the next few years as the new facilities are
brought into operation. Electron scattering studies with polarization
techniques are potentially a very powerful probe of nucleus and, 1if
development of the methods continues at the present pace, will have a major

role in the near future.

This work supported by the U. S. Department of Energy, Nuclear

Physics Division, under contraci: W-31-109-ENG-38.
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FIGURE CAPTIONS

Schematic diagram of the selective-residual electron tagging method
is shown in the upper figure. Lower left: distribution of photon
polarization at the target position for E_ = 18.4 MeV, E_ = 1l1.4 MeV
and without selective-residual electron tagging. The target size is
given by the dashed lines. Lower right: distribution of photon
polarizations with selective-residual-electron tagging. Note the
dramatic improvement in the polarization at the target position.

Distribution of average B(Ml,+) in 206Pb from Ref. 7 is given in the
upper panel. Th%s is8 compared in the lower panel with the knowm
distribution in 298ph from Ref. 5.

Results from LADON for the 2H(y,n)H reaction at four photon
energies. The cross section for unpolarized (I,) and polarized (I )
photon beam 1s given. Note that the data at low energy are shifteé
dramatically toward smaller reaction angles than the calculations.

High—-accuracy ratios of angular distributions for the 2H(y,n)H
reaction from Ref. 12. Note that at low photon energy the data are
shifted dramatically toward larger reaction angles with respect to
the theoretical calculations of Partovi.

Summary of the results for the zﬂ(y,ﬁ)ﬂ reaction below 14 MeV.
Surprisin&ky, the inclusion of meson-exchange currents in the Ml
amplitude = worsen the agreement between experiment and theory.

Summary for all polarization data in electron-~deuteron elastic
scattering. The two data points at low values of q were determined
with an internal polarized target method while the two higher q
points were measured with a deuteron polarimeter.

Schematic diagram of the apparatus required to measure t,, in e—d
elastic scattering in the external target geometry. Inset figure on
left illustrates the apparatus on approximately the same scale for
the internal target experiment at Novosibirsk. The figure is also
shown with an expanded scale for ease of identification of the
components.

Orientation of the spins of the electrons and the nucleon target in
electron-nucleon elastic scattering.

A coamparison of two analyses of the elastic form factor of the
neutron.

Breit-Rabi diagram for the H atoms indicating the two available
Zeeman transitions. The apparatus to induce and detect these Zeeman
transitions is i1llustrated schematically.

A comparison of Zeeman transitions for H atoms for o+ and ¢ laser
light incident on the spin—exchange cell. n this case the H
polarfization 1s 10%Z and the flux is 6§ x 101 s—l- These results
represent the first observation of polarized H from a spin-exchnage
optically-pumped source.
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