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Abstract

The conventional methods for measuring the polarization of electron beams are
either time consuming, invasive or accurate only to a few percent. We developped
a method to measure electron beam polarization by observing the light emitted by
argon atoms following their excitation by the impact of polarized electrons. The
degree of circular polarization of the emitted fluorescence is directly related to the
electron polarization. We tested the polarimeter on a test GaAs source available
at the MAMI electron accelerator in Mainz, Germany. The polarimeter determines
the polarization of a 50keV electron beam decelerated to a few eV and interacting
with an effusive argon gas jet. The resulting decay of the excited states produces
the emission of a circularly polarized radiation line at 811.5 nm which is observed
and analyzed.
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1 Introduction

The idea of measuring the polarization of low energy electron beams by ob-
serving the fluorescence emitted by mercury atoms following their excitation
by polarized electron impact was suggested by Farago and Wykes in 1969[1].
Such a measurement was then first performed on zinc atoms by Eminyan and
Lampel in 1980(2]. So far, improvements were achieved by considering the use
of noble gases whose properties make it easier to handle the experimental ap-
paratus and lead to more accurate results (better than 1%)[3-5]. However this
optical method has not found wide applications since the figure of merit

S2N

FOM = N,

is orders of magnitude lower than for conventionnal Mott polarimeters (S
is the analyzing power, N/Nj is the rate of detected events normalized to
rate of incident primary electrons). On the other hand, for measurements
at particle accelerators where the primary intensity of the electron beam is
very high, an optical polarimeter would allow fast and accurate measurements
at the full beam current of the experiment. It should be noted that such a
device would offer a considerable improvement in comparison with current
installations (Moller and Compton backscattering polarimeters) at particle
accelerators like MAMI or JLAB, because these either cannot stand the full
current on target due to target heating effects (Moller polarimeters[8]) or they
need long measurement times (Compton backscattering[9]).

In this article we describe the operation of an optical polarimeter (POLarimetre
Optique, POLO) together with an injection system for the MAMI accelerator.
In its present design it is intended as an offline device, which would measure
the polarization of the beam deflected from the 100keV injection system of
MAMI. First we review the theoretical aspects and describe the experimen-
tal set-up. Next, we state the results obtained and the perspectives of the
experiment.

2 Theoretical aspects

2.1 General layout

Optical polarimetry is based on the inelastic exchange collision of polarized
electrons on atoms :



E+A— A+ ¢

such that spin angular momentum is transferred to the excited atom. This
excited atom eventually decays into a metastable state yielding the emission
of circularly polarized light :

A* = Ap + (W),

The detection and analysis of the polarized fluorescence provide knowledge
of the electron beam polarization. Although most of the noble gases might
be used as target, we chose argon. Argon has a large cross-section and a
high energy-gap between the threshold of the reaction (13.08eV) and the
first cascading state (13.90eV). Is is also easy to pump and cheap. In the
case of argon, the excited state is (3p°4p)3Ds which decays to (3p®4s)3P, by
emission of a 811.5nm fluorescence line. Figure 1 shows the excited argon
levels, including the excited 3D states and radiative transitions to the 3P ;.
The first cascading state (3p°3d)3P is also shown.

The excitation process follows three steps :

(1) argon atoms are excited by polarized electrons from the beam, leading
to spin transfer between the incident electrons and the argon atoms. The
collision time is typically 10715 s.

(2) relaxation of the fine structure of states (3p°4p)3D; occurs in 1072 s.

(3) the excited states decay to (3p°4s)®P; in around 10~%s, yielding in par-
ticular to the emission of the 811.5nm radiation line[10].

The detection and subsequent analysis of the emitted light is subject to three
conditions:

(1) the argon ®Dj3 state must be directly excited (i.e. cascading from higher
states must be avoided) to avoid any admixture of unknown polarization.

(2) any magnetic interaction of the incident electron which could cause its
spin to flip must be negligible in the excitation process.

(3) spin-orbit coupling within the excited atom must be large enough to
allow the fine structure splitting of the 3P levels to have them easily
spectroscopically resolved.

This favors the use of noble gases[11] and implies that the beam energy should
lie between the excited state threshold (13.076eV) and the energy of the first
cascading state (3p°3d)3P, (13.903eV).
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Fig. 1. Argon I spectrosopic levels.

2.2 Polarization and Stokes parameters

Fluorescence light is analyzed through its Stokes parameters which are related
to the initial beam polarization[10,12]. For an incident transversally polarized
beam on the z-axis, the fluorescence light is observed along the y-axis in the
direction of the electron spin. The intensity of the circularly polarized light
emitted per unit of solid angle is proportional to 1 + cos? 6, where 6 refers to
the angle between that direction of detection and the y-axis[1]. The intensity is
therefore maximum in the spin direction. The linear and circular polarization
are parameterized by the so-called Stokes parameters U, V and Q defined as
follows (figure 2):




Fig. 2. Angles used in the definition of Stokes parameters.

where I(«) is the intensity of the polarized light along the direction having a
polar angle « in the xz-plane and where o refers to right and left handed cir-
cularly polarized light. It was shown that for noble gases the beam polarization
P is related to the reduced Stokes parameters by [11]:

V/I = A(1+ BQ/I)P (1)

I being the incident intensity. This requires the condition U=0, which is ob-
tained if the excited state is a well LS-coupled state (Russell-Saunders state)
and if in addition the spin-orbit interaction between the target and contin-
uum electrons is negligible during the collision process[13]. For the *D3 level
of argon, the relation becomes:

V/I =0.6667(1 + 0.2222Q/1) P (2)

It should be noted that this relation is only valid in an energy range unaffected
by cascades [11] and for a transverse spin [13].

3 Experimental set-up

The experimental apparatus (Fig. 3) consists of a six-way cross chamber in
which the beam is decelerated to around 13eV prior to interacting with an
argon jet. The emitted fluorescence is then detected by an optical detection
system and sent to the data acquisition system for analysis.
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Fig. 3. Experimental apparatus (see text for details).

3.1 Polarized electron source

POLO was installed in the old polarized electron injection beamline of MAMI
[14]. The beam from the polarized source which produces longitudinally po-
larized electrons is guided by a 10-meter long transport system towards a spin
rotator [15]. The rotator is set to 90° spin rotation to provide for the necessary
transverse spin orientation at POLO. In addition this mode of operation can
be used to check the beam polarization with a conventional Mott polarimeter.
Due to restrictions in the available space for the insulation of the decelera-
tion stage (see section 3.2), the beam energy is reduced from 100kV to 50kV.
With careful tuning an almost complete beam transmission (>98%) of the
electron beam to the entrance of POLO is achieved. The average beam cur-
rent at the experiment is chosen 20-25 uA which is a typical injection current
for the A4-parity violation experiment at MAMI[16,17]. All experiments are
performed with bulk GaAs photocathodes excited by a diode laser with circu-
larly polarized light of wavelength A=808 nm. Typical quantum efficiencies are
1%, resulting in a current capability of up to 100 zA. The beam polarization
is determined by Mott measurement at 100 keV beam energy to be typically
(284+1)%. The beam position in POLO is controlled by a viewscreen 30 cm in
front of the polarimeter and can be manipulated by steering coils. The match-
ing of the electron optical input parameters towards the optimal values for
the deceleration optics (Fig. 4) is achieved with a symmetrically driven "back-
to-back’-solenoid. This technique of solenoid operation avoids any additional



spin rotation during focusing.

3.2  Beam deceleration

We extract the beam from the source with a kinetic energy of Tyeqm = 50keV.
This is necessary to achieve a reasonable magnetic rigidity during the 10 m long
beam transport to the experiment. On the other hand this is reasonably close
to the kinetic energies found in the injection systems of electron accelerators.
The reason for choosing 50 instead of 100keV are that the internal as well as
the external spaces for electrical insulation were insufficient.

The kinetic energy has to be reduced in the interaction region to energies close
to the threshold of the argon transition, therefore T, = 0 — 100eV.

Due to the limited space in the vacuum chamber the beam deceleration is
performed in a single 30 mm wide gap between two cylindrical brass tubes
of 20 mm inner diameter (figure 4, where the beam enters from the left with
Theam)- In the middle of the 115 mm long interaction tube the electron beam
overlaps with the argon jet.

The interaction tube is held at a potential of —Tjeqm /e + A, by connecting
the negative input of an insulated (floating) power supply -the socalled scan-
ner - with the the high voltage of the source. This eliminates drifts of the
high-voltage power supply. The battery powered scanner provides the vari-
able voltage A = 10 — 100V which defines the interaction energy T;,s,. The
scanner is remote-controlled via fiber optics.

The fluorescence signal may escape by an aperture machined into the cylinder.
It is covered by a metallic mesh in order to maintain a well defined potential
at the position of the argon jet.

Because of the large ratio Tyeam/Tinter = 2500 it has to be expected that the
electrostatic lens which is formed by the deceleration gap has a short focal
length. The computersimulation of the beam which was performed with the
SLAC Electron Transport Program|[18] (figure 4) shows that the focal length
is about one centimeter.

Even with the small input emittance (at Theam = 50keV) of € = 17 mm
mrad and optimized matching by the external solenoid it is not possible to
achieve complete transmission through the interaction region. This restricts
the use of the polarimeter in its present set-up to offline operation. In addition
the overlap with the argon jet is not optimized.

In the future the problem of short focal length may be controlled by introduc-
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Fig. 4. Simulation of electron transport: R=0.75 mm, d=-2.5 mrad, g=3 cm (only
half of the decelerating electrode is shown). The vertical solid lines represent equipo-
tential lines in the gap between the electrodes (left: ground electrode 0V, right: de-
celerating electrode -50kV+27V) and the dashed lines show electron trajectories.
Argon is injected in the middle of the decelerating electrode.

ing a multistage deceleration which increases the focal length in each stage
because of the lower ratio of kinetic energies.

The fraction of the beam which is transmitted through the interaction re-
gion, is again reaccelerated in an identical 30 mm gap in order to achieve a
measurement of beam transmission at the Faraday cup.

In the interaction region of POLO, the earth magnetic field components were
measured to be :

B,=2uT  B,=6uT  B,=34uT (3)

resulting in a 41 u'T total field. This field is compensated with three sets of
Helmholtz coils to a level below 1.8 4T. This eliminates the possibilities of rel-
evant spin precession during the passage of the electron beam through POLO
and prevents from depolarization by Hanle effect [19]. On the other hand the
effects of spin precession during the transport over a distance of about 2m
from the spin rotator (and the Mott polarimeter) to POLO cannot be com-
pletely eliminated and may be partly responsible for the observed deviation



of the asymmetry from the value that would correspond to the polarization
measured by the Mott polarimeter. This is discussed in more details in section
5.

3.3 Argon jet

The argon atoms are injected in the interaction region as an effusive jet pro-
duced by a 30 mm long nozzle with 0.2 mm diameter. It was measured to have
a conical shape with 29° half angle at the top.
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Fig. 5. The shape of the argon jet as measured by a capillary sonde.

The pumping system consists of a cryogenic pump of 6401s~ mounted on the

chamber. A turbopump coupled to a primary pump is installed higher on the
beam line to improve the pumping power and protect the beam line vacuum.
A vacuum of 10" mbar is achieved and a pressure of argon up to 4x10~° mbar
is maintained during operation.

3.4 Optical detection

The analysis of the emitted fluorescence light is done through a measurement
of its Stokes parameters. The circularly polarized fluorescence light is ana-
lyzed by an optical system (Fig. 6) consisting of a quarter-wave plate and a
polarizer. A interferential filter is used to select the 811.5nm radiation line.
The filter has a band width of 1 nm centered at the transition wavelength
of 811.5nm and can therefore suppress the contribution of an adjacent tran-
sition at 810.4nm. However during analysis of our data we found that the



converging beam profile passing through the filter causes a shift of the trans-
mission maximum towards the background transition. For this reason we have
a non-negligible background contribution which is discussed in section 5. A
set of lenses is used to focus the fluorescence light which is then collected
by an Oriel Instruments 77348 photomultiplier (3nA dark current, 15mA /W
photocathode sensitivity).

A4 plate Polarizer

| A PM
Source<l

' !

L1 L2 Filter

Fig. 6. Optical bench.

The polarizer is set to a fixed position a and the quarter-wave plate is ro-
tated by fixed steps of 15°. In these conditions, the detected intensity for each
position # of the quarter-wave plate is

I;(0) = g + %(cos(éw — 2a) + cos(2a))
— %(sin(—él@ + 2a) + sin(2a)) + g(sin(—% + 2a)) (4)

This detected intensity corresponds to the counting NT(6) associated with
the right helicity of the beam polarization. If the spin is flipped at the source,

the counting N~ (0) for the left helicity is such that N~ (6)=N*(04+90°). The
asymmetry

Ap =

NT(0) - N"(0)
NT(0) + N~ (0) ©)

is then related to the reduced Stokes parameters :

N+(0) — N(60) = sin(—20 + 2a)¥ (6)

NT@)+N—(0) =I,= %(cos(40 —2a) + Cos(2a))%

— 5 (sin(~40 + 20) + sin(2a))% (7)
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3.5 Data acquisition

The data acquisition system is remotely controlled, as it is not possible to
access the polarimeter while the GaAs source is running. It consists of a fast
amplifier, a discriminator and a CAMAC scaler and follows four steps:

(1) the polarized 50 keV electron beam is driven from the GaAs source to the
entrance of POLO (the beam polarization is measured at the source by a
Mott polarimeter). The deceleration of the beam to the energy threshold
is operated by adding a variable voltage AV to the -50kV of the decel-
erating electrode by means of the scanner. The same 50kV are applied
to the extraction gun and the decelerating electrode to avoid any voltage
offset.

(2) the polarizer is set to a fixed position « and the quarter-wave plate is
remotely rotated from a PC by fixed steps of 15° every 200 seconds to
allow sufficient statistics.

(3) for each position € of the quarter-wave plate the output signal of the
photomultiplier is sent to the amplifier where it gets amplified to above
100mV. A discriminator is used to set the threshold and its output is
directed into a CAMAC scaler. Both countings N*(f) are done simulta-
neously by flipping the spin every second by a Pockels cell at the source
(this minimizes the impact of slow drifts of the signal and avoids any
correlation of the intensity with external noise of any frequency). The
beam current is measured on the Faraday cup and fed into a current to
frequency converter, whose output is also connected to the scaler. This
allows to normalize the count rates to the beam current.

(4) the asymmetry is calculated from the count rates for each position of the
quarter-wave plate.

4 Inelastic collision signature

One of the most difficult points of the experiment is the deceleration of the
electron beam. Due to lack of space the 50keV electrons are decelerated over
a distance of only 13mm. The severe focusing disperses the beam in the in-
teraction region and leads to a low signal of fluorescence. The transmission
as measured by the Faraday cup after the interaction region is of the order of

5%.

The first step in these conditions is to observe the clear signature of the inter-
action between the electrons and the atoms. This was realized by observing
the full argon spectrum with the use of a monochromator (Jobin-Yvon HR320)
at a deceleration voltage of 25V for a measured beam intensity of 1 uA at the
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Faraday cup. The spectrum (Fig. 7) was obtained with relatively large slits
on the monochromator to favor light collection. This configuration of the de-
tection system does not allow to spectroscopically resolve the 7504-7515 and
8104-8115 lines. The signal /background ratio is roughly 1 for the more intense
peaks. It was proved that the origin of the background is purely due to the
photomultiplier anode dark current (around 3nA), showing that the measured
signal is much lower than expected. The reduction can be partly explained by
the low monochromator transmission (/50%) and Fresnel losses.
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Fig. 7. Argon spectrum. Theoretical wavelengths are quoted on top of each peak.

The second step consists in measuring the excitation function of the D5 —3P,
fluorescence light (Fig. 8). The excitation function is obtained by measuring
the intensity of the 811.5nm peak at different beam energies, i.e. at different
deceleration voltages. The error bars account for the accuracy in extracting
the peak amplitude out of the background. This result is in agreement with a
previous measurement by Gay et al. [4].

5 Signal over background ratio and measurement speed

The signal was optimized by varying the focusing strength of the final solenoid
and the steerer currents in front of POLO until a maximum of the signal
occured. A transmission of 40% was obtained.

At the peak of the excitation function (fig. 8) we observed a signal rate of
Ry = 35kHz for a primary electron current of 25 uA. Under this conditions
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Fig. 8. Excitation function of the argon 811.5nm radiation line 3D3 —3Py. The
experimental points are compared to a fit of data measured by Gay et al. (see text)

the time needed to achieve a statistical accuracy below one percent in less
than one minute.

Our result may be compared to a value given by Trantham et al. [5], who
achieved 1kHz/pA at the peak energy for a Neon transition with a similar
detection system and with good overlap between the gas jet and electron
beam. Taking into account the ratio of cross sections, gas pressures and typical
photomultiplier efficiencies we find that our efficiency is about 30% of theirs.
This is due to the large diameter of the beam in the interaction region (see
fig. 4) which leads to a reduction of luminosity.

A constant background of 600 Hz resulted from the photomultiplier dark cur-
rent. The operation of the high energy beam leads to parasitic emission of light
which generates a background which is proportional to the electron current.
This was measured (without argon in the chamber) as 0.4kHz at 25 yA. The
sum of these two background terms was subtracted as unpolarized contribu-
tion in the measurements discussed below.

Another background source which is more difficult to estimate is the gener-
ation of light by secondary electrons formed by the transmission loss on the
POLO electrode. Since these electrons may loose their polarization in the
backscattering process they dilute the polarization signal. An estimation of
the total number of these processes may be given by the available data on the
secondary electron multiplication coefficient ¢ which should be around § = 0.1
in our energy range. It may be increased by the large angle of incidence of the
loss electrons and by the not very well defined state of the brass surface by
less than a factor of five, so we estimate §* < 0.5 [21].

It is known [6] that at energies of Tinr < 30V a considerable fraction ¢ of

the order of 30% of the secondary electron emission may consist of elastically
scattered electrons, whereas the low energy part of secondary emission is not
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harmful since it falls below the threshold of the argon transition. Therefore
we estimate the rate of events which are caused by secondary electrons to:

Rsec < q5*LRO — Rsec < 01R0 (8)

where L < 0.6 1s the transmission loss.

A last background contribution , the ’optical background’, is due to the shift
in the interference filter frequency mentioned in section 3.4. which can be
calculated to be of the order of 0.3 nm. Taking into account the parameters
of the filter we find that the background from the 810.4nm line might have
a relative transmission of T ~ 0.2 at most, with respect to the signal. The
intensity of the background with respect to the signal is given by the ratio of
the electronic cross sections of the two transitions which is of the order of 1
[20].

No attempt has been made to correct the experimental asymmetries for the
background terms of secondary electrons and the optical background.

Summing up all background contributions,we find that our signal to back-
ground ratio is S/B = 2. All background sources may be reduced by at least
an order of magnitude by taking appropriate measures like photomultiplier
cooling, adjusting of the interference filter, and designing an electron optics
with better transmission.

6 Spin transfer and Stokes parameters measurement

Strictly speaking, the relation between the beam polarization and the Stokes
parameters given in section 2.2 is only valid below the energy levels of the
cascading states. However, at 29.5 +1.5eV the cross-section is about 25 times
larger than at 13.9eV and a substantial fraction of the polarization is still
transfered from the electrons to the photons, leading to a much better figure
of merit. At this value the transmision is improved as well : we achieved a
transmission of 40%.

One of the measurement is shown in figure 9. A fit and x? minimization on
data (corrected from background) using the four parameter function of section
3.4 for asymmetry Ay leads to the following reduced Stokes parameters:

Q/I = (1.7£5.2)%  UJ/I=(0.6+38)%  V/I=(11.2+0.2)% (9)

It is obvious that in spite of the high statistical accuracy of the data points a
good extraction of the parameters U and more importantly Q is not possible.
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The present error on Q implies a relative error of 1.1% in extracting the
polarization P from the generic equation in section 2.2 (cf. equation 2) which
is more than the expected better-than-1% value. More precise measurements
of U and Q are possible by determining I (cf. equation 7) and extracting the
parameters by a Fast Fourier Transform analysis. Due to the very complicated
and extended electron optical system in front of POLO we have not yet been
able to achieve a sufficiently accurate result for Iy, whereas Ay can be measured
easily thanks to high spin flip frequency.
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Fig. 9. Corrected asymmetry fitted by the parametrisation of equation 5.

From the measured Stokes parameters it is not straightforward to calculate
the beam polarization since equation 2 is only valid at threshold and the
measurement was performed at 29.5eV where cascading from higher states
can modify the polarization of the (3p°4p)3Ds excited state. However, the
beam polarization was measured at the exit of the source with a standard
Mott polarimeter and found to be 28%. The values of U/I, Q/I and V/I at
29.5eV for a beam polarization of 28% can be inferred from Furst et al. [11]:

Q/I~15% U/ =0%  V/I~16% (10)

Our measured value V/I differs by about 30% from the value measured by
Furst et al.. We believe that the major part of this deviation is explained by the
background contributions discussed in section 5. A smaller, but non-negligible
correction of a few percent is due to a possibly not completely transverse spin
orientation.

The errors resulting from the uncertainties in the corrections are too large
to give a reasonable self-calibration of the device. Therefore in its present
form the polarimeter has to be calibrated with another polarimeter, i.e. the
Mainz Mott polarimeter. The main issues are therefore a reduction of the
backgrounds as outlined in section 5, which will then allow a more accurate
measurement of the curve Iy.
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Besides still-to-tackle technical difficulties one can anyway draw some promis-
ing conclusions about the optical measurement:

(1) it is very sensitive to the value of V/I and the fit analysis provides an
accuracy on V/I of around 0.2%.

(2) the measurement time is 200 seconds for each position of the quarter-
wave plate resulting in a forty minute measurement to reconstruct the
whole asymmetry curve. This time could be lowered by improving the
signal /background ratio and by using a Fast Fourier Transform (FFT) to
analyse the fluorescence light.

(3) once the polarimeter is calibrated, measurements can be done by tak-
ing data at the highest asymmetry A,™%*. The maximum asymmetry we
reached in our experiments is Ay™**=12.5%. At a rate of 35kHz it it pos-
sible to measure this value with a statistical accuracy of 6Ay/Ap<1% in
less than 20s, which would again be reduced by one order of magnitude if
a strained layer cathode delivering 80% of polarization (e.g. three times
larger asymmetry) was used. Defining ten minutes as an acceptable mea-
surement time for a polarization measurement - which must not be too
time consuming as the physics experiment must be stopped during offline
measurements - this offline optical polarimeter would be useful in a cur-
rent range I>40nA which is far below the current used by most hadronic
physics experiments (except for some with real photons). Therefore its
dynamic range is well suited to the needs of hadronic physics.

7 Conclusions and perspectives

We have demonstrated the operation of the POLO optical polarimeter in the
injection system for a high energy particle accelerator. An advantage of this
gas-target system for an accelerator lies in the fact that it can be operated
at the typical intensities relevant for hadronic physics experiments. Precise
measurements could be performed in very short times. In its present state the
polarimeter needs a calibration with an existing high accuracy polarimeter
(e.g. Mott polarimeter).

Future work will have to focus on self-calibration of the polarimeter, a proce-
dure that has been demonstrated to reach accuracies below 1%. The increase
to 100keV injection and the construction of a deflection system from the in-
jection beamline in MAMI would not pose major problems but it requires
considerable engineering effort.
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