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Abstract
Experiments on free-free electron scattering by an Ar target are reported. The angular distri-
bution of 350 eV electrons, elastically scattered at angles between 4° and 80° in the presence of
1.17 eV photons from a Nd:YAG laser, shows a pronounced maximum close to 47°, and is symmetric
about this angle, as predicted by a Kroll-Watson approximation calculation for the experimental
kinematics. The experiments test a term in the approximation that is a strong function of the

magnitude and direction of the momentum transfer of the elastically scattered electrons.

PACS numbers: 34.80.Dp



I. INTRODUCTION

The free-free process is the scattering of an unbound charged particle by an atom,
molecule, or ion, accompanied by the absorption (or emission) of energy, from (or into) an
ambient electromagnetic field [1, 2]. It is of interest, not only as a fundamental phenomenon,
but also because of its importance in astrophysical and plasma modeling. This has been
known since the 1930’s: Pannekoek [3] found that free-free transitions affect the infrared
opacities of certain types of stars [4], and Chandrasekhar and Breen [5] found that free-free
processes, for electrons on negative hydrogen ions, were important in the long wavelength
absorption by the solar atmosphere. Free-free transitions dominate the radiation transport
in air plasmas, such as cascade arcs and shock tubes [6], and such transitions are also im-
portant in plasma heating by radiation [7]. More recently, Kirchner [8] proposed the use of
laser-assisted collision processes to manipulate ionization and capture in ion-atom collisions.

The free-free process may be conveniently studied in the laboratory using a crossed-beam
type apparatus with an interaction region formed by the intersection of a charged-particle
beam, a gas-jet target, and a laser beam. The first such experiments on electron scattering in
a laser field were carried out using a continuous COy laser by Andrick and Langhans [9] who
observed single 0.117 eV photon emission and absorption by an electron scattered elastically
from Ar. Similar experiments by Weingartshofer et al. [10] observed the absorption and
emission of up to three 0.117 eV photons during e—Ar elastic scattering in the presence of a
pulsed CO, laser. Wallbank and Holmes [11-13] later carried out similar experiments using a
pulsed CO, laser and helium and argon targets; they reported the absorption and emission
of up to five 0.117 eV photons. Mason and Newell [14] carried out the first experiment
on electron impact ezxcitation in the presence of a CO, laser field (simultaneous electron-
photon excitation, or SEPE), and Luan et al. [15] investigated SEPE in He using a Nd:YAG
laser which produces photons of energy 1.17 eV, ten times the CO, laser energy. In a very
challenging (e,2e) experiment, Hohr et al. [16] investigated He ionization by 1 keV electrons
in the presence of a laser field of 1.17 eV photons from a Nd:YAG laser.

In our experiments the charged particles are electrons, and an Nd:YAG laser produces

1.17 eV photons. The reaction studied is

A+ e(Ey) + Nhw — A"+ e(E) + N'hw, (1)



where an electron of energy Fjy is incident on a target A in the presence of a laser field
of frequency w, and N’ = N + ¢, corresponds to the emission (+) or absorption (—) of ¢
photons by the A + e system, resulting in a final electron energy E = Eqy F (hw.

Laser-assisted free-free processes have been fairly successfully described by the semi-
classical Kroll-Watson Approximation (KWA) [17]. Our previous experiments tested the
dependance of the KWA on (i) the incident electron energy [18], (ii) the direction of the laser
polarization [19], and (iii) the target species [20]; we recently reviewed these investigations
into the validity of the KWA [21]. In this paper, we present our latest experiment into the
validity of the KWA; it examines the angular dependance of the free-free signal for electrons
elastically scattered through a range of angles by an Ar target in the presence of a 1.17 eV
laser beam.

Section II gives the Kroll-Watson approximation and our previous experimental tests of
it, discusses deviations due to dressing effects of the target by the laser field, and discusses
their possible effect on the present experiments. Section III describes the apparatus and
the geometry of our free-free measurements. Section IV presents the results, and Section V

contains our summary and conclusions.

II. THEORY

A. Kroll-Watson Approximation

The KWA relates the free-free cross section daﬁf}, /dS2, for absorption (¢ < 0) or emission

(¢ > 0) of ¢ photons, to the field-free elastic-scattering cross section dog;/dS2, by [17]
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Here k; and k; are the initial and final electron momenta, and J; is a Bessel function of the

first kind of order ¢, with argument
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where A is the wavelength of the radiation in um, I is its intensity in GW/cm?, € is the
polarization direction, E; is the incident electron energy in eV, and Q = k; — kg is the

momentum transfer. In fact what is measured in an experiment is the ratio of the free-free



(laser-on) cross section to the elastic scattering (laser-off) cross section,

ks

(dofip/49)/(doa/d2) = 3

Ji (@), (4)

which provides a direct test of the KWA, independent of a knowledge of the scattering cross
section. In the limit of small z, the Bessel function may be approximated by the first term
of a power series expansion and Eq. (4) becomes
® kp (12 a2
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In fact this form is useful for obtaining a qualitative description of the expected free-free
signal even when z is not very small.

We have carried out two experiments that probe the details of Eq. 4 for single photon
processes, i.e., for £ = £1. For a given laser wavelength and intensity, since EZ1 ? x ki, the
free-free signal is determined by the behavior of € - @ in Eq. 3. Our first experiment [18],
carried out at fixed laser polarization and electron scattering angle, tested the energy depen-
dence of the KWA. For that experiment E; = 50 — 350 eV, and thus F; > hw. Consequently
kf ~ k;, so Q o k; (with Q constant), and the energy dependence enters through = o EZ1 /2,
Our second test [19] kept the scattering kinematics fixed for each experiment and varied the
laser polarization over 6 = 0 — 27, where 6 is the angle between the polarization and the
momentum-transfer direction, so that € - Q = cos# determined the variation in the free-free

signal. It was found that the KWA gave a good description of the results of both tests.

B. Dressing Effects

One of the most remarkable things about the KWA is that it predicts that the properties
of the target do not affect the free-free signal. We have tested one aspect of this and have
found it to be true for experiments carried out in He, Ar, and Ny [20] at a single scattering
angle of 90°.

In the derivation of the KWA, the wavefunctions of the incident and scattered electrons

of charge e, mass m, wavevectors k; s, are taken as the solutions of Schrodinger’s equation

in the laser field F',
€
U =0 x exp (‘ZWF : ki,f) ; (6)



where F'(t) = Fysin(wt) is the electric field of the laser, and ¢Z.(Sc) are the field-free wave-
functions for k; ;. The spatial integration in the scattering matrix element involves only
the w _+ and leads directly to the field-free doe /dS) term in Eq. 2, and an expansion of the
exponential term leads to the Bessel function term [22] with Q = ks — k;. (Note that two
terms in the square of the field, that do not depend on k, have been omitted from Eq. 6;
these are eliminated by the inner product when factored out of the matrix element [22].)

This derivation of the KWA assumes that only the free electron is affected by the laser
field via Eq. 6, and that the laser does not interact with the target in any way — i.e., the
target is not “dressed” by the laser field, and the field-free atomic wavefunction may be
used.

To include dressing effects requires the use of an atomic wavefunction which is a solution
of Schrodinger’s equation in the laser field. Qualitatively, this corresponds to Stark mixing
of the atomic energy levels, and a calculation of the absorption or emission of photons
during elastic scattering requires a wavefunction that is an admixture of the ground state
and opposite parity excited states. The admixture of each excited state ¢, with the ground
state ¢ is determined by (¢, |eFy - 7|po) /(E, — Ey), i.e., by the off-diagonal dipole matrix
element connecting the two states in the Hamiltonian, divided by their energy separation.

It is convenient to discuss dressing effects in terms of a Born approximation calculation
in which case the free-free amplitude is the KWA amplitude modified by the addition of an
extra term that is the derivative of the Bessel function, J)(x), times a sum over v of the
products of the dipole-allowed Born excitation amplitudes and the excited state coefficients,
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and equivalent expressions with ¢, «— ¢g [23].

For small elastic scattering angles the Born amplitude can be expanded in powers of @),
and for ) < 1 (in atomic units) the Born matrix elements become (¢, |Q - 7|¢o), which are
of the same form as the dipole matrix elements. For the special case of Q parallel to Fp,
with laser polarization defined to be in the z direction, the additional term in the free-free
scattering amplitude becomes proportional to the electric dipole polarizability of the ground

state,
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This leads to a cross section given by Zon [24, 25] as the polarizability «,

Aol kg am2w?x ., |
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where f is the field-free scattering amplitude (doe/dQ = |ful?).

Byron and Joachain [23] carried out calculations of dressing effects for H (o = 4.5 a.u.)
and He (o = 1.4 a.u.) using terms of the form of Eq. 7, and predicted sizeable cross sections,
for an incident electron beam of 100 eV and scattering angles below 4°, whereas the KWA
predicted essentially zero free-free cross sections.

Morimoto et al. [25] carried out the first experiments that unambiguously observed dress-
ing effects in free-free collisions. For a Xe target, for which o = 28 a.u. [26], and with 1 keV
electrons, the effect of dressed states was observed at scattering angles less than 1°, and were
in good agreement with a Zon-type calculation. In an earlier experiment [27] they verified
that the KWA appeared to be valid between 2°; and their experimental maximum scattering

angle of 12°.

C. Free-free angular distributions in Ar

Here we report new experiments that examine the free-free signal as a function of the
scattering angle for single photon processes in Ar. This probes the dependance of Eq. 4
on both the magnitude and the direction of @ for a fixed incident electron energy. Note
that all our previous experiments were carried out at fixed scattering angles, so the present
experiment is our first to test this aspect of the KWA.

It is unclear whether we expect to see any dressing effects. Ar has a relatively small dipole
polarizability, o = 11 a.u. [26], and for experimental reasons we are restricted to scattering
angles much greater than 1°. For such large scattering angles a Zon-type calculation in
terms of « is not valid, and a full calculation using the terms of Eq. 7 would be necessary,
requiring a detailed knowledge of excitation matrix elements. However, the lowest excited
state has an excitation energy half that of He, and there are twice as many dipole-allowed
excited states: 3p — ns,nd as opposed to only 1s — np for He. Thus we expect any dressing
effects in the free-free amplitude for Ar at large scattering angles to be about a factor of four
larger than those in He; an experimental measurement of the free-free angular distribution

in Ar to test for deviations from the KWA is therefore desirable.



Figure 1 shows angular distributions for £ = +1 calculated with the KWA using Eq. 4,
for the kinematics appropriate to our experimental setup described in the next section in
which the laser polarization direction lies in the scattering plane at a nominal angle of 135°
to the electron beam. Three calculations are shown, for laser intensities I = 10, 50, and
100 GW /em?, with all calculations normalized to unity at the maximum value that occurs at
45°. For intensities below 10 GW/cm? the (normalized) angular distributions are essentially
identical, and we have therefore labeled the 10 GW /cm? calculation as <10 GW /cm?; our
experiments are carried out under these conditions. As can be seen in the figure, the effect of
increasing the laser intensity is to broaden the angular distribution. For very high intensities
above 200 GW/cm? (not shown), a shallow minimum appears at 45°.

The qualitative behavior of the calculated angular distributions shown in fig. 1 can be
explained as follows. For zero degree scattering with E; = 350 eV and an energy loss (or
gain) of 1.17 eV corresponding to a single photon process, @) =~ 0, and the free-free cross-
section vanishes. At 90° scattering the momentum transfer direction Q is perpendicular to
the laser polarization direction €, and the free-free cross-section again vanishes. In fact it is
straightforward to show that for this special laser polarization direction, the quantity € - Q,

and hence the free-free signal, between 0° and 90° is symmetric about 45°.

III. EXPERIMENTAL METHOD

The free-free experiments were carried out using a Continuum Powerlite 9030 Nd:YAG
laser with photon energy 1.17 eV (A=1.06 um), repetition rate 30 Hz, pulse duration ~ 12 ns,
and, in the present experiments, intensities of order 10 GW/cm?. (The pulse width and the
intensity depend on the age of the laser flashlamps; so care had to be taken that data was
taken over a time interval for which the laser intensity was constant.) The 1 cm diameter
laser beam enters the vacuum chamber through a window, passes through a lens that focuses
it down to 0.75 mm at the interaction region, and then expands to about 1 ¢cm before being
directed vertically upward to an exit window in the lid of the vacuum chamber. The laser
beam is terminated in a beam dump with an attached thermocouple to monitor the beam
intensity as a function of time. The temperature of the beam dump with the laser on is
typically between 30° and 50° C above room temperature, again depending on the state of

the laser flashlamps.



The kinematics of the present experiments are different from our previous experiments. In
order to carry out measurements for a range of scattering angles less than 90°, the apparatus
was reconfigured to the arrangement shown in fig. 2. The incident electron energy for the
present experiments was fixed at E; = 350 eV. The electron spectrometer consists of an
unmonochromated electron gun, with an energy full-width-at-half-maximum (FWHM) of
about 0.5 eV, and a scattered electron detector, both mounted on independent coplanar
concentric turntables, and a single-bore gas nozzle to create the target beam; the pressure
in the gas jet is estimated to be somewhat less than 1 Torr. See [18] for details of the
spectrometer, data acquisition system, and data analysis.

The scattering geometry for the present experiments is as shown in fig. 2. The magnitude
of the angle between the electron beam and the laser beam is nominally 135°, as it is for
the polarization direction £, and the scattered electron detector is positioned to receive
electrons elastically scattered through 0° to 90°~ the maximum range permitted with this
arrangement. The angular range of the momentum-transfer direction Q is then as shown in
the figure; the angle between ¢ and Q ranges from approximately 45° to 90°.

In fact it is difficult to position the laser at exactly 135° with respect to the electron beam
because the laser beam diameter varies across the vacuum chamber. After aligning the laser
so that it passes exactly through the interaction region formed by the intersection of the
electron beam and the gas jet, the overall path of the laser beam was measured and found
to be at 137° £ 2° with respect to the electron beam. Thus the laser polarization direction
is 133° £+ 2° with respect to the electron beam. This systematic uncertainty includes a

contribution from the alignment of the electron gun.

IV. RESULTS AND DISCUSSION

Experiments were carried out for scattering angles between 4° and 80°. The scattered-
electron detector was manually positioned at the required angle for each experiment and
the electron gun was tuned to yield a count rate that could be handled by the detector
electronics, in practice a maximum of 60,000 ¢/s in the wings of the elastic peak at an
energy 1.17 eV away from the center of the elastic peak. The measured count rate in the
elastic peak was then of order 10° ¢/s. The differential cross section of Ar varies by almost

three orders of magnitude between 0° and 90° [28, 29|, and the electron-beam current was



adjusted appropriately using the bias on the cathode housing. Each free-free experiment
took of order 1 to 3 days to obtain adequate statistics. The resulting free-free angular
distribution is shown in fig. 3. Two sets of data points are shown. The circles (red) are
for experiments carried out using an argon atomic beam with a pressure about 1 Torr, and
the squares (blue) are three experiments at about 0.1 Torr. These two pressures differing
by a factor of 10 were used to check for double-scattering effects; it is known that free-free
experiments can be influenced by such effects at high pressures [30]. The fact that the two
pressures give the same results to within the statistical errors indicates that such effects are
not present, or, if they are, do not alter the shape of the angular distribution. Note that
the vertical scale is absolute, and is the number of laser-on single photon free-free counts
per hour, divided by the number of electrons per hour scattered elastically when the laser
is off. Thus the high and low pressure data may be directly compared.

On the other hand, the KWA may not be compared directly with the data because the
exact overlap of the laser beam, electron beam, and gas jet (the geometric efficiency) is not
known. We therefore fit the overall magnitude of the calculated KWA to the experiment.
The solid (green) curve in fig. 3 is a fitted KWA calculation with an angle between the
polarization of the laser and the electron beam of 133°, for which the fit has a satisfactory
reduced chi-square x? = 1.5. (Note that there is an uncertainty of 4+2° in the alignment,
and a better fit with x? = 1 can be obtained for an angle 132°.) The calculation used an
intensity of 5.6 GW /cm?, in keeping with our earlier experiments [18]. Thus the calculations

fall into the < 10 GW/cm? range of fig. 1.

V. SUMMARY AND CONCLUSIONS

We have carried out angular distribution measurements over a wide angular range for
the elastic scattering of electrons from Ar in the presence of a 1.17 eV laser field, and have
compared the results with KWA calculations. The measurements correspond to an angle
between the electron beam and laser polarization of 133° for which an angular distribution
symmetric about 47° scattering angle is predicted; our results are close to being symmetric
about this angle. Thus, within the systematic and statistical uncertainties, the measure-
ments are rather well reproduced by the KWA model concerning the shape of the angular

distributions. That might indicate that the aforementioned dressing effects are negligible in



the present experiment.

Future work includes carrying out free-free measurements for inelastic scattering in Ar.
The lowest excited states have electric dipole polarizabilities of o ~ 300 [31], and a Zon-type
model predicts large cross sections via dressing effects at small angles for which the KWA
predicts very small cross sections. Also, now that the present experiments have confirmed
the validity of the KWA for large angle scattering in Ar, there is the possibility of observing

deviations due to dressing effects for large angle inelastic scattering.
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FIG. 1: Angular distributions of 350 eV electrons for single photon processes (¢ = £1) calculated

with the Kroll-Watson approximation (KWA). The results are given as the ratio of the free-free

cross section to the field-free cross section, and all calculations are normalized to unity at 45°. The

laser polarization direction lies in the scattering plane at 135° to the electron beam (see fig. 2).

Calculations for three laser intensities are shown; note that all intensities less than 10 GW /cm?

result in the solid curve.
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FIG. 2: Schematic of the experimental apparatus showing the relative directions of the laser beam,
laser polarization, electron beam, and the momentum transfer. As the scattered electron detector

is varied from 0° to 90° the momentum transfer sweeps through 45° as shown; for 90° scattering,

it is perpendicular to the polarization direction.
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FIG. 3: Free-free angular distribution of 350 eV electrons scattered from an Ar target in the
presence of a 1.17 eV laser field. The circles (red) are for a target density of approximately 1 Torr,
the squares (blue) are for a target density of approximately 0.1 Torr. The solid (green) line is a
Kroll-Watson approximation calculation for single photon processes and polarization 133° to the
electron beam. The magnitude of the calculation in the figure corresponds to the best fit to the

data. See text for details.
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