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Abstract. — A polarized electron source using an optically pumped helium afterglow was
built at Orsay. Unfortunately the spin polarization decreases at high metastable densities.
Calculations of the radiation trapping effects in a weak magnetic field are presented using the
Anderson formalism. Comparison with experimental data leads to the conclusion that these
trapping effects are one explanation of this polarization decrease. Effects of the main parameters
are studied. Some deductions for a new design can be made.

1. Introduction

A polarized electron source was built at Orsay [1] using an optically pumped helium after-
glow. This source is adapted from the Rice University model designed by Walters et al. [2].
Metastable helium atoms in the 23S, state are polarized by optical pumping to the 23P; state
by polarized light. Electrons are freed through a chemi-ionization process such that the polar-
ization of the metastables and of the electrons should be the same. Therefore 100% polarization
is expected. However in the Orsay experiment [3] the electron polarization values vary from
80+ 7% for low helium pressure (i.e. low metastable density) to 55+ 5% for high pressure (i.e.
high metastable density). A similar effect was also observed in a previous work [2]. A pos-
sible explanation for this depolarization phenomenon could be resonance radiation trapping,
i.e. the reabsorption of unpolarized deexcitation photons in the gas. This effect 1s strongly
dependent on the metastable densities in the media In this paper we present our analysis
of this question. However, in order to explain the polarization loss at low helium pressure,
where the radiation trapping is expected to be negligible, one also has to take into account
intrinsic depolarization factors. These might be: i) the imperfect efficiency of the experimental
apparatus: incomplete polarization of the laser light, beams slightly out of alignments, and
ii) physical difficulties: metastable atoms in the singlet state 2!S, (estimated to be less than
5%), polarization degradation in the chemi-ionization process, etc. Each of these factors may
account for a polarization loss of a few percent. Thus perhaps 10% metastable depolarization
could be accounted for by all these mechanisms.
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2. Experimental Set-Up

A high purity helium jet is ionized and excited through a Laval nozzle microwave discharge
cavity (Fig. 1). Electrons and ions recombine at the wall of a 35 cm long, 10 cm diameter pyrex
tube forming a mixture of ground state and metastable 23S; helium atoms. By the action of
a powerful Roots blower the bulk gas flow has an average speed of 1.2 x 10* cm.s™! in the
pumping chamber. For a helium pressure of 5x 1072 to 2x 10! mb (approximately 10'6 atoms
cm~? helium density) the metastable density is several times 10'® cm™3. The destruction of
metastables at the wall yields an exponential rate of decay, down the tube, of the metastable
density. The diffusion decay length is dd = o - R? - v - P/(DP) where R is the tube radius,
v the average gas speed, P the helium pressure and D the diffusion coefficient. In our case,
between the molecular and the viscous flow case, o is close to 0.27 and DP is 470 cm?torr s~}
[4, 5]. The measured and calculated values of dd are between 10 and 15 cm

The horizontal earth magnetic field components are cancelled by two pairs of Helmholtz coils
while a third pair produces a 2.5 gauss vertical field defining the quantization axis. The optical
pumping is done by a circularly polarized o light beam parallel to the magnetic field and a
linearly polarized m light beam perpendicular to this field. These beams have approximately
equal intensities and are provided by a multimode LNA laser through a beam splitter. Figure 2
shows the electric dipole transition at 1.083 ym wavelength between the 23S; and 23P, states.
The pumping occurs in a 10 cm cubic chamber attached to the end of the pyrex tube [3].
The light beams have about the same diameter as the windows of the pumping chamber. The
metastable densities are measured by the absorption of a A = 1.083 pm probe beam provided
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Fig. 1 — Experimental diagram of the Orsay source.
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Fig. 2. — Energy levels of the helium metastable atoms. The ¢¥ and = transitions used for optical

pumping are shown. Spontaneous emissions from the 2Py level reabsorbed by the metastables are
presented.

by a helium lamp or by a single mode, low power, diode pumped, LNA laser [6]. In this work
the absorption is typically 10 to 20%.

The Doppler width, A = /2kTtn2/M (N, k, T, M are the pumping wavelength, the Boltz-
mann constant, the absolute temperature and the helium mass respectively) is very wide com-
pared to the Zeeman splitting of the 23S; levels in the very weak magnetic field (Landé g
factor = 2). Therefore the radiation emitted by the transitions from the 23Pg state to any one
of the 23S, substates can be reabsorbed by any one of the three magnetic substates of the 23S;
metastable atoms. This consideration explains the large probability of the trapping effect.

3. Radiation Trapping Evaluation

The densities of the metastable atoms in m = +1,0,—1 substates of the 23S; triplet are
nt(%,t),n° (%, t),n"(T,t) respectively while n’°(T,t) represents the density for the 23Pg state.
At time ¢ and position T the total excited state density is thus n = n* +n® + n= + n% (the
n*(F,t) being systematically replaced below by n' for convenience). The four rate equations
describing the densities in the various excited states are in the case of o7 and 7 pumping,
without radiation reabsorption:

o e A A
dt To 3r T Te
dn® n? 1 1 n?
dn*t nf0  pt

a3 T

dn® £+"_°_n00(l+l+i>
dt T Tp' T Tp Ty

These equations describe what is happening as a function of time in the reference frame of
the gas as it enters the optical pumping region until it leaves, and 7, is the relaxation time.
7, and 7y are the pumping time constants of the ¢ and = light beams. These constants have
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and 1/1y =

the form 1/7, = where I, and I, are the intensities per unit area

for the light source and » is the frequency of this radiation. ¢, and o, are the absorption
cross sections for the circularly and linearly polarized radiation depending on the normalized

Doppler lineshape
Me M? v—vp\> Mc?
Flv— = |———= - —=
(v = %) [zwkTvg] xp ( o ) %T |’

with vg = ¢/Ag, Ao being the resonance wave length 1.083 pm.

A correction due to the laser width (2.5 x 10° s™!) is deduced following the procedure
suggested by Mitchell and Zemanski [7]. This correction reduces the cross sections o, and o
approximately by a factor 2 at Ag. These cross sections are the state-to-state absorption cross
section for the 23S; (m, = ~1) — 23Pg (mg = 0) and 23S, (m = 0) — 23P; (m = 0) transitions
respectively. o, and o, can be calculated from the classical level-to-level 235, — 23P,
absorption cross section:

gf A?
L. 2 F
a1 ) 3 (’U ’Ug) y (2)

where gr and g, are the final and initial state statistical weights These quantities are pro-
vided by means of the matrix elements of the components of the electric dipole operator p:
{'m' |p5|jm) with 6 = +1,0,—1 [8]. From these matrix elements one finds that all three
transitions 2Py — 23S; have the same probability. Note that the level-to-level absorption

cross sections (2) are for unpolarized light. The three state-to-state absorption cross sections
2

are equal to —/\—F(’U — vg). In equations (1) the n% /7, and n% /7, terms correspond to the
stimulated transitions and are very weak and negligible.

The relaxation time 7, is governed by the metastable diffusion to the walls {9]. It can be
evaluated from classical diffusion theory [10] as 7. = a- R?P/(DP). A complete discussion of
the measurements and calculations of . has been achieved by Rice [4].

To take the radiation trapping effects into account, we use the procedure proposed by An-
derson and coworkers [10]. We summarise this procedure as follows:

At point ', an atom in the 23P; state decays to any of the three 23S; substates and the
emitted radiation is absorbed at a point T by a metastable in any of the three 23S, substates.
Then the trapping contribution [10] to the rate equations (1) is, for the example of the n*
density:

dnt(T,t)

dt
—n?® / > drdvP, (0){exp =Y o (B)(nt —n®)(F - f)}a;(e)(n+ -n"),  (3)

where P,(6) 1s the dipolar emission probability between the level 2°P and the j Zeeman substate
of the 23S level. 0} (8) is the absorption cross section of the radiation emitted by the deexcitation
of 2°P — 23S (in the Zeeman substate m = j) by atoms in the Zeeman substate m = 1.
This radiation is polarized and its polarization is defined by the Am selection rule. In the
quantities ¢}(8), ¢ and  represent the Am values of the radiation emission (z) and of the
radiation absorption () in the trapping process. The nine values o7 (8) are given in Appendix.
Here 6 is the angle between the direction T — T’ and the quantization axis. The exponential
term shows the absorption of radiation between T and T while the last term 1s the absorption



Ne1 RADIATION TRAPPING 97

probability at the point . Similar expressions for n~ and n° can be obtained. In addition,
there is a fourth contribution to the rate equations. It is due to the 23P state and can be
dn® dn?
e~ 4 dt’

These integro-differential equations are nonlinear and nonlocal. In order to simplify the
numerical calculations of these equations the following assumptions are made:

written as

i) the state populations nt,n% n~,n% are independent of T inside the pumping chamber;
ii) the intensity of the laser light is uniform on the window of the chamber.

The first assumption, to be discussed later, allows an analytical integration over T. The inte-
grations over frequency and angle are performed by using Hermitian-Gaussian approximation
methods. We denote by x, the nodes and by w, the weighting factors of the Hermite integra-
tion method [11], and denote by u, the nodes and by w,, the weighting factors of the Gauss
A3 M
8T {27rkT

1/2
integration method [11]. Also v, = ] e . This yields the following expression

in the example of n™:

dn~ n%
a _2\/7_rT(n -n )sz ZwljFI(u]) + w3, F3(u,;) + ws, F5(u,)
with
(2 — u2)? 1—exp— (-—‘“R%il(u]))
FI(UJ) = J 2
1-u? p1(u;)
1— 4
pili) = @) =)+ T =) 4 ot )
1—-exp— <——R%i3(uj)>
— 2 3
Fs3(u,) = 11— o)
with
w3(u;) =(1— u?)(n_ )+ u?(n —n%) 4+ (1 — u?)(nt — n) (4)
and
L 1o (Rt
Fy(u,) = — (Ps(u])
with
u‘; 2(1 ——’LL?) 00).

ws(u,) = '(’2‘:'u_z)(n_ -n%) + 4, (2_—“?)(”0 —n%)+ (2~ ”’?)(nJr —-n

Similar results can be written for nt and n°. The detailed calculations are clearly presented
in the two Anderson’s papers [10].
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The final necessary parameters are:

i) the initial values of the densities n* =n~ = n® =n/3 and n%° =0
ii) the total laser intensity I per cm? with I, = I, = I/2

)

iii) the relaxation time 7; and

iv) the radius R of the pumping chamber (in our experiment R = 5 cm).

The total density n depends on the helium pressure and varies between 10° and 10*! cm~3.

4. Results and Discussion

With the inclusion of the trapping terms the rate equations are no longer linear and, even
in their steady-state form, they cannot be solved analytically. Therefore the steady-state
limiting values of the densities have been obtained by a numerical integration with respect
to time. This numerical integration has been performed by two different codes, run on two
different computers. These codes were written independently, using two different numerical
integration methods The results were identical within the computer’s accuracies. Therefore,
any discrepancy between theoretical predictions and experimental data must result from the
model, not programming errors.

Figure 3 displays the time evolution of the calculated polarizations, for various metastable
initial densities, taking radiation trapping into account. For a density less than 10° cm™*
trapping 1s negligible and the saturated polarization value is of the order of 80%, while for an
initial density larger than 2 x 10! cm™2 the trapping effect is so strong that this saturated
value is reduced to a few percent. Precise values of the upper and lower bounds for the initial
density depend on the parameter values used as well as on the approximations made in order
to simplify the numerical calculation. The same set of initial metastable density values has
been used in a calculation without trapping effect; for any of these densities an asymptotic
polarization value close to 85% is obtained. These results clearly show that, for high metastable
initial densities, the trapping effect might account for the low asymptotic polarization value of
metastable atoms.

Figure 4 shows the calculated polarization versus the laser intensity with and without trap-
ping: a higher laser intensity will result in a higher polarization and saturation is reached
at approximately 13 mWem™2. This theoretical result agrees with the experimental one of
Schearer [12]. In the Schearer experiment the polarization is saturated at a 17 mWcem™2 in-
tensity while in the Walters experiment the polarization is saturated at 2 mW cm~2. If one
takes into account the larger absorption cross section in the Rice experiment, this last intensity
value would correspond roughly to a 12 mW cm ™2 intensity 1n our case. This means that we
are interested in laser intensities higher than 15 mW cm~2, if possible.

For a total density of 3 x 10'° ¢m™2, the mean free path of the 1.083 um photons is about
15 cm. Consequently, if the pumping chamber dimension is reduced, the probability of photons
escaping from the chamber increases sharply, resulting in lower radiation trapping. This is
confirmed by the calculations. Indeed if the radius of the chamber is varied from 7.5 cm to
2.5 cm the polarization increases from 68% to 81%. One concludes that a small dimension of
the pumping chamber is the right choice. But, such a reduction leads to shortened diffusion
decay lengths ‘and reduces the metastable density and thus the electron currents that can be
produced by the source. For instance, in a 1 cm diameter transport tube the metastables
are completely destroyed. So an optimisation procedure must be applied in searching for the
proper compromise.
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Fig. 3. — Polarization values calculated versus the time ¢ for different metastable densities (a: 0.1,
b 10,c 50,d 75,e 100, f: 13.0, g: 20.0 in 10*° cm™3 unit). The laser intensity is 7 mWem ™2,
The radiation trapping is included by contributions (4) to rate equations (1).
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Fig. 4 — Polanzation values calculated versus the laser intensity / with and without radiation

trapping. The metastable density is 3.0 x 101° cm™3.

One way to increase the electron current is to increase the metastable density by shortening
the transport tube. However this still increases the trapping effect and thus reduces the
polarization achievable. Again a compromise must be found.

Figure 5 shows experimental values of the metastable polarization versus the pumping laser
power for two different configurations: a) helium pressure P = 0.09 mb and metastable density
n < 0.5 x 10!° cm~3; b) helium pressure P = 0.16 mb, and metastable density n ~ 1.4 x
10'° cm~3, the other parameters remaining equal (the curves are only a guide for the eye).
The difference of shape is due to the trapping effect as is proved by the curves of Figure 4.
This confirms the importance of this effect.

Figure 6 shows the calculated polarizations with the radiation trapping included for laser
intensities of 7 and 5 mWcem ™2 (these values are typical of our laser), as well as experimental
metastable and electron polarizations. The experimental values decrease at higher metastable
densities following the general trends of the calculated polarizations. Notice however that the
experimental polarizations decrease slightly faster than the calculated ones This qualitative
agreement confirms the effect of radiation trapping. The metastable experimental values are
closer to the theoretical curve than the electron ones. However, one expected approximately the
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Fig. 5 — Experimental metastable polarization data [6] versus the o light intensity; a) with low

helium pressure and low metastable density; b) with high helium pressure and high metastable density.
The curves are only a guide for the eye Radiation trapping explains the lowest polarization 1n case b.
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Fig 6 — Polarization values calculated for I = 7 and 5 mWcm ™2, The experimental data are the

polarization values measured by a probe laser (metastable) and by a Mott polarimeter (electron).

same values for metastable and electron polarization because the spin 1s well conserved by the
chemi-ionization reaction [4]. This large difference indicates that other factors are depolarizing
the metastables just before the chemi-ionization and (or) the electrons freed from this reaction
before the measurement by the polarimeter. Actually unpolarized electrons are produced
by metastables in the singlet state (2!Sy). But our measurements indicate for these atoms
a relative density less than 5%. Other explanations such as magnetic field gradient effects,
depolarizing chemi-ionization concurrent reactions, and elastic collisions of the electrons with
the helium gas have been estimated to be negligible by the Rice team [2] and at Orsay, too.

Only the ionization of the background gas at the extraction region remains as an explanation
of the depolarization.
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It is known [10] that in a cylindrical tube the radial shape of the metastable atom density
is well fitted by the function cos(wr/2R), where r is the distance to the cylinder axis and R
the cylinder radius. We have performed a calculation in which this radial variation of the
metastable density is taken into account. This calculation shows a polarization reduction
of some ten percent; and thus does not question our conclusions. We are developing a more
efficient program in order to take into account not only the metastable density radial variation,
but also its longitudinal variation and the nonuniformity of the laser beam as well.

5. Conclusion

We have studied the importance of radiation trapping for the Orsay polarized electron source
and have shown that this phenomenon explains in a qualitative way the metastable depolar-
ization observed. Recent calculations lead to the same conclusion for the Rice electron source
[13]. But at Orsay some other parasitic effects have still to be analyzed to explain the electron
polarization degradation. From the present calculations we propose for an improved design of
the source:

i} increase the laser intensity;
ii) concentrate the laser light on a smaller pumping volume;

iii) optimize the diameter of the pyrex tube.
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Appendix

The trapping contributions (Eq. (3)) need the absorption cross sections for the polarized decay
radiation: terms o} where + means the Am for emission and j the Am for absorption. The
quantities are specific for the helium 23S;-23P; transition. Following reference [10]:

ao(6) 20 sin’ 6
0}.(0) = 0¢%,(8) =0cos?
ot = oZi(6) =osin /(1 + cos® 6)
oti(8) = o071(6) =0o(1+cos’8)
o' (0) = o05'(8) = 20sin®8/(1 + cos® 6)
with o = o F(vo)

1671
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