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A'-shell ionization cross sections have been measured at 2.04-MeV incident electron
energy for 32 elements from V (8=23) to Bi (8=33). Measured cross sections drop
froxr. . a value of 353 b at V to 9.9 b at Bi. The general trend of the S dependence of the
cross sections is in agreement with theoretical predictions of Kolbenstvedt. However,
variations in cross sections by as much as 30"/o from one element to the next are not ac-
counted for by the theory.

AtoIQlc lonizRtlon by elec'tron collision hRs
been treated extensively in the literature. ' How-
ever, although impact ionization by low-energy
electrons is amply documented, 2 information is
sparse on electrons above 0.5 MeV incident en-
ergy. In the MeV range, R-shell ionization cross
sections have been measuxed for only seven ele-
ments, mostly at bombarding energies at or be-
low 2 MeV. ' ' For Pd and Au, data also exist
for 2.5- and 7.5-MeV electrons. ' In the very-
high-enexgy range of 150 to 900 MeV, cross sec-
tions have been measured for eight elements
from Cu to Bi.' The energy dependence of the
ionization cross section was investigated in most
of these experiments and found to show a rather
smooth variation. The experimental results gen-
erRlly Rgx'66 with theoretical expectatlons to bet-
ter than 25%.' In view of such overall agreement,
it seems unlikely that further studies on isolated
elements will add significantly to the present pic-
ture. The more profitable approach might be a
systematic mapping out of the cross sections as
R function of atomic DuIQbex' Rnd of energyp ln
order that detailed comparisons with theory IQight
be made,

In this Letter, we will present K-shell ioniza-
tion cross sections for 2.04-MeV electrons for
32 elements from V (Z=23) to Bi (Z=83). As
will be explained later on in the text, the cross
sections were first determined x'elative to each
other, and then were normalized to 43 b at Sn.
By making relative measurements, systematic
ex rors were minimized so that minor variations
did not become obscured by the larger uncextain-
ties usually associated with absolute measure-
ments. The full details of the experiment will
be published elsewhere. '

The 2.04-M6V electron beam was produced with
the Dynamitron accelerator at the State Univer-
sity of New York at Albany. The beam was de-
livered to the target in a 10-cm-diam beam trans-
pox't systeIQ. After tx'Rverslng the tal get the
electrons entered a 250-cm-long section of 10-
cm-diam beam pipe which sex ved as a beam
dump. The measurement of x'elative K-shell ion-
ization cross sections was based on the detex-
mination of relative Kn x-ray yields. Targets
were fabricated by lmIQersing 16Ds tissue pRpex'
(- &.35 mg/cm') into solutions containing a well-
determined ratio of atoms of element Z to Cd.
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After the sample was dried, the amount of ma-
terial adsorbed was found to be typically 1 mg/
cm'. As the target was irradiated the fluores-
cence x-rays were detected in lithium-drifted Si
or Ge semiconductor counters positioned at 90'
with respect to the incident electron beam. No

corrections were made for the angular depen-
dence of the emitted x rays, which has been found

to be isotropic. 4' To deduce the Kn x-ray yield
of element Z relative to Cd from the observed
spectrum, it is sufficient to know only the Z/Cd
atom ratio and the relative efficiency of the de-
tector at the appropriate h; a x-ray energies, It
is not necessary to know the electron beam in-
tensity, the absolute number of target atoms,
the precise solid angle, or the absolute detector
efficiency. The choice of Cd as the reference
element was somewhat arbitrary, It was con-
sidered a good choice because its Kn x ray of 23
keV is high enough not to be easily absorbed, but

low enough still to be easily detected, In addition,
it is readily available, inexpensive, and has con-
venient chemical properties.

The Si(Li) detector, which had a 0.025-mm-
thick Be window, was vacuum coupled to the tar-
get chamber. The Ge(Li) detector had a 0.13-mm
Be window, as well as a 40- pg/cm' Au layer on

its front face. To reach the latter detector, x
rays from the target had to pass through a 0,051-
mm Mylar exit window and a 38.6-cm air path.
A sweeping magnet was used with both systems
to prevent scattered electrons from entering the
detector. Efficiency calibrations for these de-
tectors will be presented in a later paper, ' It
might be mentioned, however, that both detectors
were found to have active regions which were
thinner than specified by the manufacturers.

The measured Ro. x-ray intensities were cor-
rected for absorption in the windows and air
path between target and detector. Correction fac-
tors for self-absorption in the target were de-
termined in a separate series of off-machine mea-
surements in the following manner. X rays were
produced by fluorescing a thin target of the de-
sired element Z. The intensity of x rays at the

detector was measured with and without an in-
terposed lens-tissue Z/Cd target, thereby deter-
mining an effective attenuation factor exp(- pt).
Having obtained p, t, the fractional target trans-
mission Z', defined as the ratio of the intensities
of x rays emerging from the target to the total
x rays produced, was then calculated for the per-
tinent geometry, namely, that of a target placed
45' to both the electron beam and the detector.

Values of T as a function of Z were found to in-
crease smoothly from 82% at V to 98% at Sr.
Errors in T were estimated to be less than 2% in
all cases. From the corrected relative Ko. x-ray
intensities, the K-shell ionization cross sections
0~ were derived according to the following rela-
tionship:

I [1+P(KP)/P(K n)I
E(d ~

In this equation, the quantities I and e are, re-
spectively, the relative Ke x-ray intensity and
the relative detector efficiency at the Ke x-ray
energy. N is the proportionality constant which
normalizes our relative measurements to o~
=43 b at Sn (Z= 50). The latter value was derived
from the experimental result of 44+4 b, mea-
sured at 2.00 MeV incident electron energy, by
replacing the fluorescence-yield value of 0.84
used in Ref. 5 with +~=0.859 from Bambynek
et al. ' All other values of the K-shell fluores-
cence yield needed for Eq. (1) were also taken
from Ref, 10, using what are referred to as
"fitted values. " The uncertainty in ~E, given as
"total uncertainty 4(d„" in the same reference,
is propagated as an error in the present analysis.
Values of the radiative transition probability
ratios P(KP)/P(Kn) were from Nelson, Saunders,
and Salem. " Errors in o~ arising from uncer-
tainties in this ratio amounted to less than 1%.
In this procedure, it is implicitly assumed that
double inner-shell ionization is negligible. This
assumption appears to be justified for the range
of elements studied. '"

Results for the K-shell ionization cross section
are shown in Fig. 1. The open and closed circles
represent, respectively, data obtained with the
Si(Li) and the Ge(Li) detector system. Where the
overlap in the two sets of data is better than 2/o,

the points are shown as half-filled circles. The
error bars on the data points include uncertain-
ties in +E, in counting statistics, background
subtraction, and absorption of the x rays either
in the target or in other materials, The absence
of an error bar implies that the uncertainty is
less than 5%. With the exception of region IV
(Z&66), however, the error bars do not include

any contribution from the efficiency calibration
of the two detectors. The approximate efficiency
calibration uncertainties appropriate to the re-
gions I and III are depicted in Fig. 1 by the error
bars on the points enclosed in parentheses, those
for region II being too small to show on this scale,
Since the errors in the efficiency calibration are
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FIG. l. A.-shell ionization cross sections at 2.04
MeV incident electron energy. The data are normalized
to 43 b for Sn. The open and closed circles correspond,
respectively, to measurements with the Si(Li) and the
Ge(Li) detector system. The half-filled circles rep-
resent data points where the overlap is better than 210.
The value for Au indicated by a cross is taken from a
measurement at 2.00 MeV (Ref. 5). For a discussion
of the error bars and the normalization, see text.

primarily due to uncertainties in the detector
thicknesses, these errors are correlated such
that the upper error limit in region I corresponds
to the lower limit in regions III and IV and vice
versa. Also not shown is a systematic error of
+9% on all cross sections resulting from the un-
certainty of +4 b in the absolute K-shell ioniza-
tion cross section for Sn as given in Ref. 5. The
reason for this manner of data presentation is
the following. Errors in the ratios of relative
detection efficiencies increase with increasing
separation of Z values. Conversely, the efficien-
cies for adjacent elements have very small er-
rors relative to each other. The four regions
in Fig. 1 roughly represent zones within which
the data points have very small relative errors
arising from detection efficiency uncertainties.

The curve drawn in Fig. 1 has been calculated
using an expression given by Kolbenstvedt. ' The

trend of the experimental data follows the theo-
retical prediction rather well, especially if al-
lowance is made for possible errors due to the
efficiency calibration. The points also suitably
bracket the result for Au, which is taken from
Ref. 5 and indicated by a cross in Fig. 1. How-
ever, the structure in the K-shell ionization
cross section around Z=48 and Z= 57 cannot be
accounted for by the theory which predicts a
smooth behavior with Z. The observation of a
pronounced dip at La (Z= 57) is especially sur-
prising since the following elements are also rare
earths with similar physical and chemical prop-
erties. In view of these unexpectedly large fluc-
tuations, the question of whether variations in the
precise composition of the targets affect the out-
come of the measurements was investigated.
Several targets each of Pr, Nd, Eu, and Gd were
made in which the atom ratios to Cd were varied
up to a factor of 2. In addition, hydrochloric
acid, nitric acid, and aqua regia were variously
used for dissolving the chemicals. We found that
in all instances, the data reproduced for each
element to better than 2%. The effect of brems-
strahlung was also considered. By a simple or-
der-of-magnitude calculation, it can be shown
that the ratio of bremsstrahlung produced to 2-
MeV electron-produced K-shell ionization is
never in excess of 1.5'%%uo for any target used in the
present experiment. Moreover, any effect from
bremsstrahIung would again vary only slightly
for adjacent elements.

In summary, the present measurements of
K-shell ionization cross sections display reason-
able general agreement with the predictions of
Kolbenstvedt. ' However, sizable local varia-
tions are seen which are not ascribable to experi-
mental uncertainties. Moreover, the most pro-
nounced irregularities are not correlated in any
obvious way with atomic shell structures. The
situation seems to suggest the need for further
refinements in the theoretical treatments.
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celerator Laboratory of the State University of
New York at Albany for their assistance in car-
rying out this work. We are also grateful to Pro-
fessor Bernd Crasemann for sending preprints
of work on fluorescence yields.
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The attenuation of longitudinal ultrasound along the [100]direction in, Nb, resistivity
ratio RMo/Rp =5200, has been measured with precision at low temperatures. The total
attenuation in the normal state can be accurately deduced by a BCS calculation, with a
single gap 2&(0) =(3.52+0.02)kT„ from the measured superconducting attenuation, No

experimental evidence has been found for the existence of either a smaller or a larger
gap,

Suhl, Matthias, and Walker' extended the BCS
theory of superconductivity to the case of two

overlapping electron bands and suggested that
this might apply to pure superconducting transi-
tion metals such as Nb. They postulated that
each band could have distinct superconducting en-

ergy gaps and possibly different transition tem-
peratures, depending on the strength of the inter-
band and intraband couplings. Experimental evi-
dence for two energy gaps in Nb came from the
heat-capacity data of Shen, Senozan, and Phil-
lips, ' which were interpreted' in terms of a d-
band gap 26~(0) =3 5kT, and an. s-band gap 2b, ,(0)
=0.32kT, . The ratio of the density of states at
the Fermi level, N, /N~, depended on the purity
of the sample and was 0.015 when the residual re-
sistivity ratio (RRR) wa, s 110. Direct evidence
for the small energy gap has also come from tun-

neling experiments on pure Nb crystals. Haf-
strom and MacVicar4 deduced an energy gap
2&(0) =0 37kT, from th.e tunneling characteristics
along many directions (with the notable exception
of the [100]direction). Thermal-conductivity
measurements' on pure Nb were initially inter-
preted" on a two-gap model, but later data led
Anderson, Satterthwaite, and Smith' to conclude

that they provided no evidence for a second gap,
and put an upper limit on N, /N~ = 10 ' for a sam-
ple with an RRR of 2000.

Recently, ultrasonic attenuation measurements"'
on superconducting Nb have been analyzed in
terms of a two-gap model. However, the energy
gaps required to fit the data were quite different.
At low temperatures the usual BCS gap 2A, (0)
= 3.5kT, applied, but near T, a large gap 2A, (0)
= 10kT, was used. This large gap was purity de-
pendent, increasing as the sample RRR increased.
These two gaps were associated by Lacy and Dan-
iel' with the s and d bands, in contrast to the pre-
vious analyses, "where the s-band gap was very
small. Here we report measurements of the
electronic attenuation in the normal state, n„,
and in the superconducting state, O.„ofa very
pure single crystal of Nb at low temperatures.
We show that all the electronic attenuation is due
to electrons with a BCS energy gap and find no
evidence for either a very small or an anoma-
lously large one.

The normalized electronic attenuation n Ja„ is
given in BCS theory by the well-known expres-
sion 2f(A), where f is the Fermi function and 6
= A(T) is the temperature-dependent energy gap.
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