
PHYSICAL REVIEW A VOLUME 47, NUMBER 1 JANUARY 1993

NMR calibration of optical measurement
of nuclear polarization in He
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We have performed precise NMR measurements in order to calibrate a standard optical technique for
measuring the polarization of He nuclei. This optical technique requires knowledge of the pressure-
dependent relationship between the nuclear polarization and the degree of circular polarization of the
668-nm light emitted from a He discharge. We determined the nuclear polarization by comparing the
adiabatic fast-passage NMR signal from samples of polarized 'He at pressures between 0.1 and 5 torr to
an identical sample of water. For water, the polarization is known from statistical mechanics. The He
is polarized using the metastability exchange technique for optical pumping of 'He. The accuracy of the
calibration is 2%, which is required for applications in nuclear physics.

PACS number(s): 32.80.Bx, 29.29.Pj, 07.60.Fs

I. INTRODUCTION

The developments in the past decade of polarized elec-
tron beams and efficient optical pumping of He with
lasers [1] have renewed interest in nuclear spin-polarized
He targets for experiments in medium- and high-energy

physics. These experiments require accurate measure-
ments of the nuclear polarization of the He target. Nu-
clear magnetic resonance (NMR) techniques can provide
direct and accurate measurements of the nuclear polar-
ization, but are not always convenient in accelerator envi-
ronments. Therefore we have performed precise NMR
measurements that calibrate a simple optical technique
for measuring the polarization of He nuclei. This opti-
cal technique, developed by Laloe [2,3], requires
knowledge of the pressure-dependent relationship be-
tween the nuclear polarization and the degree of circular
polarization of the 668-nm light emitted from an electri-
cal discharge in polarized He. It is appropriate in the
range of pressures where the technique of metastability
exchange optical pumping [4] is efficient. Using NMR,
we have calibrated this optical technique with an accura-
cy of +2/o for pressures between 0.1 and 5 torr.

It was nearly 30 years ago that Colegrove, Schearer,
and Walters [4] demonstrated the metastability exchange
technique for optical pumping of He. A constant limita-
tion, however, was the relatively small intensity of the
discharge lamps used as optical-pumping sources, which
put an upper limit of about 20% on the nuclear polariza-
tion. In addition, the pumping rate, i.e., the rate at
which He atoms can be polarized, was not suSciently
high to balance relaxation mechanisms in targets. In the
early 1980's the development of laser sources increased
the attainable polarization to 65% and pumping rate to
—10' atoms/s. This renewed interest in optical pump-
ing of helium in several fields of physics, including studies
of quantum phenomena in the gaseous and quid phase at
low temperatures [5,6], polarization of electrons and ions
[7], polarizing thermic and epithermic neutron beams [8],
and polarized targets for nuclear physics experiments
[9,10]. With the recent development of the arc-lamp-

pumped neodymium-doped lanthanum magnesium hex-
aluminate (Nd:LMA) laser, polarization up to 85% and
pumping rates of 10' —10' atoms/s have been obtained
[11—13]. These improvements in the attainable polariza-
tion have motivated more accurate measurements of the
polarization for applications and intrinsic interest in the
optical-pumping process.

In medium- and high-energy nuclear physics, polarized
He targets are interesting because the spin-dependent

properties of the polarized He nucleus are dominated by
the neutron in the nucleus. Because the two protons are
predominantly in a spin singlet state, the neutron carries
most (90%) of the spin of the nucleus [14]. Quasielastic
scattering of electrons from polarized He yields informa-
tion about the electric and magnetic form factors of the
neutron. This has been demonstrated by a recent experi-
ment by Woodward et al. [1S]. Experimental programs
using polarized beams and polarized He targets are
planned for all major accelerator laboratories [Bonn,
Continuous Electron Beam Accelerator Facility
(CEBAF), Deutsches Elektronen-Synchrotron (DESY),
Mainz, MIT-Bates, Novosibirsk, and Stanford Linear Ac-
celerator (SLAC)]. To obtain the high target densities re-
quired for these experiments, polarized He targets have
been developed with densities enhanced by either low-
temperature techniques [9,16] or by mechanical compres-
sion [12,17,18]. (The metastability exchange technique is
only efficient at pressures —1 torr. ) Alternatively, low-
density "internal" targets [9,19] that take advantage of
the high effective beam current in storage rings have been
developed.

Historically, polarization of He nuclei produced by
metastability exchange optical pumping has been mea-
sured by NMR and two indirect optical methods. In the
technique of metastability exchange optical pumping,
He metastables are produced by a weak electrical

discharge and polarized by optical pumping. The nuclei
become polarized when the polarization is transferred to
the ground-state atoms in metastability exchange col-
lisions. One optical method [4], which we refer to as the
pump light absorption technique, utilizes the change in
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the absorption of light at the optical-pumping wave-
length. As the polarization increases, the absorption of
the pumping light decreases because the population in
the metastable state shifts to magnetic sublevels that do
not interact with this light. Hence this method actually
measures the metastable polarization, which should be
equal to the ground-state polarization due to the close
coupling provided by the metastability exchange col-
lisions. In recent years, the accuracy of this technique
has been improved by using a probe beam from a
narrow-band, stable, diode laser-pumped Nd:LMA laser
[20]. However, an accurate measurement is difficult be-
cause the absorption for small cells is typically only a few
percent.

The second optical method is the subject of our work.
(In the remainder of this paper, we refer to this method
simply as the "optical technique" because we do not dis-
cuss the pump light absorption technique any further. )

This method is completely nonperturbative and well suit-
ed to long-term, remote applications. In this approach
the degree of circular polarization of the 668-nm light
emitted by the discharge is monitored, which can be re-
lated to the nuclear polarization. However, because this
relationship depends on pressure, it must be calibrated
against either the pump light absorption technique or
NMR measurements. Such a calibration was performed
in 1974 by Pinard and Van Der Linde [21] using absorp-
tion of the pumping light from a He lamp. Because the
accuracy of these measurements was not quoted in Ref.
[21] and was subject to systematic errors associated with
lack of knowledge of the spectrum of the lamp, we have
repeated the calibration using NMR. Concurrently with
our work, a calibration against the pump light absorption
technique using a diode laser-pumped Nd:LMA laser has
been performed by Bigelow, Nacher, and Leduc [22].
The results of Bigelow, Nacher, and Leduc are consistent
with our data.

To avoid uncertainties associated with an absolute
NMR measurement, we have compared our NMR signals
from He to the signal from an identical water sample.
For water the polarization is known from statistical
mechanics. The NMR measurements are performed us-
ing the technique of adiabatic fast passage. The advan-
tage of this technique is that the line shape of the NMR
signal is identical for water and He, which facilitates the
comparison.

The outline of the paper is as follows. Section II con-
tains a brief description of the theory for the NMR and
optical techniques for measuring polarization in He. We
describe the apparatus in Sec. III and the measurements
in Sec. IV. Appendix A is devoted to a discussion of the
calibration of the optical polarimeter and Appendix B
contains a short derivation of a result used in the discus-
sion of the optical polarimeter.

II. THEORY

In this section, we review the theory of the NMR and
optical techniques for measuring polarization in He. Al-
though the principles of NMR have been described in
great detail in Ref. [23,24], we review the aspects which
are relevant for our discussion.

A. Adiabatic fast passage

Adiabatic fast passage (AFP) is a technique to reverse
the direction of a macroscopic magnetization with
respect to a static magnetic field. To understand this
technique, consider the effect of an oscillating rf magnetic
field B„=2B,c os(cot)x applied to a magnetized sample
that is immersed in a static magnetic field Boz. It is use-
ful to transform from the laboratory frame (x, y, z) to a
frame (x', y', z' =z) rotating at the rf frequency co. In this
rotating frame, decomposing B into two rotating fields
yields one field that is stationary while the other rotates
at the frequency 2'. Under the conditions of our mea-
surements, the latter can be neglected because it is non-
resonant. The effective field in the rotating frame is given
by

B = Bo z +B&x

where y is the gyromagnetic ratio (y~/2' =4 26 kH.z/G
for protons in water and yh/2+=3. 24 kHz/G for He).
If the static field is initially far enough away from m/y so
that Bo—co/y~ &)B„then B, and the magnetization M
are oriented nearly along z' in the rotating frame. If the
static field is ramped towards resonance (Bo=co/y), B,
rotates away from the z' axis towards the x' axis and car-
ries the magnetization along with it. At resonance,
B =B

&
x ~ If the static field is ramped far past resonance,

both B, and M will reverse direction. If the sweep rate
d80/dt is slow enough (adiabatic condition) so that

dBo «pB )dt
(2)

then the magnetization follows the effective field. The
"fast" condition requires that the effects of relaxation
must be negligible during the time of passage through
resonance:

1

B,
dBo 1 1))

T] T2

where T, and T2 are the longitudinal and transverse re-
laxation times, respectively. In our system, transverse re-
laxation is dominated by dephasing of the individual pre-
cessing spins due to gradients in Bo. However, if

B, »AB, , (4)

where EBO is the inhomogeneity in Bo across the sample,
transverse relaxation due to gradients can be neglected in
Eq. (3) [25,26].

As M slowly reverses direction it is also rapidly pre-
cessing in the laboratory frame at the rf frequency ~. For
a pickup coil in the xz plane, this precessing magnetiza-
tion induces an ac voltage of amplitude 8, given by

NQ = NQco@- , —dN
dt

where N is the magnetic Aux through the pickup coil
with N turns and Q is the quality factor of the tuned
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pickup circuit. The AFP line shape is

1e(ao) = @0 [g2+(~ /y)2]1/2
(6)

where 60 is the amplitude of the induced voltage at reso-
nance. The line shape is the same for He and water.

For identical samples of He and water, all geometrical
contributions to the Aux would cancel out when evaluat-
ing the ratio of the Aux from the He sample to the Aux
from the water sample. To account for small difFerences
(+2%) in the volumes of our cells, we corrected the mea-
sured values of 60 to the exact volume of each cell. The
ratio 8 of 80 obtained from the He sample (Co) to that
obtained from water (6~0) is then given by

6'0 (QcoP„n Vp)h
E. =

(QcoP„n Vp )
(7)

where P„ is the nuclear polarization, n is the number den-
sity of spin- —, particles with magnetic moment p, and V is
the volume of the cell. The quantities in Eq. (7) have sub-
scripts h and p that denote He and water (protons), re-
spectively. P„ is defined by

(QVco p ) n Tzph (10)

As with the cell volumes, we have included co and Q in
Eq. (10) to account for small differences between cells (see
Sec. III B).

B. Free induction decay

Although the method of adiabatic fast passage is most
suitable for these measurements, additional information
about the system can be obtained from the technique of

n+ —n

n++n

where n+ and n are the number densities for the two
eigenstates of the spin with respect to the z axis. The po-
larization of the protons in water is given by
P~ =tanh(@~co~ /kT&y~ ), which for our conditions can be
accurately approximated by

pp p pP N

kT y

where p is the proton magnetic moment in water, k is
the Boltzmann constant, and T is the temperature of the
water cell at the time of the NMR measurement. The
He density can be expressed in terms of the pressure ph

and temperature Th of the He cell at the time the cell is
sealed off. Finally, if we rearrange Eq. (7) to express P„
in terms of known constants and measured quantities, we
obtain

free induction decay (FID). In this technique, the static
field is fixed and a rf pulse is applied to the sample at the
Larrnor frequency. In this case, B,=B&x', hence the
magnetization precesses around the x' axis at the angular
frequency yB, . If such a rf field is applied for a short
time ~, the magnetization vector rotates by an angle
yB&~. By measuring the pulse length required to rotate
the magnetization by m/2, 8, was determined. For He
such a rotation was easy to observe using the optical sig-
nal because the nuclear polarization along the z' axis
drops to zero. FID was used to confirm that the width of
the AFP signal was indeed given by 8

&
[see Eq. (6)].

After the pulse the magnetization precesses freely, and
decays due to inhomogeneity in Bo. For the water signal,
the temporal behavior of the decay is given by the
Fourier transform of the spectral distribution of Larmor
frequencies. The time scale of the decay is roughly
(y BBO ), i.e., the time required for a spread of 1 rad in
the distribution of accumulated phase of the Larmor pre-
cession of the individual spins. Measurement of the time
scale of the decay allowed estimation of ABo, which was
used to check whether Eq. (4) was satisfied. The decay of
the He signal is much longer than the water signal be-
cause each He atom experiences the average value of Bo
because of its motion, usually referred to as motional nar-
rowing [27]. Motional narrowing leads to a decay of the
transverse magnetization with the simple form
6'(t)=@oexp( t/~). The d—ecay time r increases for
longer mean free path, hence it is longer for lower pres-
sure. For helium we observed exponential decays with
time constants of 0.35—1.5 s in the range 2.0—0.3 torr.

C. Optical measurement of polarization

The optical method relies on the mixing of polarization
from the nucleus to excited electrons via the hyperfine in-
teraction. When He atoms are excited to the 3 'D2 level

by electron impact in the discharge, the nuclear spin is
unperturbed. During the 15-ns lifetime of the 3 'Dz state,
the nuclear polarization is mixed into electronic polariza-
tion by the hyperfine interaction. As a result of this mix-
ing, the subsequent spontaneous emission down to the
2 P

&
level shows some degree of circular polarization

which can be related to the nuclear polarization. Howev-
er, some of the electronic polarization is lost due to col-
lisions, hence this relationship depends on pressure.

The theory of the pressure dependence of the degree of
circular polarization of the 668-nm light has been investi-
gated by Pinard and Van Der Linde [21]. Since we use
their results to fit our data, we summarize their work, but
refer the reader to Refs. [21,28] for the full details. Let
us define P to be the degree of circular polarization of the
668-nm light emitted by the discharge and P„ to be the
nuclear polarization. For a J=2~J= 1 transition they
obtain

P
P„

3a (1 +F2)/2
(I +y2)(1 +y, ) +6a (1 +y, )(l +2@2/3)/I +a (I —y, +2y2)/4
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where I is the spontaneous emission rate for the transi-
tion, and y, and yz are the disorientation and disalign-
ment rates, respectively. The constant a is defined by the
hyperfine Hamiltonian, a%I-J, where I is the nuclear spin
angular momentum and J is the total electronic angular
momentum. For J =2, the hyperfine splitting in frequen-
cy is A=5a/2. The rates y, and y2 are related to the
corresponding cross sections, o. , and o.2, by y,-=no. , U„,
where n is the density of ground-state atoms and U„ is the
mean relative velocity of the two colliding atoms. In ad-
dition, to account for other types of collisions that
effectively destroy the 3 'D2 state, I is replaced by
r'=r+nopv„where o.

p is the total cross section for
these processes. (Note that this cross section is labeled
cro+o, in. Ref. [21].) The three cross sections o., cr2, and
o.

p are adjusted to reproduce the measured variation of
P /P„with pressure.

In the limit of zero pressure, y, =ye=0 and Eq. (11)
reduces to

10 cm

HELMHOLTZ COIL

DRIVE COIL

PICKUP COIL

NULLING COIL

P 0.24
1+r'yn' (12)

FIG. 1. Scale diagram of the NMR apparatus.

For the 3 'D2 level, I =6.58 X 10 s ' [29] and
0=8.74X10 s ' [30], yielding P/P„=0. 239 at zero
pressure. However, Pinard and Van Der Linde found
that the observed pressure dependence of P/P„ for the
3 'D2 level was inconsistent with a limit of 0.239 at zero
pressure. They speculated that the discrepancy could be
due to cascading effects from higher 'F states that would
be manifested as an overall multiplicative correction to
P/P„ for data above some critical pressure. Based on
this idea, they found that they could fit their data above
0.15 torr if they introduced a normalization parameter Z
into Eq. (11). We have also found that this approach is
necessary to fit our data. Because we have not observed
any dependence of P/P„on discharge conditions (see
Sec. III C2), we believe that the value of the normaliza-
tion parameter is related to the physics that governs the
pressure dependence of P/P„, rather than an artifact of
any given apparatus.

III. APPARATUS

A. NMR system

The NMR system is shown in Fig. 1. A cylindrical
Pyrex cell, 5.0 cm diameter by 5.7 cm long, filled with
He or water is placed in a homogeneous static magnetic

field Bpz that is produced by a pair of 30-crn-radius
Helmholtz coils. The rf magnetic field B is generated by
the drive coils, a pair of 14.8-cm-radius Helmholtz coils.
Two rectangular pickup coils separated by 5.6 cm sur-
round the cell, with their axes in the y direction. Each
pickup coil is 6.9 cm long by 6.2 cm wide and has 400
turns.

Obtaining an accurate measurement of the small signal
from water (see Sec. IV A) and from low-pressure He
cells ( S0.2 torr) required minimizing noise from vibra-
tions and electromagnetic fields. To shield out elec-
tromagnetic fields, the entire system is surrounded by an

aluminum box with a wall thickness of 1.6 mm. To mini-
mize mechanical vibrations, the aluminum box is sup-
ported by a set of shock absorbers, styrofoam, and
springs.

The He gas was polarized by optical pumping with an
arc-lamp-pumped Nd:LMA laser. The aluminum box
has a 9-cm-diameter opening in the front to allow the
laser beam to enter and the 668-nm light to exit. The
laser light propagates along the z axis; the optical polar-
imeter is located 6' off the z axis in the xz plane, 95 cm
from the cell. A rf high voltage (0. 1 —20 MHz) applied to
two aluminum foil loops taped on the outside of the cell
generated a weak electrical discharge in the helium gas.
When the cell was in place, the aluminum foil strips made
contact with metal electrodes in the pickup coil support.
Because the discharge produces substantial rf interfer-
ence, it is turned off during NMR measurements. With
the discharge off, the relaxation of the polarization dur-
ing the time required for the measurement is less than
0.2%. In addition, it was necessary to ground the
amplifier (see Fig. 2) whenever the discharge was on in
order to avoid overloading it.

A block diagram of the NMR electronics is shown in
Fig. 2. A function generator, tuned to the resonant fre-
quency (co/2vr=96 kHz) of the pickup coil system, pro-
duces a rf current in the drive coil. The magnetic field Bp
is ramped in 1 s from 2 G below to 2 G above the atomic
resonance condition (co/yh =29.6 G or co/y =22.5 G).
The current in the Helmholtz coil is converted into volt-
age, digitized, and stored in the computer. This ramp in-
formation was used for summing up several sweeps for
the water sample (see Sec. IV A). The voltage induced in
the pickup coil is amplified by a factor of 100 and then
sent to a lock-in amplifier. The two outputs, one in phase
with the reference signal and the other in quadrature, are
squared and summed before they are digitized and stored
in the computer.
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FIG. 2. Block diagram of the NMR electronics.

To minimize cross talk between the drive and the pick-
up coils, the pickup coil must be normal to the drive coil.
As shown in Fig. 1, the pickup coil was mounted such
that it could be rotated around the z axis from outside
the aluminum box. The residual signal in the pickup coil
was nulled by applying a gain and phase shifted voltage
to the nulling coil. In addition, we determined the quali-
ty factor Q of the pickup coil circuit by sweeping the fre-
quency of the nulling coil voltage from 60—120 kHz and
measuring the linewidth of the response of the pickup
coil. The typical measured value of Q was 60, with varia-
tions of +5% from cell to cell, and +0.7% for the mea-
surements on a given cell. The Q and resonant frequency
of the pickup coil were measured on each day that we ac-
quired data. The resonant frequency varied by +0.2%
from cell to cell.

A test pulse, which is a sine wave packet with a vari-
able width between 0.5 and 20 ms, was used to check the
performance of the electronics. Since the signal for water
and He differ by as much as a factor of 70, the linearity
of the electronics is important. Using the test pulse we
found the electronics to be linear to within +1%.

B. Cell preparation

We prepared each He cell according to techniques
that are described elsewhere [4]. Briefly, each cell was
evacuated to below 10 torr, baked overnight at 400'C,
and further cleaned with a strong discharge. Before
mounting on the vacuum system, we measured the cell
volume with an uncertainty of +0.2% by filling the cell
with alcohol. The cell volumes are nominally 90 cm,
with variations of +2% from cell to cell. The cells were
filled with 99.995% pure He.

When a cell was sealed off, we measured the pressure in
the vacuum manifold, p&, and the ambient temperature
Th. For pressures below (above) 1 torr, the pressure was
measured using a MKS Instruments, Inc. Model 390
(122A) capacitance manometer with a quoted accuracy of

+0.08% (+0.5%). However, we found an additional
systematic error rooted in an observed difference between
the pressure in the vacuum manifold and the actual pres-
sure in the cell. This difference was measured in the fol-
lowing test: We constructed a "test cell" that had an ad-
ditional connection to a second capacitance manometer.
The volume of the capacitance manometer and connect-
ing tubing was much smaller than the cell volume, so this
arrangement simulates the conditions under which our
standard cells were constructed. We found that the cell
pressure drops as soon as the connection to the vacuum
manifold is heated. (If the glass is not melted, this pres-
sure drop is reversible. ) The origin of this pressure gra-
dient is not understood. After sealing off the cell and al-
lowing the system to cool, the cell pressure was lower
than the original pressure and the remaining pressure in
the manifold was higher. Since atoms are conserved, the
pressure in the vacuum manifold increases by an amount
that depends on the relative volume of the manifold and
the cell. The test cell was sealed off and reattached
several times and the decrease in the cell pressure mea-
sured to be 2.8+1.5%. Unfortunately, this effect was not
discovered until all of our cells had been filled and mea-
surements completed. In order to be certain that we had
not introduced any systematic errors in the pressure mea-
surement, we refilled nearly all of our cells using an im-
proved technique. We installed a valve very close to the
location at which the cell is sealed off. Before sealing the
cell, the valve is closed, yielding a manifold volume of
about 1.5% of the cell volume. In this configuration,
when a test cell was sealed off as described above, the cell
pressure after sealing was within 0.3% of the original
manifold pressure. All cells except those at 3 and 5 torr
were refilled with this procedure. For pressures of 0.8,
1.0, and 2.0 torr, the comparison of data acquired from
cells filled with this procedure versus the original pro-
cedure was consistent with the measured drop of the test
cell pressure of 2. 8+1.5% in the original procedure.
Based on these results, the measured decrease of 2.8%
was applied to the data acquired on the cells at 3 and 5
torr. Below 0.5 torr, the comparison was not consistent
with the expected 2.8% drop, but rather implied that the
pressure had dropped by 7% when filled with the original
procedure. The reason for this discrepancy is not under-
stood, but we note that we did not do test cell measure-
ments at all pressures. In conclusion, all of our data ex-
cept at 3 and 5 torr were acquired using the filling pro-
cedure with a small vacuum manifold, where we estimate
the uncertainty in the cell pressure to be +0.5%. For the
cells at 3 and 5 torr, there is a 2.8+1.5% correction asso-
ciated with the filling procedure.

Finally, there is another effect on the pressure that we
believe is worth noting. We observed a tendency of the
NMR signal to drop by as much as 10% at 0.3 torr if the
electrical discharge was left on for many hours. Howev-
er, if the discharge was extinguished, the NMR signal
would increase after many hours with the discharge off.
Although we cannot present conclusive data, we believe
that helium atoms can be temporarily driven into the cell
walls, thereby lowering the pressure. We were careful to
not leave the discharge on for long periods of time.
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C. Optical polarimetry

3 —Ao
P =K (13)

where A and D are the outputs of the lock-in and dc
amplifiers, respectively, Ao is the residual lock-in output
when the polarization of the sample is zero (see Sec. IV B)
and K is a calibration factor that mainly takes account of
the different amplification factors. P is reduced slightly
because of the static magnetic field (see Sec. III C 3) and
the small angle t9 between the line of observation and the
z axis. The degree of circular polarization, corrected to

CIRCULAR
POLARIZE R

POLARIMETER

PMT

Q R A F

ADC
LOCK-IN

AMPLIFIER

COMPUTER

ADC
DC
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The polarimeter used to measured the degree of circu-
lar polarization of the 668-nm light emitted from the
discharge is shown in Fig. 3. Although this system has
been described in Refs. [2,3], we review the design to fa-
cilitate our analysis of its calibration. Circularly polar-
ized 668-nm light from the discharge is converted to
linearly polarized light by the rotating quarter-wave plate
(R) at the entrance of the polarimeter. The direction of
the linear polarization follows the rotating optic axis of
the quarter-wave plate. After the analyzing linear polar-
izer ( 3 ), the light intensity oscillates at the frequency 2',
where cu is the angular rotation frequency of the quarter-
wave plate. The amplitude of the oscillation is propor-
tional to the degree of circular polarization of the light.
The interference filter (F) allows light whose wavelength
lies in a 10-nm band width centered at 668 nm to reach
the photomultiplier tube (PMT). The PMT signal is sent
to both a lock-in amplifier and a dc amplifier, whose out-
puts are proportional to the ac and dc components of the
signal, respectively. Both signals are then digitized and
sent to the computer.

The measured degree of circular polarization of the
light is given by

zero magnetic field and observation along the z axis, is
given by

M(BO)P= P
cosO

(14)

1. Calibration

As shown in Fig. 3, the system was calibrated by plac-
ing a circular polarizer for 668 nm directly in front of the
polarimeter. However, it is important to understand the
efFect of imperfections in both the circular polarizer and
the rotating quarter-wave plate, especially the former.
Here we summarize the results of the quantitative
analysis presented in Appendix A. Consider a circular
polarizer constructed from a linear polarizer (L) followed
by a quarter-wave plate (Q). If the retardation of the
quarter-wave plate is not exactly ~/2, the emerging light
will be elliptically polarized. As one might expect, the
signal from the polarimeter depends on the relative orien-
tation of the ellipse with respect to the axis of the analyz-
ing linear polarizer ( 3). For 99.0% circularly polarized
light, the degree of circular polarization registered by the
polarimeter varies by +7.0% as the circular polarizer is
rotated around the propagation direction of the light.
The true degree of circular polarization of the elliptically
polarized light is only obtained when the angle between
the analyzing linear polarizer ( A) and the ellipse axes is
m. /4. To avoid calibration errors, one must use this
orientation for the circular polarizer, especially if the
quarter-wave plate in the circular polarizer is not of high
quality. To obtain an accurate calibration, we use both a
high-quality quarter-wave plate and the proper orienta-
tion. We observe a variation in the degree of circular po-
larization registered by the polarimeter of only +0.6%%uo as
the circular polarizer is rotated and by using the proper
orientation, the uncertainty in the calibration due to im-
perfections in the optical elements is negligible. (As
shown in Appendix A, the effect of imperfect retardation
of the rotating quarter-wave plate is much less critical
and can be included in IC).

where M(BO) is the correction related to the static mag-
netic field. The factor of cosO is derived in Appendix B.

The polarization of the light can be affected by
refiections from material near the cell. To minimize such
reAections, we covered the back and sides of the cell with
black tape so that light emerged only from the front end
of the cell and blackened all material near the cell. To
avoid excessive heating of the tape, the laser power was
limited to 1 W. (Although the highest optical-pumping
efficiency would be obtained using a mirror to retroreAect
the laser beam back through the cell, we did not use a
mirror because it was inconvenient in our system. )

FIG. 3. Schematic diagram of the optical polarimeter. Ele-
ments include a rotating quarter-wave plate (R), analyzing
linear polarizer ( A), 668-nm interference filter (F), photomulti-
plier tube (PMT), and analog to digital converter (ADC). To
calibrate the polarimeter, a circular polarizer constructed from
a linear polarizer (L) and a quarter-wave plate (Ql was placed
in front of the polarimeter.

2. Systematics of the optical signal

Since discharge intensity and frequency have a strong
eff'ect on the optical pumping of He [11],we checked for
a possible dependence of P/P„on discharge characteris-
tics. We did not observe any dependence on either the
discharge frequency or intensity. Specifically, the depen-
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dence on discharge frequency was tested at pressures of
0.3 and 0.8 torr for discharge frequencies of 0.1, 1.5, and
20 MHz. The test of discharge intensity was performed
at 2 torr for a change in the intensity of the light emitted
by the discharge of a factor of 5.

As discussed in Sec. IIIC1, elliptical polarization of
the 668-nm light can lead to an incorrect evaluation of
the degree of circular polarization of the light. To test
for ellipticity that might result from interaction of the
light with the Pyrex cell, we checked for a dependence of
P on the orientation of the linear polarizer in the polar-
imeter. This was accomplished by rotating the entire po-
larimeter about the direction of the incoming light. No
dependence was observed within an uncertainty of
+0.5%%uo.

In these measurements the angle between the line of
observation and the z axis, 0, was 6'. In principle, the
factor of cos9 in Eq. (14) would allow comparison to re-
sults obtained at other angles. However, we have seen
deviations from the expected cosI9 dependence at pres-
sures above about 2 torr. As an example, at 2 torr the
value of P obtained at 0=25' was about 10% lower
than would be predicted by the cos6 rule. The origin of
these deviations is not well understood. They may be as-
sociated with a combination of depolarization from
reAections at the inside of the cell and the nonuniformi-
ties that exist in the discharge above about 2 torr. Aside
from the pressure, no systematic dependences were
found. The deviations observed were typically about the
same magnitude as cosO itself. For a small angle of ob-
servation such as was used in this experiment, the magni-
tude of the deviation is smaller than the uncertainties in
our measurements. However, if a large observation angle
is used, measurements should be cross-calibrated to data
taken at small angles.

3. Magnetic field dependence of optical signal

The measured degree of circular polarization of the
668-nm light, P, decreases with increasing magnetic
field because of decoupling of the electronic and nuclear
spins. The dependence of P on the magnetic field has
been calculated [3], but only for the limit of zero pres-
sure. To determine the correction to zero magnetic field,
M(Bo), for finite pressure, we measured this dependence
at 0.3, 0.8, and 5.0 torr. Because the magnetic field
affects the discharge conditions and hence the attainable
polarization, we polarized the helium gas at a constant
magnetic field of 12 G, changed the magnetic field with
the discharge off, and then turned on the discharge to
measure P at the new value of the field. The calculated
results for zero pressure and our measurements are
shown in Fig. 4. (P has been normalized to 12 G in this
graph because of the measurement technique described
above. ) The observed effect of finite pressure is to weaken
the dependence on the magnetic field. For our operating
magnetic field, the correction to zero magnetic field is
M(29. 6 G)=1.017+0.005. Although at high magnetic
field a pressure dependence is clearly visible in Fig. 4, we
used the same correction for all pressures because our
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FIG. 4. The measured degree of circular polarization of the
668-nm light, P, as a function of the static magnetic field Bp.
For each pressure the data have been normalized to the value of
P obtained at 12 G. Error bars that are not visible are smaller
than the size of the points. The dotted 1ine shows the results of
a calculation for zero pressure from Ref. [3].

measurements were not suSciently accurate to extract
the pressure dependence at 29.6 G.

IV. MEASUREMENTS

A. Calibration with mater

At room temperature and BQ=22. 5 G, the polariza-
tion of the protons in the water sample [Eq. (9)] is only
P =7.6X10 . The induced voltage 8o is 130 pV,
which after amplification leads to 9-mV rms detected by
the lock-in amplifier. To extract the polarization from
the induced signal, we must consider the effect of the

We begin our discussion of the measurements with the
numerical values for the conditions in Eqs. (2)—(4). Using
the technique of free induction decay (Sec. II B), we mea-
sured B, to be 35+1 mG. Hence the sweep rate dBoldt
of 4 G/s is about 7 times smaller than yB, . T, and T2
are both 3.6 s for water [31],so 1/T, and 1/Tz are both
400 times smaller than (dBo/dt)/B, . For He T, is typ-
ically a few thousand seconds. The inhomogeneity in BQ
across the sample, hBQ, was determined to be 1 mG from
the observed 30-ms decay time of the FID signal for wa-
ter. Hence bBQ is about 35 times smaller than B,.

As described in Sec. III A, we recorded 6o, hence we fit
the data to the square of Eq. (6), which is a Lorentzian.
To establish the magnitude of the noise background, we
fit over a range 40 times the full width of the Lorentzian.
The observed average half width at half maximum of the
Lorentzian line shapes was 36+1 mG, which agrees well
with the value obtained from FID. We now describe the
measurement procedures for water and He, which differ
in some respects.
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0.20

0.18

0.16

0.14

0.12

0.10

verse, P„/P. For comparison, we have also listed the
values obtained from a fit of the data in Ref. [21]. Our
result at 0.5 torr is 7% below that of Ref. [21] and the
difference increases to 13% at 0.2 torr and 18% at 3 torr.

Using U„=2.03 X 10 m/s and n =3.22 X 10
atoms/m (at 1 torr and 297 K), we obtain fit values of
o

&
=(148+8)X 10 ' cm, o.2=(198+290)X 10 ' cm,

o o=(97+27) X 10 ' cm, and Z =0.748+0.073. As was
found in Ref. [21], the fit is insensitive to the value of the
disalignment cross section o.2.

0.06 D. Uncertainties

0.04

0.02

0.00
00 05 10 15 20 25 30 35 40 45 50 55

p„ (torr)

FIG. 7. The ratio of the degree of circular polarization of the
668-nm light to the nuclear polarization, P/P„, vs pz. The solid
circles are measurements and the solid line is a At for ph ~0.2
torr using the procedure described in Sec. II C. The error bars
displayed are the sum of the At and systematic uncertainties
added in quadrature. The dotted line is a At of the data from
Ref. [21].

(0.2+0.2)%, where the uncertainty is dominated by the
uncertainty in Ao.

C. Results

We have performed measurements at pressures ranging
between 0.1 and 5 torr. Figure 7 shows our measure-
ments of P/P„vs p» along with a fit of the data using the
procedure described in Sec. II C. We included only the
data for p& ~0.2 torr in the fit. The data in Fig. 7 are
also tabulated in Table I, where we have listed the in-

TABLE I. Measurements of P„/P as a function of p& (for
Th =297 K) and the results of a At of these data using the pro-
cedure described in Sec. II C. We have also tabulated the re-
suits of a fit of the data in Ref. [21]. The fit and systematic un-
certainties, discussed in the text, are also tabulated.

Uncertainties

The uncertainties in our measurements are listed in
Table I in two categories: fit uncertainty and systematic
uncertainty. The fit uncertainty is the sum (in quadra-
ture) of the typical uncertainties in the fitted values of 6~o

and Do. The total uncertainty is mainly systematic and
the fit uncertainty is dominated by the +0.3% uncertain-
ty in the fitted value of 8~o.

Table II lists the sources and magnitudes of the sys-
tematic uncertainties in our measurements. Let us first
consider those uncertainties that can lead to day to day
variations in measurements on a given He cell. These in-
clude the uncertainty in the fitted value of Do and a sub-
set of the systematic uncertainties. This subset includes
the uncertainties in quantities that are measured each
day, namely, Q», K, and Ao. In addition, we must in-
clude the effect on the NMR signal of an error in locating
the resonant frequency of the pickup coil (labeled C in
Table II). The typical uncertainty in finding co was
+0.05%, which leads to a +0.4% effect on the Lorentzi-
an response of the pickup coil. The uncertainty assigned
to K was the typical day to day variation of +0.5%; the
origin of this variation was not established, but is prob-
ably due to slight variations in the gain of the dc
amplifier and positioning of the circular polarizer. The
contribution of the uncertainty in A o generally increased
with pressure because P/P„decreases. The sum of all
the uncertainties that cause day to day variations was
found to be consistent with observed day to day varia-
tions in the measurements of P/P„. The only exception
to this statement was for the data acquired at 0.1 torr,
where the variations in eo were larger than expected.
For 0.1 torr the systematic uncertainty listed in Table I is
dominated by the standard deviation of our data set of 20
measurements.

Day to day variations in the measurements on a water

ps
(torr)

P„/P
(data)

0.0998
0.207
0.299
0.499
0.800
1,010
1.977
2.92
4.85

5.67
6.42
6.78
7.42
7.94
8.37

10.09
11.38
14.98

'Reference [21].

P„ /P
(fit)

6.44
6.75
7.33
8.02
8.43
9.97

11.42
14.98

P„ /P'
(At)

7.3
7.5
8.0
8.7
9.3

11.6
13.8
17.8

Fit
(%)

0.5
0.4
0.4
0.3
0.3
0.3
0.3
0.3
0.3

Systematic
(%)

4.5
1.9
1.9
1.9
1.9
2.1

2.1

2.5
3.1

Qp Q»
K
Ao

C
Tp p TQ

0. 1 —0.8 torr
1 —3 torr
5 torr

0.7%
0.5%
0.3%
0.8%
2.0%
0.4%
0.2%

R
cose
M(B )

Ellipticity
pq (3,5 torr)
p& (all others)
Vp, Vg

1.1%
0.3%%uo

0.5%
0.5%%uo

1.5%
0.5%
0.2%

TABLE II. Contributions to the systematic uncertainty in
P/P„.

Systematic errors
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cell originate from the uncertainty in the fitted value of
6~~ (+0.3%), the uncertainty in Q (+0.7%) and T
(+0.2%), and the uncertainty C (+0.4%). The observed
day to day variation in the measurements of D~o were con-
sistent with the sum of these uncertainties added in quad-
rature. Several measurements of D~o were averaged to ob-
tain a better value, but to be conservative, we did not
reduce the magnitude of the uncertainties discussed
above.

Systematic uncertainties that will not cause day to day
variations are also listed in Table II. The uncertainty in
the signal ratio R includes three contributions: the
linearity of the electronics (+1%), the uncertainty in the
small correction applied to R for imperfect adiabatic fast
passage (+0.2%—see Sec. IV B), and the uncertainty in
the water measurement due to nonlinearity in the ramp
(+0.3%—see Sec. IV A). There is a small uncertainty of
+0.3% in the value of cos8 and of +0.5% in the magnet-
ic field correction M(Bo). Other sources of uncertainty
have been discussed in the text: ellipticity (Sec. III C2);
ph, V~, and Vh (Sec. III B).

E, =a)x+ia2y

or in a basis of circularly polarized waves as

E, =a+(x+iy)+a (x—iy) .

(A 1)

(A2)

The degree of circular polarization of the light is given by

a+ —a 2a )a22 2

2 2 2 2a++a a&+a2

and the degree of linear polarization of the light is

a& —a22 2

P) =-
a +a

1 2

(A3)

(A4)

tating quarter-wave plate (R) is imperfect, the linear po-
larizers (L and A ) are assumed to be ideal because at 668
nm dichroic polarizers yield 99.998%%uo linearly polarized
light [33].

The amplitude of the electric field of the elliptically po-
larized light exiting the circular polarizer can be written
[34] in a basis of linearly polarized waves as

V. CONCLUSION

We have performed accurate NMR and optical mea-
surements that calibrate an optical method for measuring
nuclear polarization in He. Specifically, we have mea-
sured the ratio of nuclear polarization in He to the de-
gree of circular polarization of the 668-nm light emitted
from a polarized He discharge. The range of these mea-
surements is 0. 1 —5 torr and the typical uncertainty is
+2%. We measure this ratio to be 7—18% lower than
the earlier results of Ref. [21],depending on the pressure.
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APPENDIX A:
CALIBRATION OF THK OPTICAL POLARIMETER

In this appendix we analyze the calibration of the opti-
cal polarimeter (see Fig. 3). We assume that the polarim-
eter is calibrated with an imperfect circular polarizer
consisting of an ideal linear polarizer (L) followed by an
imperfect quarter-wave plate (Q) (retardation P, Air/2).
The angle between the optic axis of the quarter-wave
plate and the axis of the linear polarizer is m/4. Because
P, Wm. /2, such a circular polarizer produces elliptically
polarized light. Using matrix techniques [32], we analyze
the propagation of elliptically polarized light through the
polarimeter and determine the signal produced at the
photomultiplier tube. While we also assume that the ro-

Note that P, +P& = 1. The matrix for the rotating
quarter-wave plate is Q' =RQR, where

exp( i P„/—2) 0

exp( iP„/2 )
(A5)

and R is the rotation matrix, given by

cos(cot) sin(cot)
—sin(cot) cos(cot) (A6)

P„ is the retardation of the rotating quarter-wave plate
and co is the rotation frequency. Similarly, the matrix for
the analyzing linear polarizer ( A) is

cos cx
L'=RL,R =

cosa sino.

cosa sinu

sin a (A7)

where

1 0
0 0 (A8)

+sin ( P„/2 )cos( 4' t —2a ) ]], (A9)

where we have set a, +a2 =1 for normalization. For an
ideal system, P, =1, Pi=0, and P„=m/2; under these
conditions, E shows only the expected oscillation at the
frequency 2', with maximum amplitude. Elliptical po-
larization of the light exiting the circular polarizer
(P&%0) introduces an oscillation at a frequency 4' and a

and cot has been replaced by a, the angle between the axis
of the linear polarizer and the x axis. The electric field of
the light at the photomultiplier tube is E~ =L'Q'E, and
the intensity is proportional to E . Performing the ma-
trix multiplication yields

E =
—,
' [1+P,sing„sin(2cot —2a)

+P& [cos (P„/2)cos(2a)
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dependence on the relative orientation of the two linear
polarizers in the system, both proportional to Pt. (These
effects can be understood by considering the limiting case
of linearly polarized light exiting the circular polarizer. )

Imperfect retardation in the rotating quarter-wave plate
reduces the magnitude of the oscillation at 2' and
modifies the magnitude of the effects of ellipticity.

Since the lock-in amplifier only responds to the oscilla-
tion at the frequency 2', the degree of circular polariza-
tion measured by the polarimeter, P, is given by

P
P, sin(t „

1+Ptcos ((t „/2)cos(2a)
(A 10)

where 3 and D are the ac and dc components of E, re-
spectively. [For this theoretical discussion, we have set
IC =1 and 3~=0 in Eq. (13).] The polarimeter only
yields the true degree of circular polarization of the light,
P„when (()„=m./2 and a=nor/4, where n is an odd in-

teger. Let us compare the effect of imperfect circular po-
larization (Pt&0) and imperfect retardation in the rotat-
ing quarter-wave plate ($„&7r/2). For (t „=tr/2, P
reduces to

P,
1+—,'Ptcos(2a )

(A 1 1)

E, =Q'LE, (A12)

where E is an arbitrary normalized electric field at the in-
put of the circular polarizer and tot is replaced by tr/4.
Evaluation of Eq. (A12) and use of Eqs. (A3) and (A4)
yields P, =sin(t, and Pi =cosset, . Hence Eq. (A10) can be
rewritten as

sing, sin(t „
1+cos(t, cos ((t „/2)cos(2a )

(A13)

For P, = 1, P exhibits a periodic variation in a with an
amplitude of —,'P, . F«P, =0.99, —,'P, =0.07, so a rela-

tively small deviation from perfect circularly polarized
light can have a noticeable effect on the calibration of the
polarimeter. In addition, the error introduced cannot
simply be included in K (Sec. III C) because the oscilla-
tion is a manifestation of the elliptical polarization, hence
the response of the polarimeter will be different for circu-
larly polarized light. In the case where (t„Wm. /2 and

P, = 1, P reduces to P =sing„. For (t„=rr/2, P is in-

sensitive to the exact value of P„and the reduction in P
can be included in K.

If we express P, and Pi in terms of the retardation P,
of the quarter-wave plate in the circular polarizer, we can
compare the sensitivity of P for a given retardation er-
ror in either waveplate. The electric field at the output of
the circular polarizer is given by

While a retardation error of 0.14 rad in (t „yields only a
1.0% change in P, an equal error in P, (corresponding
to P, =0.99) yields an oscillation in P with an ampli-
tude of 7.0%. Hence the measured polarization P is
much more sensitive to the quality of the quarter-wave
plate in the circular polarizer than to the quality of the
rotating quarter-wave plate.

APPENDIX B: DEPENDENCE
OF THE OPTICAL SIGNAL
ON OBSERVATION ANGLE

The degree of circular polarization of the 668-nm radi-
ation is simple to evaluate for radiation propagating
along the quantization axis because only radiation from
Am =+1 transitions must be considered and this light is
circularly polarized. However, for observation off the
quantization axis, the evaluation is somewhat more com-
plex because there also exists linearly polarized radiation
from Am =0 transitions and the radiation from b m =+1
transitions is elliptically polarized [35]. To calculate the
degree of circular polarization of the radiation, we must
express the electric fields of the light emitted from
Am = —1, 0, and +1 transitions in a basis of circularly
polarized waves and sum the intensities for each helicity.
In spherical coordinates with the quantization axis along
z the electric field of the radiation is proportional to
8 sinO for b, m =0 transitions and 8 cos8+iP for b, m =+1
transitions. Thus in the notation of Appendix A for a
basis of circularly polarized waves, the intensities of the
two helicities are given by

a+ =—(1+cos8) +—(1—cos8) + —sin 8,
4 2

a = —(1—cos8) + —(1+cos8) +—sin 8,a b 2 C ' 2

4 2

(B1)

(B2)

where a, b, and c are the intensities of the emitted radia-
tion from Am = + 1, —1, and 0 transitions, respectively.
If we assume that there is no electronic alignment then
c = (a +b)/2 and the degree of circular polarization P, is

a —b
P, = cosO .a+b (B3)

The electronic alignment is formally defined as
(3J, —J(J+ 1) ) [3] and corresponds to preferential pop-
ulation of sublevels m J and —m J as compared to mz and
—mJ. The electronic orientation is defined by ( J, ) and
corresponds to preferential population of sublevel mJ as
compared to —mJ. In zero magnetic field, the hyperfine
interaction in the 3 D2 state produces electronic orienta-
tion but no alignment [3]. For finite magnetic fields,
there is a coupling of orientation and alignment. For the
small 30-G field used in our measurements, this coupling
can be neglected.
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