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The neutron polarization for the reaction 'H(y, n pa~)H was measured with high accuracy at
an angle of 90 and in the photon energy range 6 to 13 MeV. The results were found to be
in disagreement with present theoretical predictions which include meson-exchange currents.

PACS numbers: 25.20.Lj, 21.30.+y, 24.70.+s, 25.10.+s

It has long been expected" that a measure-
ment of the polarization of the emitted nucleons
from the photodisintegration of the deuteron
would provide a significant constraint on the
meson-exchange current (MEC) in the n-p sys-
tem. For example, the neutron polarization
from the reaction 'H(y, nz&)H at an angle of 90'
and at low energy is predicted' to be dominated
by FI -M1 interference terms. Furthermore,
the MEC is believed4 to have a substantial ef-
fect on the M1 amplitude. The most compelling
evidence for this effect arises from two types of
measurements: the thermal n-p capture cross
section' and the electrodisintegration cross sec-
tion' at large reaction angles and low excitation
energies. Although there are three previous
measurements' ' of the photonucleon polariza-
tion in this energy range below 30 MeV, there
are discrepancies among the data sets. The
most notable disagreement exists between the
early data of Nath, Firk, and Schultz' and the
more recent results of Drooks. ' The data of
Drooks agree with present theoretical calcula-
tions'" while those of Nath, Firk, and Schultz
do not. In order to resolve this issue, we have
measured with high accuracy the photoneutron
polarization from the reaction 'H(y, n~, &)H at an
angle of 90' and in the photon energy range 6 to
13 MeV. The results were found to be in agree-
ment with Nath, Firk, and Schultz, and thus, in
disagreement with the theoretical predictions.
The discrepancy between the present data and
the impulse calculation is increased by including
the MEC.

The photoneutron polarization method has been
discussed" previously, but will be outlined here.
Energy-analyzed 19.0-MeV electrons in bursts of
4-ns width, 15-A peak current, and 800-Hz rate
were focused onto an air-cooled graphite block.
This graphite block served to provide bremsstrah-
lung photons, stop the electron beam, and pro-
vide a current pulse for the neutron time-of-flight
spectrometer. The photons irradiated a sample
of deuterated polyethylene of dimensions 2.5 cm

high & 5.0 cm along the photon axis x 0.4 cm
thick along the neutron axis. Photoneutrons in
the energy range of interest are not expected
from the C contaminant in CD, since the (y, n)
threshold of ' C is 18.7 MeV. Although the "C
threshold is only 4.95 MeV, the abundance and
photoneutron cross section of this isotope are not
sufficient to alter the present results. The photo-
neutrons then traveled through a well-shielded
9.0-m flight path, which included a 2-m-long
spin-precession solenoid, before scattering
from a natural C analyzing target in the form of
graphite of dimensions 10.0 cm wide & 5.0 cm
high & 1.0 cm thick. The neutrons which scat-
tered from the C target up (+ 50') and down (-50 )
with respect to the (y, n) reaction plane were de-
tected in plastic scintillators of dimensions 20.0
cm x 10.0 cm &5.0 cm thick which were located
35.0 cm from the C target. The data were col-
lected during three separate, four-day-long
periods. During the first period the solenoid
was set to precess the spin of a 2.43-MeV neutron
through an angle of ~/2 radians; while the sole-
noid was set to precess a 3.26-MeV neutron
through v/2 for the latter running periods. The
integrated field strength of the solenoid was
determined to an overall accuracy of 0.5/0. The
field direction in the solenoid was reversed auto-
matically approximately every 30 min in order to
minimize any long-term systematic drifts. The
results from all three experiments were found to
be in excellent agreement with one another. No
multiple-scattering corrections were applied to
the data since two previous estimates" for nancy
thicker targets have shown that these effects are
small for the polarization. In fact, an estimate
for the number of neutron multiple-scattering
events in the sample was made from a Monte
Carlo analysis. It was found that the yield from
this process was approximately 5'jo of the pri-
mary (y, e) yield at F. &= 7.0 MeV and 2% of the
yield at 13.0 MeV.

The polarimeter, which consisted of the so-. .

lenoid, C target, and the two scintillators, was
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calibrated in situ by a neutron double-scattering
method. " The graphite electron-stopping block
was replaced with a sample of water-cooled, de-
pleted uranium. The neutrons from this source
then scattered from a second C target which was
identical to that in the polarimeter and also at a
scattering angle of 50 . The analyzing power of
C was found in this way to be in reasonable agree-
ment with previous studies. The error in the
measured analyzing power of the polarimeter was
found to be 3%, 12/0, and 23/p at E„=2.4, 4.42,
and 5.4 MeV, respectively. Note that an error
in scale of approximately 13/0 at E„=2.4 MeV
and 50/0 at 4.4 MeV would be necessary to bring
the present results into agreement with the pre-
dicted' polarization for the reaction 'H(y, n ~,~)H.

The background rate was determined by three
separate tests. First, the C sample was removed
from the polarimeter. This reduced the overall
counting rate by a factor of approximately 15.
This proved to be the main source of background,
i.e., neutrons produced in the CD, sample and
scattered into the detector from air or collimator
edges. Other tests performed were (i) to replace
the CD, sample with CH, and with the C target in
and out of the neutron beam, and (ii) to move the
CD, target upstream of the photon beam so that
it was out of the direct line of sight with the neu-
tron flight path. These latter two tests yielded
background levels which were approximately 20$
of the main component of background. The final
signal-to-background ratio varied from approxi-
mately 25 at E„=2 Mev to 10 at 6 MeV. Beam
monitoring is necessary only to ensure that the
background events can be subtracted accurately.
The beam was monitored in two ways. First,
the charge collected in the graphite stopping
block was recorded, and secondly, neutrons
from the (y, n) target were detected in a counter
that was located downstream from the polarim-
eter. These two monitors agreed to within 0.5~/q

for each run taken with the CD, in place. As a
test of the sensitivity of the final results to the
monitor and background subtraction, the back-
ground monitor was shifted arbitrarily by 5/0
and the data were reanalyzed. The largest change
in the data was to shif t the polar ization by only
10~/0 of the error.

The final results are shown as the points in Fig.
1. The error limits shown in the figure reflect
the uncertainty in the analyzing power of the
polarimeter as well as the statistical error.
Clearly, the data are systematically less nega-
tive than the calculation which includes the MEC.
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In fact, the present results are in better agree-
ment with the impulse calculation of Partovi
than that which includes the MEC. The trend of
the present work is consistent with a previous
measurement of Nath, Firk, and Schultz' at high-
er energies, but it is less negative than the re-
sults of Drooks. ' Nath, Firk, and Schultz found
the photoneutron polarization at 90' to be con-
sistently less negative than the impulse calcula-
tion above E &=10 MeV. These results are
shown as the hatched region in Fig. 1. , Note that
Nath, Firk, and Schultz employed a liquid 4He

polarimeter in their work. The discrepancy in
this low-energy region 6 (E&&13 MeV is par-
ticularly striking since corrections such as in-
cluding (i) nucleon form factors, (ii) relativistic
effects, (iii) higher multipole and N Npartial-
waves, and (iv) short-range components of the
deuteron wave function have much less impor-
tance than at higher energy.

At a reaction angle of 90' only E1-Ml or E1-F2
interference terms give rise to photoneutron po-
larization. The polarization is expected, how-
ever, to be insensitive to the E2 amplitude at
these low photon energies. In fact, this point
was cheeked by eliminating the E2 amplitudes
from Partovi's calculation. In the photon energy
range 5 to 20 MeV, the contribution of E1-E2
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FIG. 1. Comparison of the present work with previous
results and theoretical calculations. The solid points
represent the present work. The hatched region indi-
cates the work of Ref. 8, while the open circles repre-
sent the work of Ref. 9. The solid curve is the result
of an impulse calculation of Ref. 10. The dotted curve
represents the calculation of Ref. 1 which includes the
MEC.
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interference terms to the polarization at 90' was
found in this way to be S 0.3/o, If only E1 and M1
amplitudes need be considered then the differen-
tial photoneutron polarization [the differential
cross section &(8) x the polarization p(0) j can be
written as

o(&)p(&) =A»sin&+&Is»sin&cos8,

where 4» depends on F-1-M1 interference and

B~~ » depends on the products of E1 and M1
amplitudes that lead to different final states of
the nP system. Of course, only A» contributes
to the polarization at 9o . The primary effect
of the MEC is to increase4 the M1 transition am-
plitudes, namely the ('S, +'D, ) -'S, transition.
Thus, the magnitude of the photoneutron polariza-
tion p(90') must become larger. In order to ex-
plain the present data, one must reduce the M1
transition amplitude in such a manner that the
thermal n pea-pture cross section is not changed,
or increase the E1 transition amplitude in a way
that does not alter the total photoabsorption cross
section. "

Clearly, a high-accuracy angolar distribution
of photoneutron polarization and cross section is
necessary in order to unravel the multipole com-
ponents of the reaction 'H(y, n)H at low energy.
In addition, further theoretical work will be nec-
essary in order to explain this simplest nuclear
reaction.
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Classical trajectories and semiclassical eigenvalues are calculated for an atomic Rydberg
state in a magnetic field. Perturbation theory describes a classical trajectory as a Kepler
ellipse which rocks, tilts, and flips in space as orbital parameters evolve slowly in time.
Exact numerical calculations verify the accuracy of perturbation theory for n=30, 8 & 6 T.
Action variables are calculated from perturbation theory and from exact trajectories, and
semiclassical eigenvalues obtained by quantization of the action. Good agreement is found
with observations.

PACS numbers: 31.20.Wb

The behavior of a highly excited atom in a
strong magnetic field is a topic of much current
interest. ' The present studies were motivated

by the desire to understand and interpret experi-
mental measurements' made at Masschusetts
Institute of Technology on one-electron atoms in
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