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Abstract

A new polarized 3He target has been developed for nuclear physics experiments utilizing the High Intensity Gamma Source (HIgS) at
the Duke Free Electron Laser Laboratory (DFELL). This target is designed for a broad program of physics employing high intensity

polarized photons and a polarized 3He target as an effective polarized neutron target. We report the performance of this target based on

the technique of spin-exchange optical pumping (SEOP). Due to the significantly larger photon beam size at the HIgS facility than that of

a typical electron beam at electron accelerator laboratories, the HIgS 3He target contains a larger number of 3He nuclei than any

polarized 3He targets reported previously. A target polarization on the order of 33–46% has been achieved from both a regular
3He–Rubidium (Rb) target and a hybrid target which contains a mixture of Rb and potassium. The target polarization has been

determined within 3% using both the Electron Paramagnetic Resonance (EPR) technique and the NMR–AFP (Adiabatic Fast Passage)

technique.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Quantum chromodynamics (QCD) is the theory of
strong interaction in terms of quark and gluon degrees of
freedom. While QCD has been well tested in the high
energy regime where perturbative calculations can be
carried out, it is still unsolved in the low energy, non-
perturbative regime. Understanding the structure of the
nucleon from the underlying theory of QCD, a funda-
mental and challenging task in nuclear and particle physics
e front matter r 2007 Elsevier B.V. All rights reserved.
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has been an area of research more active than ever. With
the development in polarized beam, recoil polarimetry, and
polarized target technologies, polarization experiments
have provided more precise data on quantities ranging
from electromagnetic form factors of the nucleon from
elastic electron–nucleon scattering to spin-structure func-
tions probed in deep inelastic lepton–nucleon scattering.
The High Intensity Gamma Source (HIgS) at Duke Free

Electron Laser Laboratory (DFELL) opens a new window
to the study of fundamental quantities related to the
structure of the nucleon through polarized Compton
scattering from a polarized nucleon target. Such measure-
ments allow for access to the nucleon spin polarizabilities
which are fundamental quantities describing the response
of a spin-aligned nucleon in a quasi-static external
electromagnetic field. Since there is no free neutron target

www.elsevier.com/locate/nima
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Fig. 1. A diagram explaining optical pumping. (1) Rb atoms in a magnetic

field are exposed to circularly polarized laser light; (2) the valence electron

is excited from the 5S�1=2 state to the 5P1=2 state; (3) The Rb atom decays

by emitting a photon into either the 5S�1=2 where it repeats steps (2) and

(3) or into the 5S1=2 state where (4) it remains.
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in nature, effective neutron targets, i.e. nuclear targets,
deuteron and 3He nucleus are commonly used for the study
of the neutron.

A polarized 3He nucleus is very useful in probing the
neutron electromagnetic and spin structure because of the
unique spin structure of the 3He ground state. It is
dominated by a spatially symmetric S wave in which the
proton spins pair off and the spin of the 3He nucleus is
carried by the unpaired neutron [1,2]. Nuclear spin
polarization of 3He via optical pumping was demonstrated
for the first time in 1960 [3]; since then there have been
tremendous advances in polarization techniques [4], and in
production of highly polarized 3He. Hyper-polarized 3He
nuclei have routinely been used as effective polarized
neutron targets in nuclear and particle physics experiments
[5–7] at many electron accelerator facilities and hadron
facilities.

In this paper, we report the development and perfor-
mance of a high-pressure polarized 3He target suitable for
photon facilities for the first time, especially for the HIgS
facility at DFELL. The remaining of the paper is organized
as follows: Section II contains a brief description of the
spin-exchange optical pumping technique followed by a
discussion of the experimental apparatus. We present our
results in Section 4 and the discussion and summary will
follow.

2. Spin-exchange optical pumping technique

2.1. Polarizing rubidium

Because of angular momentum conservation, circularly
polarized laser light can excite valence electrons of alkali
atoms to a specific spin state. For example in the case of
rubidium, left circularly polarized 795 nm photons can be
used to excite electrons of the m ¼ 1

2 (5S) state to the m ¼

�1
2
(5P) state, while right circularly polarized light of the

same wavelength can be used to excite electrons in the m ¼

�1
2
(5S) state to the m ¼ 1

2
(5P) state. In this paper we

discuss right-handed circularly polarized light used in our
experiment.

The Rb atom excited by this process will decay, by
emitting a photon, into either the m ¼ 1

2
or the m ¼ �1

2
(5S)

state. Since the light is only exciting the electrons from the
m ¼ �1

2
state, all the valence electrons of the exposed

rubidium atoms will eventually occupy the opposite spin
state. This process is commonly known as ‘‘optical
pumping’’ and results in polarized rubidium atoms.
A diagrammatic explanation of optical pumping is shown
in Fig. 1.

The emitted photons from the Rb decays are unpolarized
and can be re-absorbed by other rubidium atoms. This
process makes high rubidium polarization impossible.
Fortunately, this effect can be reduced by introducing
nitrogen into the system, which allows for photon-less
de-excitation by absorbing energy into its rotational and
vibrational motion during a collision [8]. The amount of N2
is chosen to be orders of magnitude less than the 3He
density and orders of magnitude more than the Rb density.
Only about 5% of excited electrons decay by emitting a
photon after introducing N2.
The polarization of the rubidium vapor can be calculated

via the following equation:

hPRbi ¼
R

Rþ GSD
. (1)

The notations are explained here, the quantity R is defined
through

R ¼

Z
FðnÞsðnÞdn, (2)

where FðnÞ is the photon flux per unit frequency emitted
from the laser and sðnÞ is the light absorption cross-section.
GSD is the spin-destruction rate of the rubidium vapor.
From the polarization expression, it is easy to draw the

conclusion that a high value of R and a small value of GSD

will lead to high rubidium polarization. While it is obvious
to determine laser flux as a function of laser power at the
absorption frequency, it is more complicated to determine
the spin-destruction rate because several factors account
for it.
The primary reason is due to rubidium transferring spin-

angular momentum to the rotational angular momentum
of other atoms. The three major rubidium collisions
are: Rb–Rb, Rb–3He and Rb–N2, therefore it can be
expressed as:

GSD ¼ kRb2He½
3He� þ kRb2N2

½N2� þ kRb2Rb½Rb�. (3)

Here, for each collision Rb-i, kRb�i denotes the spin-
destruction rate constant accordingly. Two points worth
attention are: first, Rb–Rb collisions do not cause
depolarization to the rubidium since spin is conserved in
this process; second, Rb–3He collisions which absorb the
rubidium spin into their angular momentum are not the
spin-exchange collisions with the 3He nuclei which are
needed for polarizing 3He.
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2.2. Polarizing 3He with polarized rubidium

Rubidium can transfer its electron polarization to the
nucleus of an 3He atom through a hyperfine-like interac-
tion. This spin-exchange process between Rb and 3He has a
small contribution compared to the total number of
Rb–He collisions; consequently, only approximately 3%
of polarized rubidium atoms lose their polarization
through a spin-exchange process with 3He. This makes
the polarization of 3He through rubidium spin-exchange an
inherently inefficient process.

The time evolved expression of 3He polarization is

P3HeðtÞ ¼ hPRbi
gSE

gSE þ G
ð1� e�ðgSEþGÞtÞ (4)

where gSE is the Rb–3He spin-exchange rate per 3He nuclei,
G is the 3He polarization destruction rate.

G is the quantity which best measures 3He polarization.
It can be decomposed into the following four terms:

G ¼ GDipole þ GWall þ G5B þ GBeamDepol. (5)

Here, GDipole means depolarization rate from 3He–3He
collisions, GWall is due to interactions with the glass walls,
G5B is depolarization from magnetic field gradients and
GBeamDepol is due to the photon beam.

GDipole is the dominate factor in the high-density 3He
system. It is the result of spin-destructive 3He–3He
collisions. Another important process in polarization
relaxation is 3He interactions with the glass cell walls.
There are multiple reasons that the cell walls cause
depolarization. First is the out-gassing of paramagnetic
gases like O2 from the walls when the cell is heated; second
is the paramagnetic material like Rb2O on the surface of
the cell walls; the third is increased sticking time of 3He to
the surface of the walls due to microscopic fissures in the
glass. For different cells, GWall varies significantly. A good
cell can have a GWallo 1

200
h�1, a bad cell can have a

GWall41 h�1.
However, a hybrid approach to polarizing 3He atoms, by

adding vaporized potassium to the pumping chamber, was
first proposed by Happer and co-workers [9]. The
advantage of this method is as follows, Rb atom is
polarized through the standard optical pumping, then it
transfers the angular momentum to the potassium atom.
The spin-exchange collision between 3He and K atoms will
subsequently polarize 3He atoms. The likelihood of
potassium to 3He spin-exchange is significantly higher than
that of rubidium to 3He. Princeton Group [10] was able to
extract gSE to be around 2% at about 175�, which is the
typical pumping temperature for Rb. In contrast, the
typical value of gK23He is around 25%. Therefore one
would expect the SEOP process for hybrid cells to be more
efficient than for a Rb-only-cell. Such improvement has
been demonstrated by an extensive study carried out by
Chen et al. [11]. Direct spin-exchange between potassium
and 3He has also been realized by the Caltech Group [12].
3. Experimental apparatus

3.1. Overview

The target system is assembled around a double-
chambered aluminosilicate (GE180) glass cell which con-
tains the ultra-pure 3He gas. The cell’s upper chamber,
referred to as the pumping chamber, is where optical
pumping and the spin-exchange between alkali atoms (Rb
or Rb and K) and 3He take place. Light from the diode
lasers are focused onto this part of the cell. The pumping
chamber sits in an oven which is heated to 170–175 1C for
Rb-only cells or 230–240 1C for Rb–K cells, so that the
vapor pressure of Rb and K are optimized for spin-
exchange. The target chamber is typically 40 cm long with
an inner diameter of 3.0 cm to accommodate a 2.5 cm
diameter photon beam. The volume of the pumping
chamber matches the volume of the 40 cm target chamber,
around 580ml. The entrance and exit windows of the cell
are 0.2–0.3mm thick at the central point with some
thickening near the side walls. The cell side walls are
1–2mm thick.
The oven is heated by a flow of compressed air through

two 3=400 diameter 750W air process heaters. The oven is
made of alumino-silicate machinable ceramic and is held
together by bronze screws. Since the target is to be
polarized vertically in this work, there is a 400 window at
the top of the oven coated with a broadband anti-reflection
coating acceptable for the 794.7 nm light. There is also a
small window on the side of the oven for the Electron
Paramagnetic Resonance (EPR) photo-diode.
The target cell sits in a holding field with a magnetic field

gradient of o10mGcm�1 at 25G. This holding field is
generated by a pair of 5800 diameter Helmholtz coils that
are oriented so the field is perpendicular to the ground.
These Helmholtz coils are powered by a single water-
cooled 1.25 kW DC power supply. The output of the power
supply is controlled by a programmable Tektronix AFG
310 function generator.
The laser light is provided by two Coherent FAP system

diode lasers. Each laser has a 2-diode package that feeds
into a single output optical fiber. Each diode package has a
nominal maximum power of 30W; therefore, the two lasers
combined provide 120W total laser power. The laser
spectrum of these lasers can have an FWHM of around
2 nm. About 70–90% of laser light is incident onto the
pumping cell of our target.
Each laser has its own set of focusing and polarizing

optics. The emitted laser light has a 13� divergence from the
optical fiber and is focused by a spherical plano-convex
lens. The light is then sent through a polarizing beam
splitter. The light going straight through the beam splitter
is reflected 90� by a mirror and then through a quarter-
wave plate. The light reflected 90� through the beam
splitter travels through a quarter-wave plate then onto a
mirror and then through the same quarter-wave plate. This
rotates the polarization direction of the light by 90� where
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it is then going straight through the beam splitter into a
quarter-wave plate. Both beams are focused on a 400

polarization-preserving mirror that is at a 45� angle above
the oven. The diameter of the beam spot through each
optical path is about 100.

3.2. Polarimetry

The polarization of the target is determined by two
independent polarimetry systems. The first is NMR–AFP
(Adiabatic Fast Passage), in which the magnetic holding
field is increased adiabatically to go through the Larmour
resonance, then swept back to reverse the polarization back
to the original direction. The rate at which the holding field
is ramped has to be slow enough to meet the adiabatic
condition, but fast enough so that the sweep rate is
significantly faster than the relaxation rate (1=T1 and
1=T2). A detailed description of the AFP-measurement can
be found in Ref. [13].

The 3He signal polarization is calibrated by the known
NMR water signal. The EPR technique extracts the
polarization of 3He by measuring the frequency shift in
the electron paramagnetic resonance (EPR) of rubidium
when the spin direction of the 3He is flipped. The
systematic uncertainty in the determination of the
target polarization is reduced when both techniques are
employed.

3.3. NMR and AFP set-up

In our system, the AFP technique is applied by sweeping
the magnetic holding field from 25 to 32G and then back
to 25G, while a perpendicular 91 kHz RF field is applied.
The holding field is swept by triggering a programmable
signal shape in the holding field function generator. The
RF field is created by a pair of 3100 diameter coils driven by
a HP3325 A function generator whose signal is amplified
by a 150W AG Series RF amplifier made by T&C Power
Conversion. Additionally, there is a custom-built impe-
dance matching transformer between the amplifier and the
Fig. 2. The equipment set-up for A
coils. The RF field generated at the target cell has an
amplitude of 90mG.
The NMR signal is detected by a pair of 100-turn coils

using copper wire wrapped around a 2 cm� 15 cm Teflon
frame. The coils are connected to a Stanford Research
Systems Model SR560 pre-amplifier. The pre-amplifier is
only used to add the two signals from the two coils
during the 3He NMR measurement; however, the
pre-amplifier can be set to have a gain of 100–500 for
NMR water measurement. The output of the pre-amplifier
is sent into a Signal Recovery 7225 DSP lock-in amplifier.
The reference frequency comes from the function
generator producing the 91 kHz RF field. The lock-in
amplifier can communicate with the target control PC
where the data are recorded. A diagram of the NMR
polarimetry set-up and the AFP apparatus is shown
in Fig. 2.

3.4. EPR measurement technique

Measurement of the shift of the electron paramagnetic
resonance frequency of the rubidium valence electron
before and after AFP is a demonstrated way of measuring
the polarization of 3He atoms [14–17]. Measurement
of the EPR shift, Dn, was performed by observing
the D2 fluorescent light emitted by decaying rubidium
atoms. A small EPR coil was placed on the side of the
pumping chamber to induce the transition of rubidium
atoms from a non-excitable state to an excitable state.
The frequency of the resonance is affected by the 3He
polarization.
The system for EPR starts with a small 200 diameter RF

excitation coil that is attached to the cell with high-
temperature RTV. The excitation coil is driven by an
HP3314A function generator. The 780 nm light from the
EPR is detected by a photodiode with a bandpass filter to
attenuate the 794.7 nm light from the laser. The photodiode
is fed into the Signal Recovery 7225 lock-in amplifier. The
function generator connected to the excitation coil is
modulated at 200Hz by an HP3312A function generated
FP and for NMR polarimetry.
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Fig. 3. The EPR polarimetry set-up.

Fig. 4. Pump-up curves of ‘‘Kosmo’’and ‘‘Katrine’’.
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through the HP3314A voltage-controlled oscillator (VCO)
input. The modulation signal from the HP3312A is fed
through a feedback box which adds a DC offset to the
VCO based on the size of the signal in the photodiode. This
feedback box, which was developed in previous experi-
ments [18,19], allows the output frequency of the excitation
coil to be continuously locked to the resonance. The output
frequency is measured by an Agilent 53132A frequency
counter. The equipment used for EPR polarimetry is
shown in Fig. 3.

4. Results

4.1. Measurements of pump-up and relaxation times

For each target cell, a complete set of tests consists of the
following steps: first, use SEOP technique to pump up the
cell, after the 3He NMR signal saturates, an EPR
measurement is conducted so that two independent
measurements can provide better insight to determine the
accuracy of the polarization. A relaxation measurement
will then be performed.

The pump-up measurement is the core of the complete
test. Our systematic study shows that the laser power, laser
spectrum and oven temperature are three major factors
that determine the 3He NMR signal height. So laser tuning,
optics alignment and maintaining a stable oven tempera-
ture are essential. The relaxation measurement is carried
out by turning off the laser and heater and monitoring the
NMR signal as a function of time. The data are taken every
3 h. To calculate the lifetime of the cell, the AFP loss rate
needs to be taken into account. By performing NMR
measurements consecutively over a short period of time,
the AFP loss rate is determined by averaging over 10
measurements. The lifetime is then determined by fitting
the data to an exponential decay function with loss rate as
the correction factor.

In total eight 3He cells have been tested during the course
of this study. Two are the Rb-only-cells, and the rest are
the hybrid cells (Rb+K), all filled at college of William and
Mary. The names ‘‘Kosmo’’ and ‘‘Kelly’’ are given to the
Rb-only-cells while ‘‘Katrine’’, ‘‘Kramer’’, ‘‘Jagger’’,
‘‘Richards’’, ‘‘Elvis’’ and ‘‘Princeton’’ are given to hybrid
cells.
The steady increase of NMR signal can be seen from

Fig. 4, which shows the pump-up curve for two cells
‘‘Kosmo’’ and ‘‘Katrine’’. The results for Rb-only-cells are
obtained under the following condition: the magnetic
holding field is 25G, the oven operating temperature is
170–175 1C, which is optimal for laser absorption. The
experimental condition for hybrid cells is slightly different,
and the optimal oven temperature is around 235 1C due to
higher K vaporization temperature. For all these measure-
ment, two 60-W lasers are used.
Table 1 summarizes results for five cells. The three cells

which are not shown here have rather short lifetimes.
4.2. Water calibration of 3He NMR measurement

The 3He NMR signal does not indicate the absolute
value of polarization of 3He. In order to determine the
absolute polarization of 3He, it is necessary to do a
calibration with a sample whose polarization is well
known. Water is a good one because it has a known
Boltzmann polarization. Given a magnetic holding field,
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Table 1

Test results for five target cells

Cell Kosmo Kelly Katrine Richards Elvis

Polarization 34.1% 34.3% 38.5% 33.2% 46.1%

NMR Signal 20.9(mV) 23(mV) 22.5(mV) 28(mV) 44(mV)

EPR Freq. Shift 37.7(kHz) 36(kHz) 37.4(kHz) 34(kHz) N/A

Lifetime 63.5�0.3(hrs) 68�0.4(hrs) 33.2�0.1(hrs) 34�0.1(hrs) 36.4�0.15(hrs)

Pump-up time 23.5�0.7(hrs) 16.3�0.3(hrs) 13.2�0.4(hrs) 7.3�0.2(hrs) 10.8�0.1(hrs)

EPR Calibration constant 0.905 0.951 1.029 1.001 1.03

Cell ‘‘Elvis’’ was studied following the other four cells. The EPR system was not available for its test due to a hardware problem.

Fig. 5. A typical water signal averaged over 500 sweeps.
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the thermal polarization of protons in water is given by

Pp ¼ tanh
mB

kT

� �
¼ tanh

hn
2kT

� �
�

hn
2kT

, (6)

where h ¼ 6:626� 10�34 Js is the Planck constant, m the
magnetic moment, B the holding field, k the Boltzmann
constant, T the water temperature in K, and n ¼ 91 kHz is
the Lamor frequency for a magnetic field of 21.36G. At
295K, Pp ¼ 7:4� 10�9. The ratio R of 3He signal height
S3He to that of the water Sp can be written as

R ¼
S3He

Sp
¼
½QnnVmPðnpcFpc þ nttFtt þ ntcFtcÞ=GPre�3He

½QnnVmPF=GPre�p

(7)

where Q is the quality factor of pickup coils, n is the
number density in m�3, V is the volume in m3, m is
magnetic moment in JT�1, Gpre is the gain of the pre-
amplifier, P is the polarization, F is the magnetic flux
through the pickup coils. The subscripts 3He and p in the
equation represent 3He and water (protons), respectively.
pc, tt and tc denote the pumping chamber, the transfer tube
and the target chamber, respectively. In light of this
equation, the polarization of 3He can be expressed as

P3He ¼
½QnnVmF�p

½QnVmðnpcFpc þ nttFtt þ ntcFtcÞ�3He

S3He

SP

GPre
p

GPre
3He

Pp

¼ cS3He, ð8Þ

where c is the water calibration constant. In our experi-
ment, Q; n cancel out because we run at the same RF
resonance frequency for 3He and water NMR measure-
ment, corresponding to two different magnetic holding
field values.

To do a water calibration, a cell with a geometry
identical to that of the 3He cell is used. A single AFP sweep
typically lasts 12 s, which are equally divided into three
stages corresponding to the magnetic field conditions:
ramping up, a constant field and ramping down. The field
changes from 18 to 25G at a rate of 1:75G s�1. We then
average over the up-sweep and down-sweep signals for
each water NMR measurement. To improve the overall
signal-to-noise ratio for the NMR water measurement,
over 500 sweeps are averaged. The typical water NMR
signal is shown in Fig. 5.
The main uncertainties in determining the water
calibration constant arise from the uncertainties of n, S

and Pp. The uncertainty of the number density n comes
from the uncertainty in the temperature and volume
measurement. The density npc, ntt and ntc can be expressed
respectively by

npc ¼
n0V tot

Vpc þ
Tpc

T tt
V tt þ

Tpc

T tc
V tc

, (9)

ntt ¼
n0V tot

T tt

Tpc
Vpc þ V tt þ

T tt

T tc
V tc

, (10)

ntc ¼
n0V tot

T tc

Tpc
Vpc þ

T tc

T tt
V tt þ V tc

, (11)

where n0 is the density of 3He cell at the room temperature,

V tot ¼ Vpc þ V tt þ V tc. (12)

In our target system, dTpc ¼ dT tt ¼ 10K, dT tc ¼ 5K. The
uncertainties in the density npc, ntt and ntc are less than 1%.
The uncertainty due to the volume measurement is less
than 0.5%. The total uncertainty in the density is smaller
than 1.1%.
A major systematic error in our NMR measurement is

from the determination of the cell position which affects
the magnetic flux through the pickup coils, i.e. the NMR
signal height. This effect is studied by running the flux



ARTICLE IN PRESS

Table 2

NMR polarimetry uncertainty

Description Parameter Uncertainty (%)

Water NMR signal height Sp 1.1

Flux (all chambers) F 2.6

Density n 1.1

Polarization Pp 1.0

Water calibration constant cNMR 3.2%
3He NMR Signal Height SNMR 1.5%

Total NMR uncertainty PNMR 3.5

Table 3

EPR polarimetry uncertainty

Description Parameter Uncertainty (%)

Frequency shift Dn 3

Derivative dnEPR=dB 0.16

Constant k 1.5

Density npc 1.1

Total EPR uncertainty PEPR 3.5

Fig. 6. EPR measurement of ‘‘Kelly’’.
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calculation code 100 times while varying a set of
parameters randomly within the uncertainty of the cell
position measurement. The overall uncertainty in the flux
due to the cell position measurement is 2.6%. Table 2 lists
the systematic uncertainties associated with NMR mea-
surement. The overall uncertainty in the NMR–AFP
polarimetry is 3.5%.

4.3. EPR measurements

When applying the external magnetic field, Rb atom
ðF ¼ 3Þ state splits into seven sublevels. The frequency of
the mF ¼ �3! mF ¼ �2 transition is proportional to the
magnetic field plus the field created by the polarized 3He:

nEPR ¼ n0 þ Dn. (13)

As mentioned above, the EPR frequency shift during the
measurement is given by the difference in the nEPR before
and after the spin flip. The following equation [20]
gives a quantitative description of the relationship between
this quantity and 3He polarization inside the pumping
chamber:

2DnEPR ¼ 2�
2m0
3

dnEPR
dB

km3HenpcPpc. (14)

In order to extract the EPR frequency shift, a constant
function is used to fit the EPR spectrum. The discussion of
the terms on the right-hand side is as follows: m0 is the
permeability of vacuum, m3He the magnetic moment of 3He,
the cell density npc has been given before. The derivative
dn=dB has a unit in MHzG�1 and can be calculated from
the absolute EPR resonance frequency. It is fitted by the
linear function [21]

du
dB
¼ 0:4670779þ 7:37904� 10�4B, (15)

where B is the holding field magnitude.
The constant k is related to the spin-exchange cross-

section and is independent of 3He polarization. It is
determined in [22]

k ¼ 4:52þ 0:00934Tpc, (16)

where Tpc is the pumping chamber temperature, typically
175 1C for Rb-only cell and 245 1C for hybrid cell.
The polarization of the EPR measurement is as follows:

Ppc ¼ 2DnEPR � 2�
2m0
3

dnEPR
dB

km3Henpc

� ��1
. (17)

Since dTpc ¼ 10 �C, the systematic error of the EPR
measurement due to k is determined as dk=k ¼ 1:5%.
Another major uncertainty in the determination of
polarization from EPR measurement comes from the
frequency shift, which is typically dDnEPR ¼ 1 kHz, corre-
sponding to an uncertainty of less than 3%. The
uncertainty of dn=dB comes solely from the uncertainty
in the field magnitude dB=B, which is determined to
be 1:6� 10�3. Table 3 lists all sources of systematic
uncertainties. The overall uncertainty in the EPR polari-
metry is 3.5%.
Fig. 6 shows an example of EPR measurement taken

from the cell ‘‘Kelly’’.
The polarization of 3He target is measured by two

methods: NMR–AFP and EPR. The NMR measurement
gives

P3He ¼ cNMRSNMR, (18)

the values of water calibration constant cNMR range from
0.8464 of cell ‘‘Kosmo’’ to 1.2064 of cell ‘‘Katrine’’. The
EPR and NMR polarimetry agree to within 3% based on
extensive measurements on cell ‘‘Richards’’. Polarization
values based on EPR measurements for different cells are
listed in Table 1.
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Fig. 7. NMR signal height as a function of the laser power.
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5. Discussion and future outlook

The 3He target presented in this work is the largest ever
built and contains the largest number of 3He atoms. The
cell volumes vary from 501:8 cm3 (Kelly) to 519:3 cm3

(Katrine). For comparison, the two 40-cm long 3He cells
used in JLab E97-103 experiment had volumes of 201.6 and
195 cm3, respectively [23]. The measured 3He polarization
ranges from 33% to 46%. As expected, the pump-up time
for hybrid cells are shorter than cells with Rb only. The
K–Rb spin-exchange cross-section is around 2� 10�14 cm2

[24]. The K–Rb spin-exchange rate exceeds 105 s�1 at
densities of 1014 cm�3, compared with typical spin-relaxa-
tion rates of 500 s�1 in Rb-only-cells [25].

We have performed a study of the target polarization
versus laser power. As shown in Fig. 7, the NMR signal is
linearly dependent on the laser power in the test power
range of 20–100W. The linear scaling of 3He polarization
indicates simply inadequate photon flux (laser power),
which results in low Rb vapor polarization. In conclusion,
we would expect more laser power will improve the overall
target polarization, but a quantitative expectation with
regard to the highest polarization is still not clear.

Another way to improve polarization is to use a line-
width narrowed laser. Most current spin exchange systems
use diode lasers which have line-widths of 2–3 nm.
Compared with Rb absorption line-width of 0.1–0.3 nm,
laser power is not used efficiently. Significant improvement
using narrowed laser has been reported [26].

The third solution is to further optimize the potassium to
rubidium ratio for hybrid cells. Study shows the optimal
ratio is between 2 and 6 [11]. In our case, the best
performing cells ‘‘Katrine’’ and ‘‘Elvis’’ have a K/Rb atom
ratio of around 5.
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