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Absolute doubly differential bremsstrahlung cross sections from Xe, Kr, Ar, and Ne have been
measured for electron bombarding energies of 28 and 50 keV. Bremsstrahlung photons have been
detected at 90� to the incident electron beam at energies ranging from 5 keV up to the kinematic end
point. The results are compared with predictions of ordinary bremsstrahlung and of total bremsstrah-
lung that include polarizational bremsstrahlung from the target atom calculated in the stripping
approximation. All previous absolute cross sections have been from thin-film solid targets and have
not shown any polarizational bremsstrahlung contribution. The present results, the first from free atoms,
provide definitive evidence for the contribution of polarizational bremsstrahlung to the photon
spectrum from electron bremsstrahlung.
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observed in two cases where it significantly dominates
OB. The first case is in the region of giant atomic reso-

and the recoil target atom is not observed and is assumed
to be left in the ground state.
Introduction.—Until the 1970s bremsstrahlung was
considered to be due solely to the acceleration of the
electron in the field of the atom. Theoretically it was
treated as a single electron transition in the continuum
in a screened Coulomb potential. There have been both
nonrelativistic and relativistic treatments. The relativistic
calculation of Tseng and Pratt [1] formed the basis of a
widely used tabulation of bremsstrahlung cross sections
[2]. There have been several reviews of ordinary brems-
strahlung (OB) [3–6].

In the early 1970s, several people began to consider the
target atom in a more realistic way: as a structured object
that could be polarized by the incoming electron [7–10].
In this view, there is an addition to OB that arises from the
dynamic polarization of the target electrons from the
field of the passing charge. This additional contribution
has been called ‘‘atomic’’ or ‘‘polarizational’’ brems-
strahlung (PB). Whereas the atomic number is sufficient
to characterize the target atom for OB, the dynamic
atomic polarizability is needed to determine the PB am-
plitude. Unlike the OB amplitude, the PB amplitude has
structure associated with the characteristic frequencies of
the target atom. Thus the total amplitude for bremsstrah-
lung from a structured target consists of the amplitude for
OB from the accelerated projectile and the PB amplitude
from the dynamically polarized target electrons. There
have been a number of reviews of PB [11–13].

There have been many electron bremsstrahlung experi-
ments on the photon energy spectrum and angular distri-
bution (see reviews in Refs. [3,6,14–20]). Up to the
present it has been possible to describe all of the data
well by OB alone without assuming any contribution
from the PB amplitude.

This failure to see evidence of the PB amplitude in the
photon spectrum has been puzzling since PB has been
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nances [21–26]. The effect is seen as an enhancement of
photon emission in the neighborhood of the n � 3, 4, or 5
shells in appearance potential spectroscopy. The effect
has been attributed to PB [13,27,28]. An increase in
radiation in a narrow photon energy band off resonance
has also been observed at electron energies below 2 keV
and attributed to additional bremsstrahlung accompany-
ing inelastic electron scattering [29,30]. The second case
is proton bremsstrahlung, where OB is suppressed by the
large mass of the projectile. In proton collisions, Ishii,
Morita, and co-workers have accounted for bremsstrah-
lung from secondary electrons and from the target elec-
trons in the field of the projectile and have measured an
additional radiation that they attribute to PB [31–37].

However, all recent absolute cross section experiments
have been on thin-film solid targets [14,19]. With self-
supporting thin-film solid targets the error in the absolute
cross section measurements has been rather large due to
the uncertainty in target thickness [19]. Furthermore,
there is the question of whether the PB amplitude could
be suppressed in a solid target [38]. There is the well-
known Landau-Pomeranchuk-Migdal effect at much
higher energy [39], but so far no calculations have been
done at lower energy. Finally, there have been only a
few experiments on free atom targets [15–18] and none,
until the present work, have been absolute cross section
measurements.

In the present experiment, the absolute doubly differ-
ential cross section for electron bremsstrahlung has been
measured for the first time from free atoms. The electron
beam energy was 28 or 50 keV. The photon spectrum was
detected at 90� to the incident electron beam. The cross
section is differential with respect to photon energy and
angle. The scattered electron is not observed, the spin
polarization of the electron and photon is not observed,
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FIG. 1. Plot of the product of the photon energy and the
doubly differential cross section versus photon energy for Xe
and Kr for 28 keV. The solid curve is our evaluation of the
stripping approximation [43] using the shape functions from
Ref. [2]. The dashed curve is from the tabulation of ordinary
bremsstrahlung [2]. The errors shown are statistical. In addition
there is a systematic scale error of 3.8%.
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Theory.—It was not until the 1990s that calculations of
the photon spectrum over the whole energy range from a
few keV up to the kinematic end point that included a PB
contribution began to become available for targets and
electron energies that are accessible to experiment. The
extensive work of Korol, Solov’yov, and their co-workers
for Cu and Ag [40], for Ar [41], and for Kr and Xe for
25 keV [42] was essential in the early stages of this
experiment. These calculations provided the first theoreti-
cal estimates of the effect of PB on the total bremsstrah-
lung spectrum. The initial theoretical work was in the
nonrelativistic Born approximation, but it demonstrated
both the size of the expected contribution and some of
the essential features of the photon spectrum, such as the
increase of the cross section at lower photon energy,
the structure at the characteristic absorption edges of
the target atom, and the change in the slope of the
spectrum at the absorption edges.

More recently, a calculation of the total bremsstrahlung
spectrum including PB has been done in what is called
the stripping approximation (SA). The original idea of the
SA is due to Amusia et al. [43]. There have been two
versions of the SA [44,45], and they have been shown to
be equivalent [46]. We have used the SA formulation of
Avdonina and Pratt [45] because its relative ease of im-
plementation allowed us to obtain results for comparison
with our experiment.

While the SA provides the photon energy spectrum, an
additional approximation is necessary to obtain the an-
gular distribution.We have used the OB tabulations [2] for
an estimate of the shape function for the angular distri-
bution. This approximation is likely to lead to an under-
estimate of the contribution of PB especially at higher
electron energies. The shape function for PB is expected
to be more dipolelike and peak at 90� while the shape
function for OB is peaked at a more forward angle as the
electron energy increases and thus is lower at 90�. Fur-
thermore, the SA does not include interference between
the OB and PB amplitudes. Interference is very important
near the characteristic absorption edges of the target
atom, but it may also be important at other photon en-
ergies. Thus while an accurate theory of OB exists for
comparison with the experimental data, the presently
available SA theory is only approximate. We have used
the SA to suggest the trend of the effect of PB that may be
expected from a more complete theory.

Experiment.—The experimental setup has been de-
scribed in Ref. [47]. The electrons are accelerated by a
Cockcroft-Walton accelerator and guided to a differen-
tially pumped Al target cell. Photons were detected at
90� by a Si(Li) detector coupled to the target cell through
a 0.005 08 mm thick Kapton window.

The absolute doubly differential cross section d2�
d�dk is

determined from

N�k� � N0����k"�k�a�k�
d2�
d�dk

� TTB�k� � B�k�: (1)
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N�k� is the number of counts at photon energy k, N0 is the
number of incident electrons, � is the thickness of the gas
target in atoms=cm2, �� is the solid angle subtended at
the detector by the interaction region in the target, a�k�
is the absorption of the Kapton window, �k is the width of
the energy channel, and "�k� is the detector efficiency.
TTB�k� is the background due to thick target brems-

strahlung (TTB) produced by electrons that have elasti-
cally scattered into either the Kapton window or in the
target cell wall and is discussed in detail in Ref. [48]. The
TTB absolute yield was modeled [49–51] and the model
was validated by comparison with absolute TTB yield
measurements [51]. The geometry of the experiment was
designed to minimize this background, and it was found
to be negligible at energies above 15 keV and only 1% of
the data at 5 keV. Finally, B�k� is the background when the
target gas is removed. B�k� was measured in a separate
target-empty run.

The measurement of each of the terms in Eq. (1) and
the background corrections are discussed in Ref. [47] and
the errors due to each term are summarized below.

Results and discussion.—The results are shown in Fig. 1
for 28 keV for Kr and Xe, in Fig. 2 for 50 keV for Kr and
Xe, and in Fig. 3 for 50 keV for Ar and Ne. Preliminary
results for Xe at 50 keV and Kr at 28 keV have been
previously reported [47]. The characteristic x-ray peaks
in the data have been omitted. The dashed curve is OB
calculated from the tabulation in Ref. [2]. The solid curve
is our calculation of the SA based on the formula in
Ref. [47] and the shape function from OB [2]. The char-
acteristic x-ray K and L absorption edges for the target
atoms can be seen in the solid curve. The data have not
been extended below about 5 keV because of increased
uncertainty in the detector efficiency below this energy.
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FIG. 3. Same as Fig. 1 except for Ar and Ne at 50 keV.
FIG. 2. Same as Fig. 1 except for 50 keV.

P H Y S I C A L R E V I E W L E T T E R S week ending
24 OCTOBER 2003VOLUME 91, NUMBER 17
The errors shown are due to counting statistics in the
data, corrected for backgrounds. In addition there is a
systematic error on each plot that is due to the estimated
errors in the target cell pressure (�1%), target cell tem-
perature (�1%), effective target length (�1%), solid
angle (�1%), charge collection (�1:5%), and efficiency
(�2:8%). When these errors are combined in quadrature,
the total systematic error is conservatively estimated to be
�3:8%.

Overall the data at both 28 and 50 keVare higher than
the prediction of OB. The data provide the first direct
evidence that the contribution of PB in electron brems-
strahlung is important over the whole range of radiated
photon energy. The absolute scale of the data is in rea-
sonable agreement, within errors, with OB near the kine-
matic end point, but the discrepancy increases as the
photon energy decreases. The data at 28 keV are in good
agreement with the trend suggested by the SA. Con-
sidering that the SA curve is an underestimate because
of the use of the OB shape function, the agreement
suggests that interference effects may not be so significant
at this energy. At 50 keV, the agreement with the SA
model for Kr and Xe is not as good. Although the trend
of the SA follows the data, the disparity in photon energy
dependence is larger and suggests that the interference
effects may be more important at higher energy. The use
of the OB shape function at 50 keV is expected to result in
poorer agreement between the SA scale and the data. The
discontinuity in the SA curve at the characteristic x-ray
absorption edges is not seen in the data. This is a further
indication that the inclusion of interference is important.

In Fig. 3, the PB contribution for Ne seems to be small,
and there is good agreement between the data and OB
theory. The comparison between data and the SA for Ar is
similar to that for Kr and Xe. The contribution of PB for
Ar appears to be significant over most of the photon
energy range. The SA model suggests the trend of the
photon energy dependence but is not in good agreement in
either shape or magnitude with the data.
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Conclusions.—We have reported the first absolute dou-
bly differential cross sections for electron bremsstrahlung
from gas targets. The experiment is precise enough to
provide the first evidence that the fully relativistic partial
wave calculation of OB is not sufficient to describe the
electron bremsstrahlung data over the whole range of
radiated photon energy. While absolute agreement with
OB theory is good at the kinematic end point, the data
systematically diverge from the theory as photon energy
decreases. This provides the first experimental evidence
that PB is important over a wide range of radiated photon
energy. The data have also been compared to a calculation
of total bremsstrahlung in the SA that does not include
interference between the OB and PB amplitudes. While
the SA agrees with the trend of the data at both 28 and
50 keV, it does not agree well with the 50 keVdata in either
magnitude or photon energy dependence, suggesting that
interference effects may be important at higher electron
energy over a broad range of photon energy.

New calculations are needed for the angular distribu-
tion of electron bremsstrahlung for the relativistic case
that includes PB and interference between the PB and OB
amplitudes. Recently fully relativistic results have been
presented for heavy projectiles [52,53], but calculations
for electrons at the energy range of this experiment are
not yet available.

Additional experiments are needed to provide a range
of accurate benchmarks for the test of new theoretical
models. Specifically, experiments are needed to (i) inves-
tigate more fully the complex dependence of the brems-
strahlung spectrum on photon energy and atomic number,
(ii) investigate the spectrum at other photon angles, es-
pecially backward angles where the PB contribution may
be relatively larger, and (iii) study the spectrum at
higher electron energy where relativistic effects are
more important.
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