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Electron Bremsstrahlung from Neutral Atoms*
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(Received 17 June 1974)

The complete energy spectrum for electron bremsstrahlung has been obtained, by us-
ing a numerical calculation in partial waves with numerical potentials corresponding to
neutral atoms. Sample spectra are presented for electrons of kinetic energy 50 keV in-
cident on Au and Al. The connections between elastic electron scattering and the low-
frequency region of the bremsstrahlung spectrum and between photoeffect and the high-

frequency region of the bremsstrahlung spectrum are demonstrated.

Recently there has been renewed interest in
electron bremsstrahlung from neutral and ion-
ized atoms. With the continuing improvements
in computer technology it has become feasible to
calculate directly electron bremsstrahlung cross
sections in numerical potentials. We have pre-
viously reported some scattered results' for in-
cident-electron kinetic energies T, in the range
from 5 keV to 1 MeV and for radiated photon en-
ergies 2 from 0.4T, to 0.967,; good agreement
was obtained with recent experimental work.?
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FIG. 1. Comparisons of bremsstrahlung cross sec-
tions (k/Z%do/dk for Z=19, T1=50 keV according to
our numerical work (exact), the Born approximation
(Born), and the Elwert-Haug formula (EH). Results
are shown for the point Coulomb (Coul) and Kohn-Sham
(KS) potentials.
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We are now able to calculate the entire spectrum
of £ from 0 to T,. Sample spectra for the Kohn-
Sham potential® are shown in Figs. 1 and 2 for
the bremsstrahlung from Au and Al with an inci-
dent-electron kinetic energy of 50 keV. These
figures also show the point-Coulomb-potential
and Born-approximation* predictions for the
same cases.

For these energies the simplest and most wide-
ly used result is the relativistic Born-approxi-
mation calculation for a point Coulomb potential.
This Bethe-Heitler formula neglects higher-or-
der Coulomb effects and atomic-electron screen-
ing. The exact point-Coulomb result, obtained
numerically, is shown in Figs. 1 and 2, as well
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FIG. 2. Same as Fig. 1 except that Z=13, T(=50

keV.



VoLUME 33, NUMBER 9

PHYSICAL REVIEW LETTERS

26 AucGusT 1974

as an approximate analytic result due to Elwert
and Haug® which is valid for the low-Z point-
Coulomb case at all energies. In Born approxi-
mation, electron screening simply multiplies the
Bethe-Heitler matrix element by a form factor;
the resulting prediction for the spectrum is also
shown in the figures. It is clear that none of
these approximations correctly describes the
spectrum. We also show the Elwert-Haug for-
mula corrected for screening with a form factor.
For the high-Z case qualitative agreement with
the exact screened result is achieved, because
of the cancelation of errors in the calculation of
Coulomb and screening effects. For low-Z ele-
ments this approach gives quantitatively accept-
able results at this energy, but its validity at
lower energies remains to be determined.

In the low-frequency region of the spectrum,
screening drastically reduces the cross section

z®  dk

where B =p,/E,, A=1-p%cosh, B=1-82, with 6
the electron scattering angle. Using Lin’s elastic
scattering data® we obtain a value of the spec-
trum limit point for Z =79 of 41.7 mb at T, =50
keV, in good agreement with our calculated val-
ue of 42.4 mb. Similar agreement is obtained
for T, =100 keV. The slope of the spectrum,
which according to our numerical data is nearly
constant in these high-Z cases, could also be
predicted if the elastic amplitude (rather than
just the cross section) were available.

In the high-frequency region of the spectrum,
as first noted by Fano and co-workers® and then
extended by Pratt,'° the bremmstrahlung cross
section is proportional to the cross section for
the atomic photoelectric effect, neglecting terms
of relative order (Za)2. Using Scofield’s exact
numerical photoeffect results'* we obtain predic-
tions for the 2 =T, limit point of the spectrum
which agree with our numerical bremsstrahlung
calculation within 20% even for high-Z elements
and low kinetic energies T, (50 keV) if the atom-
ic-electron scattering is either small or is es-
timated approximately.'’?> Experimental results
for the £ =T, case obtained by Starek, Aiginger,
and Unfried'? for T,=1.84 MeV disagree with the
Elwert-Haug predictions. Our numerical calcula-
tions agree with the experiments for high Z and
with the Elwert-Haug predictions for low Z.

We are performing further calculations to study
the bremsstrahlung spectrum and angular distri-

as

and removes the logarithmic divergence associat-
ed with the long-range character of the point
Coulomb potential. For quantitative purposes
the higher-order Coulomb effects are also of
some importance and reduce the cross section
further. In the high-frequency region of the
spectrum, Coulomb effects increase the cross
section and cause it to remain finite for 2=T;
for quantitative purposes the screening effects
are also important and decrease the cross sec-
tions. Similar features are observed as T, and
Z are varied. The effect of screening is ade-
quately described by a form factor only when the
Born approximation is satisfactory. Nonrelativ-
istic results® are reached rather slowly.

In the low-frequency region of the spectrum,
as discussed by Low,’ the bremsstrahlung matrix
element is proportional to the matrix element
for elastic electron scattering. This leads to the
prediction for the spectrum limit point (¢ =0)
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butions systematically as functions of Z and T,.
We plan to present and discuss such data subse-
quently.

*Work supported in part by the National Science
Foundation under Grant No. GP-32798.
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We show that the implantation and anneal behavior of Gd implanted into iron is strongly
affected by the process of “internal oxidation.” This result is used to clear up discrepan-
cies in earlier measurements on rare-earth ions implanted into iron.

Since the advent of the channeling technique’
for determining the location of impurities in sin-
gle crystals, a great deal of research has been
performed to study the location in the lattice,
and change of that location under annealing,” of
implanted ions, Recently, such measurements
have been combined with studies of the hyperfine
(hf) structure of implanted ions.

Lattice location, hf fields, and annealing be-
havior of rare-earth (RE) ions implanted into
iron have been extensively studied.®>=® We report
here new experimental results, based on the
Méssbauer spectroscopy of Fe:Eu'®! (Gd'® is the
implanted species) which show that internal oxid-
ation of the implanted Gd ions dominates the ob-
served behavior, The chemical and metallurgical
properties of the RE ions are rather similar;
thus these findings can be extended to explain the
results of many previous measurements per-
formed on RE ions implanted into iron,

The conclusions from previous work on Fe:RE
systems can be summarized as follows: (1) Chan-
neling lattice-location measurements3-° show
that about 60% of implanted Yb ions are substitu-
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tional in Fe, but the remaining 40% do not occupy
well-defined interstitial sites, (2) Off-line time-
integral perturbed angular correlation (PAC)
measurements®* (using radioactive Yb implanted
into Fe, with the hf field measured for the Tm
daughter) indicate an “average” hf field which is
substantially less than would be expected for Fe:
Tm, (3) Both the substitutional fraction (mea-
sured by backscatter experiments) and the aver-
age hf field go to essentially zero after a brief
anneal at 500°C.%** After the anneal, the Yb ions
do not occupy well-defined sites. (4) On-line im-
plantation PAC (IMPAC) measurements, in which
hf fields of the implanted RE ions are measured
within 10°° sec after the ions stop, suggest that
one hf field is produced by the RE ions of a given
species,® and that the observed fields are con-
sistent with expectations. (5) The electron relax-
ation rate for Tm PAC measurements (implanted
Fe:YD) for an annealed (500°C) source is the
same as that for Yb,0,:Tm, and one-third that
for an unannealed source.?

We present here the result of Mdssbauer mea-
surements on sources of Gd'*' implanted (4 x10'*/



