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The total energy of HF is given by E =-I.P".~E (F+7)

+E (lo-D„where I.P. denotes the sum of the ionization
potentials, 24.2051+0.005 a.u. , of the neutral fluorine

atom up to the innermost two electrons ttaken from
B. Edlen, in&andbuch de~ Physi&, edited by S. Flugge
(Springer, Berlin, Germany, 1964), Vol. 27, p. 198],
and E (F+ ) denotes the total nonrelativistic energy, -

-75.5317 a.u. , of the He-like ion [taken from C. L.
Pekeris, Phys. Rev. 112, 1649 (1958)l. Since we are
interested only in the nonrelativistic energy, the first
number has to be corrected for relativistic effects
which amount to 0.0133 a.u. [H. Hartmann and E. Clem-
enti, Phys. Rev. 133, A1295 (1964)] arising almost
entirely from the first two electrons beyond the He-
like shell. E (H) denotes the nonrelativistic energy of
the hydrogen atom which is -0.5 a.u. , and D, denotes
the dissociation energy of HF which is equal to 0.225
+0.0004 a.u. [Ref. 11, and P. G. Wilkinson, Astrophys.
J. 138, 778 (1963)].

The correlation energy of the neon atom has been
calculated recently utilizing the same basis set;
T. Lee, ¹ C. Dutta, and T. P. Das, to be published.
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We have performed measurements of the shape of the absorption lines due to transi-
tions from the 2s shell in solid Ne and the 3s shell in solid Ar. It was found that the
asymmetric and the "window" line shapes seen in the absorption spectra of the gases
are preserved in the solids.

In the soft x-ray region the absorption spectra
are mainly due to electronic transitions from
inner (core) shells. Those transitions to dis-
crete final states, which normally show up in
the absorption spectra as lines of enhanced ab-
sorption, may however interfere with the under-
lying continuum transitions from the outer shells
to final states far above threshold.

This configuration interaction between the dis-
crete and continuum states is responsible for
special asymmetric and "window" line shapes
near the resonance frequency. In the rare gases
those line profiles have been extensively inves-
tigated at the U. S. National Bureau of Standards'
by means of synchrotron radiation.

Theoretically these line shapes are described
by an expression for the absorption cross sec-
tion of Fano, '

0, is that part of the total continuum absorption

which interferes with the discrete excitation,
p'= v, /(0, +0, ) is the fraction of the interfering
continuum in the total absorption continuum,
and q is a profile index. The photon energy e
= 2(E-E,)/F is measured in units of the broaden-
ing parameter I'/2 with its zero at a nominal
resonance energy F, The continuum absorption
cross sections v, and o, are assumed to be con-
stant over the energy region where the continuum-
discrete interaction takes place.

Besides lifetime broadening due to the config-
uration interaction which is included in Fano's
parametrization formula, the effect of another
broadening mechanism such as phonons has been
introduced into Eq. (1) by folding with a Gaussian
profile of suitable width. '

Experimental evidence for asymmetric profiles
in solids has been reviewed by Phillips and
Greenaway and Harbeke' and recently reported
by Brown et al. ' However the reported spectra
do not allow a comparison of the spectra of one
material in both the atomic and the solid state.
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Thex. efore we felt it would be interesting to in-
vestigate the corresponding transitions in the
rare gases in both states of aggx'egation. %e
have measured previously the absorption lines
associated with 4d transitions of solid Xe, 3d
transitions of solid Kr, ' and 2p transitions of
solid Ar. ' As in the gas, lines of the enhanced
absorption type have been found, which wex'e at-
tributed to exciton excitations in the solid. This
pRpel presents Rn 1nvestlgRt10D of the 28 transi-
tions in solid Ne, for which Codling, Madden,
and Ederer have found asymmetric lines in the
corresponding gas spectra, and the 3s txansi-
tions in solid Ar, for which 8amson, 'o Madden
and Codling, "and Madden, Edex'er, and Cod-
ling" have detected wi.ndow lines in the gas spec-
tra.

The 7.5-6eV electron synchrotron DES7 was
used as light source" for a I-m Rowland mono-
chromator. The 2400-line/mm grating was il-
luminated at a grazing angle of about 220 mrad.
An open photomultiplier (Bendix M 306) served
as the detector. Ne was evapoxated onto a -2000-
A-thick aluminum foiL and Ar onto a -1000-A-
thick antimony foil. The substrates were cooled
in a He cryostat.

In the case of Ne the temperature was kept at
O'K and in the case of Ar it was kept at about 15 K.
The substrates also served as filters to x educe
higher-order light. In addition to the spectra of
the solids we have measured the line series of

the 2s transitions in Ne gas. The energy posi-
tloQ of these lines Rs g1ven by Codl1Qg MRdden
and Edererg served as calibration marks. The
absorption coefficients were determined in ar-
bitrary units with a relative accuracy of 3 /q.

Flgule I shows the Rbsox'ptlon spectrum of
solid and gaseous Ne in the energy range 44 to
50 eV. The spectral resolution of the monochro-
mator, as derived from the width of the zero-
order xeflection, is 0.04 eV for gaseous Ne and
0.025 eV for solid Ne. Therefore, the structure
of the Solid-Ne spectrum is not expected to be
broadened by our monochromator. As in the
case of gaseous Ne, one recognizes asymmetric
lines with similar Line shape in soLid Ne. The
onset of the lines in solid Ne is shifted to higher
energies, the lines are broadened and only two
show up. Whereas the gas 11Des Rre sitting on R
flat continuum background, the lines in solid Ne
are superimposed onto a broad hump in the con-
tinuum absorption background, probably due to
high-lying valence-band transitions.

Figure 2 shows the absorption spectrum of
solid Ar in the energy range 26 to 29 eV. The
spectral resolution is better than 0.015 eV. For
comparison, the absorption section of the gas
spectrum as measured by Madden, Ederer, and
Codling" is included. The absorption spectrum
of solid Ar shows two "window" lines which are
less pronounced than those in the gas. The
width compared with the gas lines has not in-
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FIG. l. Absorption spectrum of solid (solid curve) and gaseous (dashed curve) Ne. Theoretical curves a and t,
are included, according to Eq. {l) with two different sets of parameters (see Table O.
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FIG. 2. Absorption spectrum of solid Ar (solid curve). The absorption spectrum of gaseous Ar as given by Mad-
den, Ederer, and Codling (Ref. 12) is included (dashed curve). Also theoretical curves o and 5 are included, ac-
cording to Eq. (1) with two different sets of parameters (see Table I).

Table I. Line-shape parameters according to Eq. (1)
for Ne gas [after Codling, Madden, and Ederer (Ref.
9)j and different fits to Ne solid (see Fig. 1), for Ar
gas. [after Madden, Ederex', and Codling Qef. 12)]
and different fits to Ar solid (see Fig. 2).

(eV) (eV) p
2

Ne gas
Ne solM Fit a

Fit 5
Ar gas
Ar solM Flt a

Fit 5

45.55
46.90
46.81
26.614
27.515
27.525

0.013
0.34
0.36
0.08
0.12
0.13

0.7
0.125
0.077
0.86
0.32
0.30

-1.6
-0.76

1%31

-0.22
-0.39
-0.20

creased as much as in the ca,se of Ne. Again,
there is a shift to higher energies and the rela-
tive distance of the lines has decreased appre-
clRMy. As ln Ne, the gRS lines Rle supe11Dl-
posed onto a flat background whereas the lines
in solid Ar are sitting on a hump which is ob-
viously due to valence-band transitions. It has
also been seen in reflectance measurements of
solid Ar Rt the high-energy end of valence-band
transitions. '

In Table I the line-shape parameters for the
first lines of the Ne and Ar gas spectra are given
after Madden, Ederer, and Codling. " By simply
folding the gas spectra with Gaussians of various
widths' we have tried to match the profiles of

the first absorption lines of the solids. This
procedure did not lead to a satisfactory r'esult.
%e have also tried to fit the line shapes with Eq.
(&). lt turns out, however, in solid Ne, that the
parameters necessary to fit the line shape at the
low-energy side (fit 5) are different from those
necessary for an optimal fit (a) on the high-en-
ergy side. This discrepancy seems due to the
fact that the background continuum absorption is
not constant as it is in the gas. For sobd Ar,
fit a and fit b give equally good descriptions of
the profiles.

Although a quantitative description of the line
profiles with Pano's parametrization formula
does not lead to a satisfying result, a compari-
son of the line-shape parameters for the gas and
the solid lines shows that in going from gas to
solid the fraction p' of the interfering background
decreases, the width I' of the lines increases,
and the liIM-shape parameter q has the same
sign Rnd tile same older of magllitude.

We have considered whether the large line-
widths, especially in Ne, could be due to impu-
rities or imperfections in the samples. After
having reproduced these spectra several times
with samples prepared under different vacuum
conditions and with different evaporation speeds
we do not believe that this is the case.
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'She theory of Bohr and Lindhard for electron capture and loss by heavy ions penetrat-
ing through solids has been modified. It is concluded that the difference in the average
equilibrium charge of fast ions traversing solids and dilute gases is mainly due to Auger
pxocesses which occux Mer the ions leave the soM. The charge states inside solids
axe —in disagreement with the deductions of Bohr and Lindhard-not much larger than
those in gases.

The mean ionization q of energetic heavy iona
which penetrate through matter reaches an equi-
librium value determined by the competition be-
hveen captuxe and loss of electxons. It has been
known for many years that q is greater when the
ions tx averse solids rather than gases. I assen'
found this effect in a study of fission fragments,
and many furthex expex iments' ' xevealed even
more pronounced differences. An exlnpIe ls
given in Fig. 1, which showers the equibbrium
charge spectx'um of 12-MeV iodine ions following
passage through oxygen gas and a, carbon foil. '
The resulting mean chax ~s are 6 and 12, x'e-
spectively. " Lt has always been assumed that
such investigations measure essentially the
equilibx ium charge distribution inside the strip-
pex'.

The diffex'ence hg between- the mean charge in
a solid compared with a g38 stripper was ex-
plained by Bohr and Lindhard9 (BL) in a pioneer-
ing paper of 1954, from which we quote below
and to which we refer hex eafter as the BL theory.
In this generally accepted model, those collisions
of the i.ons with the target atoms which do not
produce ionization result in excitation of the
ion's most loosely bound electron. In a dilute
gas stxipper, de-excitation back to the ion's

ground state takes place before the next collision
occurs. In a solid, however, the collision rate
is too high for such radiative de-excitation to be
important. Hathex' the collisions constantly in-
crease the excitation of the outermost electron
until that electx'on is lost. This reasoning ap-
plies consecutively to inner electxons and, con-
sequently, the charge of the ion wiII steadily iQ-
crease until the captux'e cross section becomes
large enough to match the probability fox loss of
the excited electron. A new equilibx ium value
of the mean ionization is finally maintained by
dlx'ect competition between captux'e and loss.
Mainly one or, at most, a very few electrons
will be in states of faix'ly high excitation and "an
electx'on captured into an excited state will be
lost fx'om the same state. " Thus, "suppxession
of readjustment of ion excitation" is expected to
be the principal mechanism for increasing the
char~ inside solids to the values observed Mter
the ions passed through the target, though Bohr
and Lindhard also state that "the high excitation
of the ions in solids may result in a, subsequent
emission of electrons fx'om the ions immediately
after their escape into vacuum, which increases
the mean chax'ge to a cex'tain extent. *'

Sevex aI recent investigations have shown tMt


