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Abstract— A novel proposal of using polarized atomic hydrogen
gas, stored in an ultra-cold magnetic trap, as the target for electron
beam polarimetry based on Møller scattering is discussed. Such
a target of practically 100% polarized electrons could provide a
superb systematic accuracy of about 0.5% for beam polarization
measurements. Feasibility studies for the CEBAF electron beam
have been performed.

I. INTRODUCTION

Precise electron beam polarimetry will become increasingly
important for the next generation of parity violation experi-
ments. For example, the measurement of the neutron skin of
the 208Pb nucleus, proposed at Jefferson Lab [1], requires a 1%
polarimetry accuracy for the 850 MeV, 50 µA polarized elec-
tron beam. Electron beam polarimetry utilizes QED-calculable,
polarization-dependent processes. At such energies two types of
polarimeters, Compton and Møller, are widely used. Both types
use polarized targets and measure the beam polarization, PB as:
PB = Aobs/(PT · A), where Aobs is the observed asymmetry,
driven by the beam helicity, PT is the target polarization and
A is the analyzing power of the process.

The first type of polarimeter uses Compton scattering of the
longitudinally polarized beam electrons on circularly polarized
laser light. The light polarization is close to 100% and is
relatively easily measurable. The analyzing power depends
sharply on the Lab frame energy of the final state photon.
Compton polarimetry is accurate enough at beam energies
> 4 GeV. At Jefferson Lab, the Compton polarimeter of
Hall A [2] provides a systematic error of ∼1%, while 1%
statistical error can be achieved in about a 1 h measurement.
At lower energies accurate measurements are more difficult.
The analyzing power of Compton scattering, AC , depends on
the initial electron and photon energies (Ee and kγ in Lab
frame) and, at Ee < 20 GeV, the analyzing power AC is
proportional to kγEe. The maximum energy of the final state
photon depends on the initial energies: k

′

γmax ≈ 4kγ(Ee/me)
2,

where me is the electron’s mass. For the beam energy and
current discussed, Compton polarimetry requires a high power
light source, typically provided by infrared lasers. For the
light wavelength of 1 µm, at Ee = 850 MeV, the maximum
analyzing power is only ∼ 1%, and the maximum photon
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energy of ∼13 MeV is uncomfortably low. So far, 1% accurate
Compton polarimetry at such energies has not been realized.

The second type of polarimeter uses Møller scattering of
the longitudinally polarized beam electrons on longitudinally
polarized target electrons, at angles of about 90◦ in CM. Møller
scattering has several advantages over Compton scattering for
polarimetry. Its counting rate does not depend on the beam
energy. The analyzing power is high (about 80%) and depends
neither on the energy, nor does it change substantially in
the range of the polarimeter acceptance. Two electrons, with
energies ∼ Ee/2 in the final state, are easily detectable in
coincidence, which reduces the background to negligible levels.
The disadvantage of Møller polarimetry is associated with
polarized electron targets. All Møller polarimeters developed
to date utilize magnetized ferromagnetic foils as the polarized
electron target (see, for example [3]–[9]). Such targets provide
electron polarization of about 8% (about 2.2 electrons per iron
atom are polarized at saturation). The target thickness along
the beam should be limited to 0.03-0.3 mm, depending on the
beam energy, by electron multiple scattering, bremsstrahlung,
double scattering etc. Since a foil can be easily magnetized
in an external magnetic field parallel to its surface, a typical
polarimeter uses a foil tilted at about 20◦ to the beam and
magnetized in a field of 10-30 mT, parallel to the beam. The
foil polarization has to be measured and is known typically
with an accuracy of about 2-3% relative.

A different approach [9] uses a very strong magnetic field
of ∼4 T along the beam, magnetizing to saturation an iron
foil positioned perpendicular to the beam. Because of full
saturation, the world data on the properties of pure iron are
used, providing a ∼0.3% accuracy on the target polarization.

Unfortunately, there are also other systematic errors associ-
ated with the ferromagnetic targets. These targets are heated
up by the beam and, since heating affects the foil polarization,
the beam current must be limited to 2-3 µA. In contrast, the
physics experiments often require a much higher current, up to
100 µA. Therefore, the polarization measurements can not run
simultaneously with the experiment and have to use a different
beam regime. This may be a source of systematic errors, that
are difficult to evaluate.

Another source of errors is related to the heavy atoms used
for the target. Møller scattering off electrons from the internal
atomic shells has a distorted energy-angle correlation of the
secondary electrons, compared to scattering off electrons from
the external shells. A difference of the polarimeter acceptance
for these two classes of events is the source of a systematic error
(the so-called Levchuk effect [10]), which is typically about
1%. This effect forbids the use of a strong optical collima-
tion of the secondary particles, normally used for background



suppression.
In most cases, the background is dominated by electron-

nucleus scattering and contains one electron in the final state.
This background can be efficiently suppressed by detecting both
secondary Møller electrons in coincidence. However, for most
of the existing Møller polarimeters, this leads to a dead time
of several percent, providing a systematic error hardly much
better than 1%. Also, the dead time prevents running at high
beam currents, along with target heating described above. It
is difficult to use a ferromagnetic target thinner than 4-5 µm;
therefore, the counting rate can be reduced only by reducing the
polarimeter acceptance. Unfortunately, this increases the error
coming from the Levchuk effect.

With all this in mind it seems very attractive to use atomic
hydrogen gas, held in an ultra-cold magnetic trap [11], as the
source of 100% polarized electrons. Møller polarimetry with
such a target would be free of the accuracy limitations discussed
above. Here, a feasibility study of such an option is presented.
The main questions addressed are:

• Target construction and parameters;
• Target density and polarimeter statistical accuracy;
• The effect of the beam on the target parameters.

II. POLARIZED ATOMIC HYDROGEN TARGET

A. Hydrogen Atom in Magnetic Field

The magnetic field BS and the hyperfine interaction split
the ground state of hydrogen into four states with differ-
ent energies as shown in Fig.1. The low energy states are
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Fig. 1. Splitting of hydrogen levels in a magnetic field. The vertical axis
presents the relative energy of the level, divided by the Boltzmann constant
kB . Curves b − d present the spin triplet state of the electron plus proton,
while curve a presents the spin singlet state. In order to resolve the curves on
the picture the plot is limited to low magnetic fields.

|a〉=| ↓−↑〉· cos θ−| ↑−↓〉· sin θ and |b〉=| ↓−↓〉, where the first and
second (crossed) arrows in the brackets indicate the electron
and proton spin projections on the magnetic field direction. As
far as the electron spin is concerned, state |b〉 is pure, while
state |a〉 is a superposition. The mixing angle θ depends on the
magnetic field BS and temperature T : tan 2θ ≈ 0.05 T/BS .
At BS =8 T and T = 0.3 K the mixing factor is small:

sin θ ≈ 0.003. State |b〉 is 100% polarized. State |a〉 is polarized
in the same direction as |b〉 and its polarization differs from
unity by ∼ 10−5.

B. Storage Cell

In a magnetic field gradient, a force −∇( ~µH
~B), where

µH is the atom’s magnetic moment, separates the lower and
the higher energy states. The lower energy states are pulled
into the stronger field, while the higher energy states are
repelled from the stronger field. The 0.3 K cylindrical storage
cell, made usually of pure copper, is located in the bore of
a superconducting ∼8 T solenoid. The polarized hydrogen,
consisting of the low energy states, is confined along the cell
axis by the magnetic field gradient, and laterally by the wall of
the cell (Fig.2).
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Fig. 2. A sketch of the storage cell

At the point of statistical equilibrium, the state population,
p follows the Boltzmann distribution:

p ∝ exp (µeB/kT ), (1)

where µe is the electron’s magnetic moment (µH ≈ µe) and
k = kB is the Boltzmann constant. The cell is mainly populated
with states |a〉 and |b〉, with an admixture of states |c〉 and
|d〉 of exp (−2µeB/kT ) ≈ 3 · 10−16. In the absence of other
processes, states |a〉 and |b〉 are populated nearly equally. The
gas is practically 100% polarized, a small (∼ 10−5) oppositely
polarized contribution comes from the | ↑−↓〉 component of state
|a〉.

The atomic hydrogen density is limited mainly by the process
of recombination into H2 molecules (releasing ∼4.5 eV). The
recombination rate is higher at lower temperatures. In gas,
recombination by collisions of two atoms is kinematically
forbidden but it is allowed in collisions of three atoms. On
the walls, which play the role of a third body, there is no



kinematic limitation for two atom recombination. At moderate
gas densities only the surface recombination matters. In case of
polarized atoms, the cross section for recombination is strongly
suppressed, because two hydrogen atoms in the triplet electron
spin state have no bound states. This fact leads to the possibility
of reaching relatively high gas densities for polarized atoms in
the traps.

A way to reduce the surface recombination on the walls of
the storage cell is coating them with a thin film (∼50 nm) of
superfluid 4He. The helium film has a very small sticking coef-
ficient1 for hydrogen atoms2. In contrast, hydrogen molecules
in thermal equilibrium with the film are absorbed after a few
collisions and are frozen in clusters on the metal surface of the
trap [12].

The higher energy states are repelled from the storage cell
by the magnetic field gradient and leave the cell. Outside of the
helium-covered cell, the atoms promptly recombine on surfaces
into hydrogen molecules which are either pumped away or are
frozen on the walls. Some of the higher energy states recombine
within the cell and the molecules eventually are either frozen
on the helium-coated wall, or leave the cell by diffusion.

The cell is filled with atomic hydrogen from an RF disso-
ciator. Hydrogen, at 80 K, passes through a Teflon3 pipe to
a nozzle, which is kept at ∼30 K. From the nozzle hydrogen
enters into a system of helium-coated baffles, where it is cooled
down to ∼0.3 K. At 30 K and above, the recombination is
suppressed because of the high temperature, while at 0.3 K it
is suppressed by helium coating. In the input flow, the atoms
and molecules are mixed in comparable amounts, but most of
the molecules are frozen out in the baffles and do not enter the
cell.

The gas arrives at the region of a strong field gradient, which
separates very efficiently the lower and higher atomic energy
states, therefore a constant feeding of the cell does not affect
the average electron polarization.

This technique was first successfully applied in 1980 [13],
and later a density4 as high as 3 · 1017 atoms/cm3 was
achieved [11] in a small volume. It was then proposed to
use the electron-spin-polarized atomic hydrogen in proton-spin-
polarized sources and targets [14]–[17], by extracting the gas
from the storage cell and creating a jet of polarized atoms. So
far, the storage cell itself has not been put in a high-intensity
particle beam.

For the project being discussed a normal storage cell design
can be used, with the beam passing along the solenoid axis
(Fig.2). The double walls of the cylindrical copper cell form a
dilution refrigerator mixing chamber. The cell is connected to
the beam pipe with no separating windows. The tentative cell
parameters are (similar to a working cell [17]):

1The sticking coefficient defines the atom’s adsorption probability per a
collision with a surface.

2The recombination rates are discussed quantitatively in Section II-D.
3Teflon has a relatively small sticking coefficient for hydrogen atoms.
4This parameter is called concentration, but we will use the word density in

the text, since the mass of the gas is not important here.

• Solenoid maximum field BS = 8 T 5.
• Solenoid length LS = 30 cm;
• Cell internal radius r◦ = 2 cm;
• Cell length LC = 35 cm;
• Temperature T = 0.3 K.

The gas density dependence on the coordinate z along the
solenoid axis follows Eq.1 and is shown in Fig.3. The effective
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Fig. 3. The relative gas distribution along the solenoid axis.

length of such a target is about 20 cm. The solenoid field has
to be reasonably uniform in this volume of the cell, in order to
avoid regions where the gas density is higher than on the axis.
In such regions the recombination speed is increased without
increasing the luminosity. The field in the volume should not
exceed the field at the solenoid center by more than ∼ 2 ·10−3

(a ∼4% increase in the density).
For the guideline, we will consider a gas density of 3 ·

1015 cm−3, obtained experimentally [18], for a similar design.

C. Gas Properties

Important parameters of the target gas are the diffusion
speed and heat conductance. At 300 mK the RMS speed is:
v =

√

8kT/πm = 80 m/s, where m is the atom’s mass.
The number of collisions per second depends on the atomic

scattering cross section σ ( [19]): dncol

dt
= σ · 4n

√

kT
πm

where
n is the gas density and m is the atomic mass. The mean free
path is: ` = v/(dncol/dt) = (σn

√
2)−1. There are several

calculations of the hydrogen atoms cross section [20]–[24]
at low temperatures. For these studies we accepted the value
σ = 42.3 · 10−16 cm2 [22], ignoring the difference between
the spin triplet and singlet cross sections. The effective atom
diameter is d =

√

σ/π = 3.69 · 10−8 cm. This would provide
dncol

dt
≈ 1.4 · 105 sec−1 and ` = 0.57 mm at 0.3 K and density

of 3 · 1015 cm−3.

5We used the parameters of a standard solenoid magnet manufactured by
AMI (American Magnetics, Inc.). This magnet has a 10−5 uniformity inside
the 1 cm diameter central sphere. Such a magnet has been successfully used
in a similar atomic hydrogen storage cell [17]. We used the calculated field
on the solenoid axis, provided by AMI and assumed that the field is uniform
across the cell cross section. The latter assumption is good enough for these
studies of possible impacts of the beam on the storage cell, since these impacts
are most important in the region close to the beam.



The average time, τd for a “low field seeking” atom to travel
to the edge of the cell, assuming its starting point is distributed
according to the gas density, is6: τd ∝ d2

√
T

n, τd ≈ 0.7 s. This
is the cleaning time for an atom with opposite electron spin,
should it emerge in the cell and if it does not recombine before.
The escape time depends on the initial position of the atom,
going from ∼ 1 s at z = 0 to 0.1 s at z = 8 cm. The average
wall collision time is about 0.5 ms.

D. Gas Lifetime in the Cell

For the moment we consider the gas behavior with no beam
passing through it. Several processes lead to losses of hydrogen
atoms from the cell:

1) thermal escape through the magnetic field gradient;
2) recombination in the volume of gas;
3) recombination on the surface of the cell.

The thermal escape can be characterized by the average escape
time τes

τes = τd · exp (µe(B − Be)/kT ), (2)

where τd (see Sec.II-C) is the average time for an atom to drift
to the edge of the cell, or to the area of strong field gradient,
while B and Be are the magnetic fields at the center and at the
edge of the cell. We selected Be/B = 0.3.

The volume recombination can be neglected up to densities
of ∼ 1017 cm−3 [11].

The surface recombination cross section can be characterized
by a factor [11]

Keff
s = 5 · 10−8

A

V
Λ2 exp (2εa/kT )

√
T

B2
, (3)

where A is the storage surface area, V is the storage volume,

Λ = ~

√

2π
kTm

≈ 1.74 · 10−7/
√

T is the thermal de Broglie
wavelength and εa ≈ 1 K is the H absorption energy on the
He surface. The sizes are measured in cm.

One should note that Eq.3 presents a simplified model,
ignoring the difference between states |a〉 and |b〉. In reality,
a small admixture of the opposite electron polarization in state
|a〉 considerably increases its recombination rate with both |a〉
and |b〉 atoms. Therefore, as a result, state |a〉 is depleted faster
than |b〉. If no fast relaxation between |a〉 and |b〉 happens (it
may happen on magnetic impurities on the cell surface), the
population ratio |a〉/|b〉 drops with time and the recombination
rate slows down.

In order to keep the gas density constant the losses have
to be compensated by constantly feeding the cell with atomic
hydrogen at a very moderate rate of Φ ∼ 1−10 ·1015 atoms/s.
The balance condition is:

Φ

V
= Keff

s n2 + n
1

τes

, (4)

6This time was estimated using simulation, taking into account the gas
density distribution along z and the repelling force in the magnetic field
gradient.

where n is the gas density. The parameter τes (see Eq.2)
depends on the density. These equations help to specify the
optimal cell parameters7:

BS > 7 T, T ∼ 0.3 K. (5)

For BS = 8 T, T = 0.3 K and Φ = 1 · 1015 s−1 the calculated
density is n ≈ 7 · 1015 cm−3. 8 The gas is mostly lost to
recombination. The average lifetime of an atom in the cell is
nV/Φ ∼ 1 h. Comparing this lifetime with the time to travel
between the cell edges of ∼1 s we see that the gas has time to
populate the different field areas according to Eq.1.

One should note that at very low densities the losses are
dominated by the thermal escape through the field gradient,
with an average lifetime of ∼ 600 s.

E. Unpolarized Contamination

The most important sources of unpolarized contamination in
the target gas in absence of beam have been identified:

1) hydrogen molecules: ∼ 10−5;
2) high energy atomic states |c〉 and |d〉: ∼ 10−5;
3) excited atomic states < 10−10;
4) other gasses, like helium and the residual gas in the cell:
∼ 10−3

The contributions 1)-3) are present when the cell is filled with
hydrogen. They are difficult to measure directly and we have to
rely on calculations. Nevertheless, the behavior of such storage
cells has been extensively studied and is well understood [11].
The general parameters, like the gas lifetime, or the gas density
are predicted with an accuracy better than a factor of 3.
The estimates 1)-3) are about 100 times below the level of
contamination of about 0.1% which may become important
for polarimetry. In contrast, the contribution 4) can be easily
measured with beam by taking an empty target measurement.
Atomic hydrogen can be completely removed from the cell
by heating a small bolometer inside the cell, which would
remove the helium coating on this element, and catalyze a
fast recombination of hydrogen on its surface. However, it is
important to keep this contamination below several percent
in order to reduce the systematic error associated with the
background subtraction.

III. BEAM IMPACT ON STORAGE CELL

We have considered various impacts the Ib = 100 µA
CEBAF beam can inflict on the storage cell. The beam consists
of short bunches with τ = σT ≈ 0.5 ps at a F = 499 MHz
repetition rate. The beam spot has a size of about σX ≈ σY ∼
0.1 mm. The most important depolarization effects we found
are:

A) gas depolarization by the RF electromagnetic radiation
of the beam: ∼ 3 · 10−5;

7It should be pointed out that the temperature should not exceed ∼0.4 K,
because of a high helium gas pressure beyond this.

8The same calculation made for 0.2 K predicts a density of 1.3 ·1015 cm−3.
This can be compared with the measurement [18] of 3 · 1015 cm−3.



B) contamination from free electrons and ions: ∼ 10−5;
C) gas excitation and depolarization by the ionization losses:
∼ 10−5;
D) gas heating by ionization losses.

A. Beam RF Generated Depolarization

The electromagnetic field of the beam has a circular magnetic
field component B(r, t), which couples to the |a〉→|d〉 and
|b〉→|c〉 transitions. The transition frequency depends on the
value of the local magnetic field in the solenoid and for the
bulk of the gas ranges from 215 to 225 GHz. The spectral
density function of the beam magnetic field can be expressed
in a Fourier series as: B(r, t) =

∑∞
n=−∞ B̂n(r) · eiω◦nt, and:

B̂n(r) ≈ B(r)
ω◦√
2π

· exp(−ω2

◦n
2τ2

2
), (6)

where ω◦ = 2πF . The resonance lines of the spectrum populate
densely the transition range (see Fig.4). The induced transition
rate depends on the gas density at a given transition frequency
dN/dωad:

N
dVa→d

dt
=

∞
∑

n=1

dN

dωad

∣

∣

∣

∣

ω◦n

(

µeω◦B(r)

~

)2

· exp(−ω2

◦n
2τ2),

(7)
where the beam-generated magnetic field is expressed in SI:

B(r) =
Ib

ω◦ε◦c

1√
2πσX

· (1 − exp(− r2

2σ2

X

))
1

r
. (8)

Provided that the field of the solenoid is fine tuned to avoid
the transition resonances for the bulk of the gas in the cell (see
Fig.4), the depolarization described has the following features:

– the average rate of each of the two transitions is about
0.5 · 10−4 of the target density per second;

– at the center around the beam the full transition rate is
about 6% of the density per second.

Fig. 4. Simulated spectra of the transitions on the axis of the hydrogen trap
with the maximum field of 8.0 T. The density of atoms depends on the field
as exp(−µeB/kT ). The two curves show 1

N
dN/dνad and 1

N
dN/dνbc -

the relative number of atoms which can undergo |a〉 → |d〉 and |b〉 → |c〉
transitions at the given frequency, per one GHz. The resonant structure of the
spectral function of the beam-induced electromagnetic field is shown as a set
of vertical bars, 499 MHz apart.

In order to estimate the average contamination we take into
account that each resonance line presented in Fig.4 corresponds
to a certain value of the solenoid field and, therefore, affects the
gas at a certain z. The resonance lines’ concentration is higher

in the field gradient area than at the center z = 0. On the other
hand, the “escape time” depends on the atom’s original location
and drops from the center of the cell to the edge (see Sec.II-C).
The average depolarization in the beam area will be reduced
to about ∼ 0.3 · 10−4 by the lateral gas diffusion and by the
escape of the “low field seeking” atoms from the storage cell.

In order to study experimentally the depolarization effect
discussed, one can tune the solenoid magnetic field to overlap
a resonance line with the transition frequency of the gas at the
cell center. This would increase the transition rate by a factor
of ∼70.

The beam may induce electromagnetic waves in the storage
cell. The lowest resonant frequency for a long pipe of the radius
r◦ is [25]: f ≈ 1.84 · c/(2πr◦) = 4.4 GHz, which is about 10
times higher than the beam repetition frequency of 499 MHz,
but much lower than the transition frequency of ∼220 GHz.
The impact of such waves on the stored gas is negligible in
comparison with the impact discussed above.

B. Contamination by Free Electrons and Ions

The beam would ionize per second about 20% of the atoms in
the cylinder around the beam spot . The charged particles would
not escape the beam area due to diffusion, as the neutral atoms
would do, but will follow the magnetic field lines, parallel to the
beam. An elegant way to remove them is to apply a relatively
weak ∼1 V/cm electric field perpendicular to the beam. The
charged particles will drift at a speed of v = ~E × ~B/B2 ∼
12 m/s perpendicular to the beam and leave the beam area in
about 20 µs. This will reduce the average contamination to a
10−5 level.

C. Depolarization by Electron Collisions

The beam can excite the atoms. The full energy released by
the beam is about 4·10−4 eV · s−1 per atom in the target. This is
a small value in comparison with the 2P-1S transition energy of
∼10 eV. If 50% of the energy goes to this excitation, the excited
atoms would be produced at a rate of 2 · 10−5 s−1. The P-
states have lifetimes of about 1 ns, which reduces the potential
contamination to a ∼ 10−12 level. Eventually, all excited atoms
decay to lower S-states. Some S-states have long lifetimes, but
in the magnetic trap they are polarized in the same way as the
ground 1S state, therefore amounting to a contamination at a
τd · 1 · 10−5 ≈ 10−5 level.

The spin-flip transition requires much less energy than the
2P-1S one. We calculated the rate of |a〉→|d〉 transitions caused
by individual electrons passing close to the atom, in the same
way as it was calculated for the bunches in Sec.III-A. Since the
effect is proportional to the square of the electric charge of the
beam particle, one may expect that single electrons have less
effect than the beam bunch. Indeed, the conclusion is that this
rate is negligible.

D. Gas Heating by Beam Ionization

In gaseous hydrogen a beam particle releases on average
6.3 MeV/(g/cm2) by ionization. In the target considered, of



thickness ∼ 6 · 1016 atoms/cm2, the average loss is 0.6 eV per
beam particle. A part of this energy goes to δ-electrons which
may leave the cell, spiraling in the magnetic field, if their energy
is large enough. A reasonable cut-off for the δ-electron kinetic
energy is T1 ∼ 1 keV. At this energy the δ-electron would
lose about 100 eV in the target due to ionization losses and
carry away the rest of its energy. For the maximum energy
we selected T2 ∼ 0.2Tmax = 0.2Ebeam. Then, the full energy
carried away by δ-electrons knocked out by one beam particle
would be [26]: E ≈ 1.8 MeV/(g/cm2). The energy absorbed in
the target is α = 4.5 MeV/(g/cm2) from one beam particle. The
full energy absorbed per unit length of the target per second is:

J = α · Ib

qe

n

NA

, (9)

where NA is the Avogadro number and n is the gas density.

The heat conductance in gas is χ = 4k
3σ

√

kT
πm

. Let us assume
that the beam profile is flat within a radius rb, which is a good
model if the beam is smeared out by a fast raster. In the absence
of the fast raster this assumption is an approximation. Then,
solving the heat flow equation for a very long tube, assuming
a fixed temperature T0 on the tube wall at r◦ we obtain:

∆T (r) = T (r) − T0 =
J

2πχ
ln

r◦
r

r > rb

∆T (r) = T (r) − T0 =
J

2πχ

[

ln
r◦
rb

+
1

2
(1 − r2

r2

b

)

]

r < rb

(10)
The temperature increase reaches a maximum at the beam
center:

∆T (r) = α · Ib

qe

n

NA

3σ

8kπ
√

kT
πm

[

ln
r◦
rb

+
1

2

]

(11)

and is proportional to the gas density. For Ib = 100 µA, n = 3·
1015 cm−3, σ = πd2, where d = 3.7 ·10−8 cm, and T = 0.3 K
we get:

∆T (0) = 0.030 K ·
[

ln
r◦
rb

+
1

2

]

(12)

Gas convection was neglected. For the 0.2 mm diameter
beam the temperature rise at the beam center is about 0.17 K.
Fast rastering of the beam to a 4 mm diameter will reduce the
rise to about 0.08 K. No serious implication of such a heating
is foreseen. The recombination rate and the helium gas pressure
depend only on the temperature on the cell walls, which stays
at 0.3 K. The mean polarization should not be affected in a
noticeable way, since the population of oppositely polarized
states in the equilibrium would go from ∼ 10−16 to ∼ 10−10.
Due to the Knudsen rule [27], n ·

√
T =const, the gas density

at the center will drop by ∼20%. This change is not very
important.

IV. APPLICATION OF THE ATOMIC TARGET TO MØLLER

POLARIMETRY

This feasibility study was done for the possible application of
the target discussed to the existing Møller polarimeter in Hall A

at JLab [8] (see Fig.5). The results are, however, more generic
and are largely applicable to other facilities with “continuous”
electron beams.
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Fig. 5. Layout of the existing Hall A Møller polarimeter. The spectrometer
consists of 3 quadrupole magnets and a dipole magnet. The existing target (at
Z=0 cm) can be replaced by the atomic hydrogen storage cell (see Fig.2). The
whole cell setup, used in [17], including the magnet and the cryostat, would fit
into the space. Thermal screens must be installed in the 10 cm diameter beam
pipe in order to reduce the radiation heat load on the cell. The screens should
have holes at the center to let the beam pass.

A. Polarimeter Parameters

1) Target Density and Statistical Accuracy: The beam polar-
ization at JLab is normally about 80%, at beam currents below
100 µA. The Hall A polarimeter acceptance will not be affected
significantly by the strong solenoid field in the target region. An
atomic hydrogen target 10 cm long9 with a density of 3 · 1015

electrons/cm3 provides 3 · 1016 electrons/cm2 thickness. The
maximum beam current allowed by the accelerator can be used
with this target. We assume here an easily available current of
30 µA, though currents over 100 µA have been delivered. The
time needed to achieve a 1% statistical accuracy, estimated by
scaling the parameters of the existing polarimeter, would be
≈ 30 min. This is an acceptable time, in particular if the
measurements are done in parallel with the main experiment.

2) Polarimetry Systematic Error: There is no obvious way
to measure directly the polarization of the hydrogen atoms in
the beam area. The contamination from the residual gas is
measurable. The rest relies on calculations. All calculations
show that the polarization is nearly 100%, with a possible
contamination of <0.01%, coming from several contributions.
The impact of the most important of these contributions can be
studied, at least their upper limits, by deliberately increasing
the effect. For example, the beam RF induced transitions can
be increased by a factor of ∼70, by fine tuning of the solenoid
magnetic field. The contribution from the charged particles in

9The effective target length depends on the beam energy, because of the
polarimeter acceptance. At the lowest energy considered - 0.850 GeV, the
effective length is about 10 cm, while at 5 GeV it is about 20 cm



the beam area can be varied by a factor up to ∼ 104, by
changing the cleaning electric field. Also, the contributions
discussed depend on the gas density and the beam current.
Making the gas lifetime measurements, as well as polarization
measurements, under different conditions, such as the density,
temperature and beam current would help to establish an upper
limit for the target depolarization.

The systematic errors, associated with the present Hall A
polarimeter, when added in quadrature give a total systematic
error of about 3% [8]. Scaling these errors to the hydrogen
target option leaves only those:

– Average analyzing power 0.3%;
– Background 0.1%.

At this level of accuracy, some other errors, neglected before,
may become significant and more work has to be done to
identify them. Still, a 0.5% error seems achievable and a 1%
error certain.

V. CONCLUSION

The considerations above show that a stored, longitudinally
electron-spin-polarized atomic hydrogen can be used as a pure,
100% electron polarized gas target. A thickness of at least
6 · 1016 electrons/cm2 can be reached with a target diameter
of 4 cm and a length of 20 cm along the beam. The polarized
hydrogen gas should be stable in the presence of a 100 µA
CEBAF beam. A Møller polarimeter, equipped with such a
target would provide a superb systematic accuracy of about
0.5%, while providing a 1% statistical accuracy in about 30 min
of running at a beam current of 30 µA .

There are alternative possibilities for precise polarimetry at
the energies below 1 GeV.

It has been estimated that the Compton polarimeter [2] of
Hall A at JLab, equipped with a powerful green light source
could provide a ∼1% systematic error. It would need about
15 h to reach a 1% statistical accuracy with a 30 µA beam.

The only existing Møller polarimeter which can potentially
provide a comparable accuracy is the polarimeter [9] of Hall C
at JLab. In this polarimeter an iron foil target is perpendicular
to the beam. It is saturated in a strong magnetic field of
∼4 T. The main problem is running at high beam currents.
One way to reduce the target heating is to rotate the target.
Another way is to reduce the average beam current by strobing
the beam impact with the target, for example by moving the
beam on the target only for short intervals of time, otherwise
sending it bypassing the target. The problem of dead time
may become important. At low beam currents the sources of
the two dominant systematic errors of this polarimeter are the
target polarization and the Levchuk effect. The polarized atomic
hydrogen target should reduce the former error by an order of
magnitude, while removing the latter error completely.

A disadvantage of the polarized atomic hydrogen target is a
relative complexity of its building and operation, in comparison
with the magnetized ferromagnetic foils. It may, however,
provide an unprecedented level of accuracy, stimulating a new
generation of parity violation experiments.
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