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Abstract
Experiments on free–free electron scattering, specifically the absorption or emission of 1.17 eV
photons from a Nd:YAG laser field by an unbound electron when it is scattered by an atom or
molecule, are reviewed. For large scattering angles such experiments are well described by a
simple analytical theory that is independent of the properties of the target. At small scattering
angles this theory breaks down for targets with a high dipole polarizability α, and an additional
term needs to be incorporated in the scattering amplitude. This term is proportional to the dipole
polarizability, and hence introduces the properties of the target into the free–free cross section—
i.e., the laser field ‘dresses’ the atom. A progress report is given of free–free experiments
designed to look for such ‘dressed atom’ effects during the electron-impact excitation of argon in
the presence of a laser field; the lowest excited states of argon have α≈300 atomic units.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The absorption or emission of radiation by charged particles
during collisions with atoms and molecules has long been
known to be important in astrophysical and plasma phenomena.
As long ago as 1930, Pannekoek [1] considered the effect of
‘free–free’ transitions, i.e., the absorption (or emission) by
unbound electrons of energy during collisions in the presence of
radiation. He found that this type of transition is important for
determining the infrared opacities of certain types of stars [2].
Chandrasekhar and Breen [3] found that existing discrepancies
in the long wavelength absorption of the solar atmosphere could
be explained by free–free cross sections, for electrons on
negative hydrogen ions, that were an order of magnitude larger
than those previously used. Free–free transitions are also known
to dominate the radiation transport in certain types of air plas-
mas, such as cascade arcs and shock tubes [4], and they are also
important in the heating of plasmas by radiation [5]. More
recently, it has been proposed to use laser-assisted collision
processes to manipulate ionization and capture in ion-atom
collisions [6]. Free–free experiments carried out under

controlled laboratory conditions, such as those described below,
can therefore provide detailed information on these important
processes, even though the targets investigated are different.

The first experiments involving electron scattering in a laser
field were on the so called ‘free–free’ transitions where the
elastic scattering process is involved as a mechanism for
allowing both energy and momentum conservation when the
incident electron absorbs or emits a photon in the field of the
atom [7]. Weingartshofer et al [8] observed the absorption and
emission of up to three 0.117 eV photons from a continuous
CO2 laser during e–Ar elastic scattering. Wallbank and Holmes
[9–11] carried out similar experiments using a pulsed CO2 laser
and a helium target. They reported the absorption and emission
of up to five 0.117 eV photons and found intensities much
greater than theoretical predictions. The first experiment on
electron-impact excitation in the presence of a laser field
(simultaneous electron-photon excitation (SEPE)) was carried
out by Mason and Newell [12]. Luan et al [13] investigated
SEPE in He using a Nd:YAG laser which produces photons of
energy 1.17 eV, ten times the CO2 laser energy. They found
disagreement between theory and experiment. In an (e, 2e)
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experiment, Höhr et al [14] investigated He ionization by 1 keV
electrons in the presence of a laser field of 1.17 eV photons from
a Nd:YAG laser. Their results were in poor agreement with
quantum calculations but could—oddly enough—be explained
with a simple classical model. The above experiments indicate
that laser-assisted electron collisions are not yet well understood.

2. Experimental tests of the Kroll–Watson
approximation (KWA)

As stated above, the scattering of an electron by an atomic or
molecular target, in the presence of a laser field, is known as
laser-assisted free–free scattering, or simply free–free scat-
tering [15, 16]. For electrons of energy E0 incident on a target
A, and a laser field of frequency ω, there is the possibility of
the absorption or emission of one or more photons,

A e E A e E , 10   w w+ +  ¢ + + ¢( ) ( ) ( )

where n ¢ =  , corresponds to the emission (+) or
absorption (−) of n photons by the A+e system and the final
electron energy is E E n0 w=  .

We are carrying out experiments of this type using a Con-
tinuum Powerlite 9030 laser, photon energy 1.17 eV, with a
repetition rate of 30Hz, and pulse duration ∼8 ns and a nominal
energy 1.6 J per pulse. The apparatus is shown schematically in
figure 1. The spectrometer and the laser have been interfaced with
a data acquisition system (DAQ) developed specially for our
experiments; see figure 2. At the heart of the DAQ is a Parallax
Inc. PropellerTM chip that contains eight separate processors that
can operate independently while being synchronized by a single
system clock [17]. Data is acquired in a time spectrum, of 12.5ns
time bins, that spans the laser firing. The laser-assisted signal is
found from the laser-on signal minus the laser-off signal. The
data-collection system also records the relative laser power, via
both a power meter and a thermocouple on the laser beam dump,
and the energy-selection voltage on the scattered-electron optics.

Our first three free–free experiments tested the KWA [19],
a semi-classical theory used fairly successfully to interpret most
free–free experiments, but never before tested for a laser field
of 1.17 eV photons. The KWA relates the free–free cross
section d dn

KWAs W( ) , for absorption (n<0) or emission (n>0)
of n photons, to the field-free elastic scattering cross section

Figure 1. Electron scattering apparatus used for free–free experiments. A: Nd:YAG laser, B–E: optical components, F: He nozzle, G:
scattered-electron detector, H: electron gun, J: vacuum chamber, K: beam dump, L: power meter (for set-up), Q̂: momentum transfer
direction. Reprinted figure with permission from [18]. Copyright (2014) by the American Physical Society.

Figure 2. Data acquisition system (DAQ).
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which provides a direct test of the KWA.
Our first experiment [20] measured single-photon emis-

sion at a range of incident electron energies from 50 to 350 eV
on He. The results are shown in figure 3, where it can be seen
that our data is perfectly consistent with the KWA.

Our next test of the KWA, for 1.17 eV photons, measured
the free–free signal as a function of the linear polarization direc-
tion with respect to the momentum transfer direction [18]. This is
of interest because the experiments of Wallbank and Holmes
[11], using 0.117 eV photons, found free–free signals orders of
magnitude larger than those expected when the laser polarization
is almost perpendicular to the momentum transfer direction;
the KWA predicts vanishingly small free–free signals for this
geometry. We measured the free–free signal (single-photon

Figure 3. Free–free transitions for He at incident electron energies
50 to 350 eV. The solid circles are the experimental data for one-
photon emission, and the solid square is for two-photon emission.
The solid lines are one-photon and two-photon KWA calculations
fitted to our experiment at 300 eV. Reprinted figure with
permission from [20]. Copyright (2011) by the American Physical
Society.

Figure 4. The free–free signal for He as a function of laser
polarization direction. Reprinted figure with permission from [18].
Copyright (2014) by the American Physical Society.

Figure 5. The free–free signal for different targets: He, Ar, and N2.
Reprinted figure with permission from [21]. Copyright (2016) by the
American Physical Society.

Figure 6. Calculated angular distributions for the absorption of one and
two 1.17 eV photons during the elastic scattering of 350 eV electrons by
potassium (α=290). Blue broken line: Kroll–Watson approximation
for undressed atoms. Black solid lines: Zon’s model for dressed atoms.
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absorption) for electrons of energy 30, 60, 120, and 200 eV
incident on He in the presence of a laser field with polarization θ

varied over the full 180°. The KWA predicts a free–free signal
cos2 qµ at all these energies for our laser intensity. For all inci-

dent energies our results were consistent with the KWA, and we
found no evidence of a non zero free–free signal when the laser
polarization was perpendicular to the momentum transfer direc-
tion. Figure 4 shows the sum of the data at all energies. The curve
is pure cos2 q, and it can be seen that there is no evidence of a
non zero minimum. Covering the full 180° range gives a more
rigorous test of the KWA than a single measurement at 90°—in
fact our measurements are the first ever comprehensive invest-
igation, for any photon energy, of the free–free signal as a
function of polarization direction.

Our third experiment investigated free–free scattering from
different targets [21]. Both our earlier experiments were carried
out using helium as a target, and both investigated only single-
photon processes. This experiment extended our test of the KWA
for 1.17 eV photons by measuring the free–free signal for 1, 2,
and 3 photon absorption for He, Ar, and N2 targets. These three
targets span a large mass range withMHe=4 u, M 28 uN2 = ,
and MAr=40 u, and lowest electronic excitation energies in eV
of about 6 (N2), 12 (Ar), 21 (He). One of the key assumptions of
the KWA is that the ratio of the free–free cross section to the
elastic scattering cross section is independent of the target atom
or molecule. One requirement for this to be true is that the photon
energy is much less than the lowest excitation energy of the
target, and the laser intensity is sufficiently small that multi-
photon excitation processes can be ignored. A more interesting
requirement for the KWA to be true is that only first order
processes are important, for if a second-order treatment is
necessary, the sum over all intermediate excited states clearly
depends on the energy level structure of the target. Figure 5
shows our results for incident electron energies 200 and 300 eV
on the three targets. At each energy, the count rate in the elastic

peak was adjusted to be the same for each of the targets, and
measurements of the free–free signal were made at 1.17 eV,
2.34 eV, and 3.51 eV above the elastic peak, corresponding to 1,
2, and 3 photon absorption. All the results are in good agreement
with the KWA, and there is no evidence of any target effects.
This is particularly surprising for N2, in view of its low-lying
vibrational and rotational structure. To our knowledge, this is the
first direct comparison of free–free scattering for different targets.

3. Deviations from the KWA: dressed atoms

In fact deviations from the KWA are predicted at small angle
scattering—the experiments described above were for scattering
angles at 90° or greater. The deviations result from the distortion
of the target by the electric field of the laser; this effect of laser
radiation ‘dressing’ an atom during an electron–atom collision is
currently of great interest. It was first treated theoretically by
Gersten and Mittleman [22] in 1976, and it has taken nearly 40
years for its experimental observation. Very recently the first
experiments that have unambiguously observed the effect of
dressed atoms in laser-assisted scattering experiments have been
reported by Morimoto et al [23]. Byron and Joachain [24]
investigated the case where the atom is ‘dressed’ by the electric
field of the laser, and therefore the KWA is not expected to be
correct, particularly at very small scattering angles. They eval-
uated the effect of a hydrogen atom dressed by an admixture of
p-states due to the laser’s electric field. More generally, the effect
of dressing could be expressed in terms of the electric-dipole
polarizability α of an atom, a result previously obtained by Zon
[25] in the context of Bremsstrahlung. They concluded that the
effects in helium (α=1.4 [atomic units] [26]) would be neg-
ligible, and suggested the heavier noble gases as possible
candidates.

Morimoto et al carried out experiments in Xe, for which
α=28 [26]. They measured the angular distribution of

Figure 7. Potassium free–free signal in the timing spectrum. The red and blue data points are for electrons that reach the detector while the
laser is on and off, respectively.
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electrons having absorbed one photon of energy 1.55 eV
during elastic scattering. The KWA predicted that the inten-
sity should fall to zero at small scattering angles, but their data
showed a rising intensity as the scattering angle was
decreased, in qualitative, but not quantitative, agreement with
a calculation based on Zon’s model[25] that includes the
effect of dressing via the polarizability α. This quantitative
disagreement was possibly due to experimental complications
at the very small scattering angles (∼0.5°) for which dressing
effects began to occur. They also measured the angular dis-
tribution for two-photon absorption, and found negligible
dressing effects, in agreement with Zon’s model prediction.

Zon’s model[25] yields a simple analytical formula for
the cross section[23], which includes the effect of dressing,

k

k
J x f

m x
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J x
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where fel is the field-free scattering amplitude (d dels W =
fel

2∣ ∣ ), me is the electron mass, c2w p l= is the frequency of
the laser radiation, and J n¢ is the first derivative of the Bessel
function; the quantity x is the same as in equation (2). The first
term is simply the KWA, and the second term represents the
dressing of the atom by the laser. This equation predicts that
dressing effects are observable from zero scattering angle, up to
a scattering angle that increases strongly with α.

One target with a large dipole polarizability is potassium,
with α=290 [26]. Using equation (4) we have calculated the
expected KWA and Zon cross sections for one- and two-
photon processes during the elastic scattering of electrons by
potassium, with parameters appropriate for our experimental
set-up. The incident electron energy is 350 eV, the photon
energy is 1.17 eV (Nd:YAG laser), the laser intensity is
15GW cm−2, and the field-free elastic scattering cross
sections were taken from the NIST database [27]. The results
of our calculations are shown in figure 6. The effect of the
high value of α for K is to shift the minima in the Zon cross
sections to much larger scattering angles, into a region more
readily experimentally accessible than in the Xe case. The
Zon calculation also predicts dramatic effects in both one- and
two-photon cross sections, unlike for Xe.

We have carried out exploratory free–free experiments in
potassium, using the metal vapour oven previously used on
Cd experiments [28]. Figure 7 shows our first ever free–free
signal in potassium, for an incident energy of 350 eV, and the
kinematics shown in figure 1 with the laser polarization along
the momentum transfer direction; this arrangement maximizes
the free–free signal. No dressed atom effects are expected for
these kinematics; the experiment was designed to test the
feasibility of free–free experiments in metal vapours. In order
to get a measurable free–free count rate it was necessary to
produce an intense potassium beam, as a result of which the
exit aperture of the gun eventually blocked up—even without
the electron beam collimating apertures (needed to prevent the
electron beam from entering the detector at the small scat-
tering angles) required for the observation of dressed atom
effects (see figure 6).

We are currently investigating a system that suffers from
neither of these disadvantages: free–free inelastic scattering in
Ar. The dipole polarizability of the ground state of Ar is α=11
[26], whereas for the lowest excited states α≈300 [29] (i.e.,
similar to the potassium ground state). Figure 8 shows the
ground, and lowest excited states of Ar [30], and figure 9 shows
an energy loss spectrum (laser-off) taken with the unmono-
chromated electron beam used in our experiments.

In the absence of a laser field, electron-impact excitation of
the first excited state, at high incident electron energy and small
scattering angle, is given by the dipole-allowed transition

p e E p s e EAr 3 Ar 3 4 , 5i f
6 5ñ +  ñ ñ +(∣ ) ( ) (∣ ∣ ) ( ) ( )

but when a laser field is present the reaction is

p e E

p s p e E

Ar 3

Ar 3 4 4 , 6
i

f

6

5







w
w

ñ + +

 ñ ñ + ñ + + ¢
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Figure 8. Ar energy levels [30].
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due to Stark mixing between opposite parity excited states; it is
this mixing that leads to a high dipole polarizability. Thus
dressed atom effects are expected to be observed for excitation at
small scattering angles.

Figure 10 shows the results of preliminary free–free
experiments carried out on the lowest excited state of Ar. A
KWA calculation is also shown, normalized to the data at a
scattering angle 45scq = . (The experimental geometry is

different from the earlier experiments: the gun is positioned
90° anticlockwise from that shown in figure 1; the scattered-
electron detector then has an angular range 0 90scq =  ,
with the laser polarization along 45°.) The experimental
points at 4° and 22.5° are consistent with the KWA, but the
two data points at 2° are not, and support the possibility of a
target dressed by the laser field. The upper, circular, data
point at 2° corresponds to a measurement at an energy loss

Figure 9. Ar electron-impact energy loss spectrum for 350 eV incident energy electrons scattered through 45°. The positions of excited Ar
states are indicated by the vertical bars above the curve.

Figure 10. Provisional Ar inelastic free–free angular distribution for 350 eV incident electrons. The circles and triangle are for electron energy
loss below and above the energy of the first excited state, indicated by the vertical arrows in figure 9 (see text). The vertical bars are the
statistical uncertainties. The dashed line is a KWA calculation normalized to the data at 45°.
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one photon energy below the position of the maximum in the
energy loss spectrum (i.e., absorption), and is indicated by the
left vertical arrow in figure 9. The lower, triangular, data point
at 2° is a measurement at an energy loss corresponding to the
position of the minimum in the energy loss spectrum indi-
cated by the right vertical arrow in figure 9; it should contain
a contribution not only from photon emission during p s3 4
excitation, but also photon absorption during higher excita-
tions such as p d3 3 , etc. Zon’s model is given in terms of
the elastic scattering amplitude; it is unclear how it should be
modified to be used for inelastic scattering, so it is not shown
in figure 10.

Both these data points necessitated long run times to
achieve statistically significant results. Figure 11 shows the
timing spectrum for the 2° absorption experiment which
lasted one week in order to obtain a free–free signal at the
4.4σ level. (The other 2° experiment is significant at the 4.5σ
level; the timing spectra for both types of 2° experiments
added together yield a result significant at the 6.27σ level.)
These free–free experiments in Ar are continuing; the whole
inelastic scattering angular distribution 0→90° needs to be
measured with adequate statistics, in order to confirm the
existence of dressed atom effects.

4. Summary and conclusions

We have carried out experiments which support the existence
of dressed atom effects due to the presence of a laser field
during the electron-impact excitation of Ar. The effects have
been observed at a scattering angle of 2°, as a free–free signal
greatly in excess of that predicted by the KWA.

It should be stressed that these are preliminary results that
need to be verified before dressed atom effects can be con-
firmed for the electron-impact excitation of Ar in a laser field.

Acknowledgments

This work was supported by the United States National Science
Foundation under GrantsNo.PHY-1607140 (NLSM), PHY-
1402899 and PHY-1708108(BAdH). The authors would like
to thank Dr David Atwood, of the Dept. Chemistry, University
of Kentucky, for supplying the potassium charge, loading it
into the oven, and demonstrating how safely to clean the
potassium oxide from the vacuum chamber walls.

ORCID iDs

N L S Martin https://orcid.org/0000-0001-8916-2089

References

[1] Pannekoek A 1930 Mon. Not. R. Astron. Soc. 91 139
[2] Stilley J L and Callaway J 1970 Astrophys. J. 160 245
[3] Chandrasekhar S and Breen F H 1946 Astrophys. J. 104 430
[4] Schlüter D 1987 Z. Phys. D 6 249
[5] Shima Y and Yatom H 1975 Phys. Rev. A 12 2106
[6] Kirchner T 2002 Phys. Rev. Lett. 89 093203
[7] Andrick D and Langhans L 1976 J. Phys. B: At. Mol. Phys.

9 L459
[8] Weingartshofer A, Holmes J K, Caudle G, Clarke E M and

Krüger H 1977 Phys. Rev. Lett. 39 269

Figure 11. Timing spectrum for the circular 2° data point in figure 10. The spectrum took a week to obtain and the free–free signal (red
squares) is at the 4σ level above the average laser-off signal.

7

J. Phys. B: At. Mol. Opt. Phys. 51 (2018) 134003 N L S Martin et al

https://orcid.org/0000-0001-8916-2089
https://orcid.org/0000-0001-8916-2089
https://orcid.org/0000-0001-8916-2089
https://orcid.org/0000-0001-8916-2089
https://doi.org/10.1093/mnras/91.1.139
https://doi.org/10.1086/150423
https://doi.org/10.1086/144874
https://doi.org/10.1007/BF01436671
https://doi.org/10.1103/PhysRevA.12.2106
https://doi.org/10.1103/PhysRevLett.89.093203
https://doi.org/10.1088/0022-3700/9/15/006
https://doi.org/10.1103/PhysRevLett.39.269


[9] Wallbank B and Holmes J K 1993 Phys. Rev. A 48 R2515
[10] Wallbank B and Holmes J K 1994 J. Phys. B: At. Mol. Opt.

Phys. 27 1221
[11] Wallbank B and Holmes J K 1994 J. Phys. B: At. Mol. Opt.

Phys. 27 5405
[12] Mason N J and Newell W R 1987 J. Phys. B: At. Mol. Phys.

20 L323
[13] Luan S, Hippler R and Lutz H O 1991 J. Phys. B: At. Mol. Opt.

Phys. 24 3241
[14] Hohr C, Dorn A, Najjari B, Fischer D, Schroter C D and

Ullrich J 2005 Phys. Rev. Lett. 94 153201
[15] Mason N J 1993 Rep. Prog. Phys. 56 1275
[16] Ehlotzky F, Jaroń A and Kamiński J 1998 Phys. Rep. 297

63
[17] Parallax https://parallax.com/catalog/microcontrollers/

propeller
[18] deHarak B A, Nosarzewski B, Siavashpouri M and

Martin N L S 2014 Phys. Rev. A 90 032709
[19] Kroll N M and Watson K M 1973 Phys. Rev. A 8 804
[20] deHarak B A, Ladino L, MacAdam K B and Martin N L S

2011 Phys. Rev. A 83 022706
[21] Martin N L S and deHarak B A 2016 Phys. Rev. A 93 013403

[22] Gersten J I and Mittleman M H 1976 Phys. Rev. A 123 123
[23] Morimoto Y, Kanya R and Yamanouchi K 2015 Phys. Rev.

Lett. 115 123201
[24] Byron F W Jr and Joachain C J 1984 J. Phys. B: At. Mol. Phys.

17 L295
[25] Zon B A 1977 JETP 46 65
[26] Schwerdtfeger P 2006 Atomic Static Dipole Polarizabilities, in

Computational Aspects of Electric Polarizability
Calculations: Atoms, Molecules and Clusters ed G Maroulis
(Amsterdam: IOS Press) updated 2015 at: http://ctcp.
massey.ac.nz/dipole-polarizabilities

[27] Jablonski A, Salvat F and Powell C J 2010 National Institute of
Standards and Technology,Gaithersburg, MD http://nist.
gov/srd/nist64.cfm

[28] Martin N L S, Thompson D B, Bauman R P and Wilson M
1994 Phys. Rev. Lett. 72 2163

[29] Pollack E, Robinson E J and Bederson B 1964 Phys. Rev. 134
A1210

[30] Kramida A, Ralchenko Yu, Reader J and NIST ASD Team
2017 NIST Atomic Spectra Database (ver. 5.5.1), [Online]
(Gaithersburg, MD: National Institute of Standards and
Technology) https://physics.nist.gov/asd

8

J. Phys. B: At. Mol. Opt. Phys. 51 (2018) 134003 N L S Martin et al

https://doi.org/10.1103/PhysRevA.48.R2515
https://doi.org/10.1088/0953-4075/27/6/020
https://doi.org/10.1088/0953-4075/27/21/027
https://doi.org/10.1088/0022-3700/20/10/006
https://doi.org/10.1088/0953-4075/24/14/017
https://doi.org/10.1103/PhysRevLett.94.153201
https://doi.org/10.1088/0034-4885/56/10/002
https://doi.org/10.1016/S0370-1573(97)00075-6
https://doi.org/10.1016/S0370-1573(97)00075-6
https://www.parallax.com/catalog/microcontrollers/propeller
https://www.parallax.com/catalog/microcontrollers/propeller
https://doi.org/10.1103/PhysRevA.90.032709
https://doi.org/10.1103/PhysRevA.8.804
https://doi.org/10.1103/PhysRevA.83.022706
https://doi.org/10.1103/PhysRevA.93.013403
https://doi.org/10.1103/PhysRevA.13.123
https://doi.org/10.1103/PhysRevLett.115.123201
https://doi.org/10.1088/0022-3700/17/9/006
http://ctcp.massey.ac.nz/dipole-polarizabilities
http://ctcp.massey.ac.nz/dipole-polarizabilities
http://www.nist.gov/srd/nist64.cfm
http://www.nist.gov/srd/nist64.cfm
https://doi.org/10.1103/PhysRevLett.72.2163
https://doi.org/10.1103/PhysRev.134.A1210
https://doi.org/10.1103/PhysRev.134.A1210
https://physics.nist.gov/asd

	1. Introduction
	2. Experimental tests of the Kroll–Watson approximation (KWA)
	3. Deviations from the KWA: dressed atoms
	4. Summary and conclusions
	Acknowledgments
	References



