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Magnetic f-ray spectrometer studies at 0.05% momentum resolution with isotope-separator-
prepared samples have revealed structure below the K conversion lines of the 122~ and 136-
keV (Fe®) and the 661-keV (Ba'®") transitions. This structure consists of an abrupt rise be-
low the K conversion line (in atomic number Z) at an energy displacement approximately
equal to the L4 binding in the (Z +1) neutral atom, and a continuum extending to lower ener-
gies. These continua are interpreted as the spectra complementary to the (unobserved; ener-
gy near zero) L -shakeoff spectra; i.e., the sum of ejected K- and L -electron energies equals
a constant, The double-vacancy binding energy for KL g is 790552 eV for Fe and 43.01+0.03
keV for Ba. The sum of KL shakeoff from all three L subshells compared with the K line is
2 KL /K =9% 1073 for Fe and 1x107° for Ba (both with uncertainties estimated at ~50%), in
good agreement with self-consistent-field overlap integrals for shakeoff in B8~ decay if one
takes the effective charge change for L electrons during K conversion as ~0.85 times that for
B~ decay. The spectrum shape of the KL continua, in the main, confirms the predictions of
the nonrelativistic calculations which have been made for B-decay processes, but some dis-
crepancies are suggested. For the less probable K shakeoff accompanying K conversion, pre-
liminary values for intensities of the continua with respect to the K line are KK /K between
(0.4-2) x10~* for Fe, and KK /K <2x 107* for Ba. No M, or M, 3 shakeoff was obvious on the

X line of the 14-keV transition in Fe®’.

I. INTRODUCTION

We report here the first observation of struc-
ture on K internal-conversion lines which can be
interpreted as the result of the sudden change in
the Coulomb field accompanying the internal-con-
version process. Similar shakeoff processes’
have been studied theoretically and experimentally
for 8* decay, a decay, orbital-electron-capture
decay, photoelectric events, and electron impact
interactions.

The observed result of the process being dis-
cussed here is depicted schematically in Fig. 1,
which shows an electron energy spectrum. Under
ideal conditions, a K internal-conversion line in
element Z might be observed as indicated on the
right-hand side of the figure. Normal K conver-
sion results in one electron in the final state; how-
ever, with relatively low probability, the sudden
change in the Coulomb field ejects a partner orbit-
al electron which shares the available energy.
With two electrons in the final state a continuum
results, rather than a monoenergetic line. Because
of the nature of the shakeoff process, the most
probable partition of the energy is that one elec-
tron has a very low energy and the other has near-
ly the maximum available. In Fig. 1, for example,
the dashed curves labeled L represent the contin-
uum for a K and L electron ejected in the final
state, and the solid curves labeled K indicate the
continuum for both K electrons ejected in the final
state. The shape of the low-energy part of the

|eo

continuum is expected to be similar to that of
shakeoff electron spectra calculated for S-decay
processes, i.e., some strong inverse function of
the energy. It follows from the conservation of
energy that the complementary electron partner
will have an energy spectrum which is just a mir-
ror image of the shakeoff energy spectrum. Thus,
the total continuum can be thought of as the sum
of the shakeoff spectrum and the mirror-image
complementary electron spectrum, each of these
extending from zero energy up to the maximum
available energy.

This maximum available energy is just the tran-
sition energy minus the energy required to re-
move from the atom, simultaneously, the two
electrons in question (just as the normal K-con-
version-line energy is the transition energy mi-
nus the K binding energy). We have indicated in
Fig. 1 that the structure associated with L shake-
off accompanying K conversion might be expected
at about the L binding energy for Z +1 below the K
conversion line, and, similarly, the K shakeoff
structure might be expected at about the K binding
energy for Z +1 below the K line. This expecta-
tion is based on the approximation that the K-elec-
tron screens at most one unit of the nuclear
charge, so that on its removal from an atom of
atomic number Z, the work necessary to remove
an L electron or the second K electron would be
at most the binding energy in the Z +1 neutral
atom. Our results, in fact, show that in the case
of L structure, the additional binding energy be-
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low the K line is slightly grealfer than that of the
L electron in Z +1.

The schematic Fig. 1 also conveys the expecta-
tion that K shakeoff accompanying K conversion is
less probable than L shakeoff accompanying K con-
version; it is, in fact, relatively much less than
the figure indicates. For example, in Fe (Z = 26),
K shakeoff/L shakeoff= 10~2 from our experiments.
Omitted from Fig. 1 are similar continua derived
from the other shells (M, N, etc.) which are pre-
sumably there, but, of course, are even closer to
the original K conversion line. For the cases we
investigated they are so close to the normal K con-
version line that they are not resolvable with our
instrumentation, except for the case of the K line
of the 14-keV transition (see Sec. E).

The direct observation of the very low-energy
shakeoff spectrum with any accuracy is very dif-
ficult, for the usual experimental reasons involv-
ing source problems and scattering. However, be-
cause the complementary electron spectrum is
just the mirror image of the shakeoff spectrum, it
offers a way to study the shape of the shakeoff
spectrum. This was pointed out in the work of
Krause, Carlson, and Dismukes? on the closely
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FIG. 1. Schematic view of K-or L-electron ejection
accompanying K internal conversion. The ordinate is the
counting rate in an electron energy spectrometer. At the
right-hand side is shown the lower portion of a K conver-
sion line for a nuclear transition in element Z. When
two electrons (K+ K or K +L) are ejected the resultant
continua are displaced to lower energy. These continua
are composites of a shakeoff component, whose major
contribution occurs at very low energy, and the comple-
mentary component (the high-energy partner), whose
shape is just the mirror image of the shakeoff compo-
nents because the sum of the energy of the two electrons
is constant, namely, the end-point energy of the contin-
uum, In the present paper we are looking at the high-en-
ergy end of these continua (the complementary compo-
nent), which are displaced below the K line by an energy
approximately equal to the appropriate shell binding en-
ergy in an atom of atomic number Z +1,

related case of shakeoff accompanying K-shell
photoelectron ejection in rare-gas atoms. They
have found structure in the electron spectra below
the K photoelectron lines which can be interpreted
as L and M electrons ejected simultaneously with
the K-shell electrons, a structure quite similar
to that being presented here for the case of inter-
nal conversion.

Before going into the details of the experimental
work, we make three remarks. First, energy
considerations make it impossible to distinguish
between L shakeoff with K conversion, and K
shakeoff with L conversion, as far as the upper
limit of the continuum is concerned. The final
state of the atom is the same; namely a hole in
both K and L shells. Therefore, we shall refer,
in what follows, to the curves labeled L in Fig. 1.
as the KL spectrum or bump, and include both
contributions. Actually, in calculations of the two
different contributions, L shakeoff with K conver-
sion should be the more important channel by or-
ders of magnitude, since the change in the L-elec-
tron environment with departure of a K electron
is far more severe than vice versa. Further, the
calculated spectrum shapes are different. We
ignore K shakeoff with L conversion hereafter.

Second, the decay mode described here should
not be confused with the even less probable mode
called “double internal conversion,”? which oceurs
by a second-order interaction of the nuclear elec-
tromagnetic field with two atomic electrons. While
the final atomic state is the same, i.e., two holes
in the atomic shells, the energy spectrum of the
emitted electrons is quite different. The change
in the Coulomb field experienced by the electron
cortege, and also, therefore, the shape of the
shakeoff spectrum accompanying internal conver-
sion, is independent of the multipolarity of the nu-
clear transition, and results in emission almost
exclusively near “zero” and near the maximum en-
ergy of the continuum. On the other hand, the the-
oretical spectrum shape in the case of double in-
ternal conversion depends on the multipolarity of
the transition, but, in general, it is not concen-
trated at the “ends” of the continuum.

Third, in experiments involving ejection of a
primary charged particle (e-, 8*, a) sometimes
accompanied by an orbital electron, the competi-
tion of the direct-collision processes with the
shakeoff mechanism must be considered. Direct
collision (D.C.) refers to a two-step process in
which the first step is the ejection of the charged
particle and the second its interaction with an
atomic electron of the same atom, both particles
emerging in final continuum states. An estimate
of the relative probability of D.C. vs shakeoff (Sh)
in B~ decay has been given by Feinberg?, namely,
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D.C./Sh=B.E./E, where B.E. is the binding ener-
gy of the electron to be knocked out and E is the
original kinetic energy of the emitted B particle.
In the KL cases which we consider, this estimate
predicts D.C. events ~1072 of shakeoff, even al-
lowing for ~30% lower probability of L shakeoff
with K conversion than with 8~ decay. In the KK
cases, the D.C. contribution could be significant.
(See Sec. II D.) In experiments®”” involving K-
x-ray-p~ coincidences for pure $~ emitters, no
evidence for D.C. contributions has been found in
the cases so far investigated. In electron-impact
studies® on rare gases as a function of incident
electron energy, some evidence for small D.C.
contributions to double-vacancy final states may
exist, but the interpretation is not certain.

The present paper is a high-resolution g-ray
spectrometer study of the energy region below
several K-internal-conversion lines, in which it
is shown that structure exists at the appropriate
energy, and with the appropriate intensity, to be
interpreted as the result of the shakeoff process.

II. EXPERIMENTAL RESULTS

A. Instrumental

For these experiments, the Argonne toroidal-
field iron-free p-ray spectrometers® were oper-
ated in tandem. The first spectrometer forms an
image in the midplane between the machines, and
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the second spectrometer, using this image effec-
tively as a source, forms the final image at the
detector. With a 1-mm-diam source and a final
detector aperture of 1.5 mm, the resolution is
0.05% (full width at half maximum) in momentum
and the measured transmission is 4.5% of 47. The
angles of emergence of the electrons from the
source were between 40 and 70° from the normal
to the source plane.

Sources were prepared in the Argonne electro-
magnetic isotope separator by allowing the ions,
decelerated to <25-eV energy, to impinge on the
source backing through a 1-mm-diam mask. The
deceleration of the ions insures negligible penetra-
tion into the backing. A thin source is an obvious
requirement, since the structure sought lies imme-
diately on the low-energy side of the line where
source thickness “tailing” would provide an unde-
sirable background continuum of electrons. From
the current in the mass-57 beam of the isotope
separator integrated over the time of collection,
one calculates on the order of § monolayer for a
5-1.Ci Co®" source on a 1-mm-diam deposit. Back-
scattering from the source backing also results in
an undesirable continuum. In this respect, our ex-
periments are less than optimum since we used
essentially infinitely thick backings. For reasons
which are related to the problem of observing
these effects on very low-energy lines, the back-
ings used were surfaces exposed by cleaving nat-
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FIG. 2. A vertically magnified view of the base of the indicated conversion lines in the decay Co®"— Fe®, An abbre-
viated decay scheme is shown in the inset giving the energies in keV, spins, parities, and half-lives of the states of in-
terest. Arrows indicate where shakeoff structure would be expected. Data are from an ~80-uCi source.
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ural graphite crystals mounted with good electri-
cal conductivity to aluminum foils.

B. KL Continuum

Figure 2 shows the electron momentum spec-
trum in the neighborhood of the K, L, and MN
internal-conversion lines of the 122-keV transition
and the K line of the 136-keV transition in the de-
cay of Co®” (conversion taking place in the daugh-
ter Fe®"). Note that the K lines extend upward ~70
times the maximum ordinate shown. Arrows in-
dicate the position below the K lines at which we
expect to see the KL and KK bumps. Indeed, even
in this condensed view, the KL bump is depictable
at the base of the K lines.

Figures 3 and 4 show the K,, and K,,, lines in
the region of the KL bump (i.e., the upper end of
the KL continuum), and Fig. 5 shows the KL bump
on the K line of the 661-keV transition in Ba'®’ fol-
lowing the decay of Cs!%".

The first point to be made is that the bump is
not some feature of the focusing of the spectrome-
ter, because the ratio of the momentum of the
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bump to the momentum of the main K peak is not

a constant for all cases. Rather, the bump posi-
tion is related to the L-binding-energy spacing be-
low the main K peak. The vertical marks labeled
L,, L,, and L, indicate a momentum position cor-
responding to the energy of the main K line re-
duced by the indicated shell binding energies
(shown for Z, Z+1, and Z +2, where Z is the atom-
ic number of the element in which the conversion
takes place).

Secondly, the intensities are the same order of
magnitude as theoretically expected. In order to
support this statement, we must define the exper-
imental intensity of the KL continuum, a task
which is not clear-cut, since the tailing off of the
complementary continuum, in principle, extends
down to zero energy (see Introduction). We need
take account only of the complementary continuum,
since each shakeoff event results in one electron
in the shakeoff continuum and one in the comple-
mentary continuum. (The complementary contin-
uum will include a small contribution of electrons
associated with the promotion of L electrons to un-
occupied bound states.) However, we can enjoy
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FIG. 3. KL shakeoff continuum from the 122-keV transition following the decay of Co®’. Two different momentum ex-
pansions are shown in upper-left and lower figures. The inset in the upper right shows the K line of the 122-keV tran-
sition (in the same momentum expansion as the lower figure), illustrating the instrumental-resolution function which
must be taken into account in determining where the KL ; continuum begins, The position of this inset, relative to the
lower momentum scale, results from a graphical-fitting attempt (see text) to determine this end point. The energy dis-
placements from the peak of the K line, equal to the L -shell binding energies in (the daughter) Fe and also in Co and Ni,
are indicated. The “tail” of the main K line, extended under the KL continuum, is subtracted from the experimental
points, yielding an area relative to the K-line area as indicated in the intensity ratio KL /K. The asymetry of the K
line seen in the upper-left plot results from source backing and thickness effects, and possibly from shakeoff from out-
er shells which would appear displaced from the peak of the K line by energies less than the linewidth., Data are from

a~5-uCi source.
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TABLE I, Intensity of KL shakeoff to K conversion,

Experimental Theory
ZA(transition in keV) > KL/K 2 L/ decay? > KL/K®
2 Fe¥(122) 9x1073 1.29x1072 9.5%1073
s Fe’'(136) 9x107° 1.29x1072 9.5x1073
s6Bal’’(661) 1x1073 1.9 x1073 14x1073

2Reference 10. Sum of L, L,, and L, shells,
b previous column multiplied by (0.85)° to account for different effective change in charge (3~ decay vs K conversion)
experienced by L electrons. See Ref. 10.

some after-the-fact assurance in a feature of the trometer. This is clear from a comparison of the
shakeoff theory which says that the fraction of the 122- and 136-keV transitions in Fe®’. Here are
continuum area below 2 or 3 times the binding en- two transitions of nearly the same energy in the
ergy of the ejected shakeoff electron is small same source, but their conversion coefficients
(<10%). Proceeding in an obvious way, if the back- are different by a factor of 10. There are 10
scattering tail in Figs. 3-5 is joined smoothly times as many 122-keV y rays per electron as
with the main line (by eye), the areas relative to there are 136-keV y rays per electron, yet the KL
the main K peaks are obtained. Table I lists the bump intensity relative to the main K line is the
results for the three cases. While it is difficult same in both cases. Finally, we can point out that
to assign uncertainties to the experimental values the bumps do not have the shape of conversion
and, indeed, also to the theoretical numbers, lines and thus are not the fortuitously situated con-
conservative judgement indicates 50% on either version of some undiscovered transition in these
should include the uncertainties, in which case decays, or of some impurity in the mass-separa-
there is better than order-of-magnitude agree- tor-prepared samples.
ment of the KL intensity with theoretical expecta- In light of these points, we are persuaded that
tions. this structure is not an instrumental effect, and
Thirdly, the bump is not associated with photon can be interpreted as the KL shakeoff accompany -
interaction with material of the source or spec- ing K internal conversion.
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FIG. 4. KL shakeoff continuum from the 136-keV transition following the decay of Co®’, Same source as Fig. 2. See
Fig. 2 caption for additional comments. Note the intensity ratio of KL /K is the same for this E2 transition as for the
predominantly M1'122-keV transition. Note also that the displacement of the KL threshold (in energy) from the K 43¢
peak is nearly the same as for the 122-keV transitions. This is evidence that these bumps are not focusing aberrations
of the spectrometer (ghosts), which must appear at constant fractional momentum displacements, if at all. Nor are they
likely to be fortuitously located conversion lines of unknown weak transitions in Fe® or in impurities.
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C. More Detailed Analysis of the KL Continuum
1. Binding Enevgies

One of the results of these measurements is the
energy required to remove both a K and L electron
simultaneously from the atom. Because of the
less-than-perfect K screening of the L electrons,
one might expect that the KL continuum would be-
gin at an energy difference less than Ly (Z +1)
below the K line; the notation indicates the L bind-
ing energy in atom (Z +1). Interestingly, our ex-
periments indicate the KL continuum starts a lit-
tle more than Ly ¢ (Z +1) below the K line.

Because differences between L binding energies
in atoms of neighboring Z for our cases are com-
parable with the instrumental linewidth, the in-
strumental resolution must be taken into account
in deciding where the continuum begins. One meth-
od involves making semilogarithmic plots of the
KL bumps and of the line shape of the K conver-
sion lines, and graphically approximately match-
ing the high-energy edges. In each of Figs. 3, 4,
and 5 is indicated a K-line shape in the position
which resulted from such a (semilogarithmic)
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FIG. 5. KL shakeoff continuum from the 661-keV tran-
sition following the decay of Cs!3?, The x marks are the
result of subtracting the smooth continuation of the main
K-line tail from the experimental points. The dashed
curve marked theory is the result of folding the line
shape with a calculated spectrum. The calculation as-
sumed that each of the three components (KL, KL,, and
KL,) has a shape given by Eq. (1), along with the Levin-
ger 2p result, Eq. (5). The ratio of the components used
was 0.43:1:2, respectively, and the energy spacing of the
components was the same as the L -subshell binding-en-
ergy spacing in Ba, but with the KL ; binding energy
=43.01 keV li.e., threshold displacement from K line
lies between L 3(La) and L4(Ce)l. The dashed curve is
normalized to data points at the peak of the spectrum,
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TABLE II. Experimental electron binding energies 2
in eV (neutral atom).

Atom\ Shell K L, L, L,
s Fe 7114 846 723 710
2,Co 7709 926 794 779
2Ni 8333 1008 872 855

2Reference 19, Appendix 1, p. 224; see also J. A,
Bearden and A. F. Burr, Rev. Mod. Phys. 39, 125
(1967). Uncertainties are on the order of 1 eV,

graphical procedure. In each case, the peak of
the line falls between L,y (Z +1) and Lgg ;. (Z +2)
below the K line, thus indicating the energy at
which the abrupt start of the continuum occurs.
A more satisfactory analysis follows for the case
of the KL continuum of the 122-keV transition in
Fe.

Figure 6 shows the result from a source ~16
times stronger than that for Fig. 3. (We note that
the KL/K intensity ratio is again ~9x1073, inde-
pendent of source strength and attendant variation
in source thickness.) The K line is indicated in a
position derived from the graphical procedure
just described, but in Fig. 7 an “unfolding” is dis-
played which indicates the start of the continuum
is closer to L,p ;. (Z + 1) than the graphical pro-
cedure indicates. The upper part of Fig. 7 dis-
plays the experimental points of Fig. 6 and a
curve constructed by folding the “true spectrum”
(labeled YKL) in the lower part of Fig. 7 with the
experimental line shape. This true spectrum is
actually approached by a series of guesses. Each
is folded (by computer integration) with the exper-
imental line shape, and each generates a curve to
be compared with the measured spectrum (with
area normalization), the process being continued
until a match within the statistical uncertainties
of the measured points is obtained. Because the
KL continuum must be made up of a contribution
from each L subshell, the trial “true spectra”
were chosen such that (1) the three separate sub-
shell contributions would have the same shape,
and (2) the relative energy positions (spacing)
would be that of the L-subshell binding-energy dif-
ferences at Z =26. The absolute position (abscissa
in Fig. 7), the shape of the continua, and the rel-
ative intensity of KL, to KL, +KL, were varied un-
til the result shown in Fig. 7 was obtained. The
L, ; spacing for this Z is too small to draw any
conclusions concerning relative intensity from
these data. The theoretical expectations based sim-
ply on number of electrons in each subshell is
KL,/KL, (intensity) =2 (which is shown in the
curves of Fig. 7). On the other hand, the KL,
spacing is large enough to indicate with the as-
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sumptions (1) and (2) just stated that the KL,/(KL,
+KL,) intensity ratio is ~1/3 that predicted® for
the B ~-decay shakeoff of L electrons (see Table in-
sert of Fig. 7). Further, it should be noted that
acceptable fits can be found with even less KL,
bulge assumed in the trial spectrum, this being
compensated by a more rounded shape at the peak
of the distributions.

In spite of some ambiguity in the relative inten-
sity of the subshell components, the unfolding pro-
cedure contributes an uncertainty of <5 eV to the
determination of the start of the KL; continuum.
Our result is that the KL, continuum begins 791"23
eV below the K line. The uncertainty here is most-
ly due to the uncertainty in drawing in the back-
scattering tail of the main K line. We have made
no correction at the high-energy edge for excita-
tion to unoccupied bound states. This correction
is expected to be ~6 eV and would, if discernible,
increase our value of 791 eV. Table II gives the
experimental binding energies for Z =26, 27, 28,
The spacing between the KL, continuum edge and
the K line is seen, therefrom, to fall between the
Z +1 (Co) and Z +2 (Ni) values for the L, binding
energy.

An equivalent way to state our results is that
the total energy required to extract a K+ L, elec-
tron from the Fe atom®! is 7114 +791="7905*2)
eV. This may be compared with a self-consistent-
field calculation (SCF)* of this quantity which first
finds the total energy of the electrons in the neu-
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tral atom and then in the atom with a 1s and a 2p
electron missing, the difference being the desired
energy. This gives

Fe(atom) — Fe(1s)~%(2p)~1="7887 eV,
Experimental B.E. of KL;="7905 eV .

However, the same procedure yields for the in-
dividual binding energies

Fe(atom) — Fe(1s)™1="7074 eV ,

Experimental B.E. of K=T114 eV,

Fe(atom) — Fe(2p)~1=1729 eV,
Experimental mean B.E. of L, and L;="T16 eV.

Thus, the calculations underestimate the K bind-
ing energy by ~40 eV and overestimate the L, ,
binding energy by ~13 eV. If we make an empiri-
cal correction of 40 — 13=27 eV, the calculation
yields 7887 +27="T914 eV; not far off the experi-
mental mark. As the techniques of SCF calcula-
tions are improved it will be interesting to see if
these inner “ double-vacancy” binding energies
can be predicted accurately.

2. Spectrum Shape

As noted in the Introduction, the composite KL
continuum can be regarded as the sum of two con-
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FIG. 6. KL continuum from the 122-keV transition following the decay of Co®’, from a source of ~80 pCi. The +
marks are the result of subtracting the smooth continuation of the tail of the K line from the experimental points. The
curve labeled theory is the result of folding the K-line shape with a calculated spectrum made up of KL, KL,, and KL,
components (spaced as in Fe) in the ratio 0.43:1:2. The shape of each is taken from Eq. (1) with the Levinger 2p result
Eq. (5). The dashed curve is normalized to data at the peak of the spectrum.
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tinua, one which dominates at low energy (we call
this the shakeoff component), and its “mirror
image” at the high-energy end of the continuum
(the complementary partner component; see Fig.
1). In the lower part of Fig. 7, the shape of the
resolution-corrected momentum spectrum of the
complementary partner is seen in any one of the
components, e.g., KL;. This spectrum, trans-
formed to an energy spectrum?!® and reflected
about the energy midway between zero and the
maximum kinetic energy, is shown'* in the upper
part of Fig. 8. (The further transformation to a
momentum spectrum is shown in the lower part
of the figure.) Similar deductions of the experi-
mental shakeoff spectrum have been carried out
for the case of K photoionization by Krause, Carl-
son, and Dismukes.?

No one has carried out a calculation of the spec-
trum shape for the shakeoff electrons specifically
‘associated with internal conversion, but from pre-
vious developments®~'*% it can be inferred that
the differential (in energy) spectrum will be pro-
portional (i.e., electron-energy-independent fac-
tors are not included) to

. —
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FIG. 7. (a)-(c) The resolution-corrected shapes of the
KL continua of the 122-keV transition following the decay
of Co®, The lower curves (c) are arrived at through a
series of trials, each trial being tested by folding it with
the K-line shape (resolution function) and by comparing
the result with the experimental points. The upper fig-
ures show this comparison; the experimental points are
the same as the + marks of Fig. 6. The intensity ratio
KL4/KL, is held fixed at 2/1, but the KL, contribution
is a variable. The table insert compares the result de-
rived here with the expectations from the calculations of
Carlson ef al. (Ref. 10) for B~ -decay shakeoff. Another
result derived here is the end point of the KL 3 continuum
which in turn yields the KL ; double-vacancy binding en-
ergy =791t} eV + 7114 eV (K binding energy in Fe)
=79053) eV,

N(W, Wy )dWd Wy ={F(Z;, W)B(W)}

XPpWheW (A = W=W)dWdW,.
(1)
Here the curly bracket is the square of an over-
lap integral between the initial bound state of the
ejected electron and the final continuum state. The
total energy (W) and momentum (p) of the ejected
(shakeoff) electron have no subscript; correspond-
ing quantities for the complementary companion
have subscript K. The units used are such that
mo=c=r=1, and W?=p*+1. The Dirac 6 function
6(A - W-W,) ensures energy conservation. The
constant A is given by

A=E,+2-B.E.,

I I I I
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FIG. 8. Experimental shakeoff spectrum component of
the KLy, continuum deduced from the KL 4 resolution-
corrected shape shown in the lower part of Fig. 7. The
upper part of the figure gives the energy spectrum ob-
tained from Fig. 7 (transformed to an energy spectrum)
by reflection in the energy midway between zero and the
end point of the continuum; the momentum spectrum
shown below can then be derived from the upper curve,
The curves labeled theory are Eqs. (2) and (6) using the
Levinger 2p result, Eq. (5); arbitrary normalization.
Disparity between shape predictions of theory and experi-
ment in the range p =(0—0.01) may be due to possible re-
sidual atomic excitation and ionization of Fe®" in the 136-
keV state, [See Sec. II C(2).]
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where E, is energy of the nuclear transition being
internally converted, and B.E. is the energy re-
quired to remove simultaneously the K electron
and the shakeoff electron from the atom. Both £,
and B.E. are in m ,c® units; the 2 is included for
the rest mass of the two electrons. If expression
(1) is integrated over Wy, the energy spectrum of
the shakeoff electrons is obtained:

NW)AW ={F(Z;, W)B(W)}
XpW[(A = W) = 1]13(A = W)d W,

where F(Z,, W) is the “Fermi function” for the
shakeoff electron in the final-state Coulomb field
of some effective charge Z; and is given approxi-
mately by the expression 2raZ,(W/p)[ 1- e & W/»|-1
or can be obtained from tables; o=~ 4= . The
quantity B(W) depends on the initial state of the
shakeoff electron and is given here for K(1s) elec-
trons'~'" and for L,(2s) and L, 4(2p) electrons'’
from nonrelativistic hydrogenic calculations.

(2

For K(1s),

Bow) - Eel=4e 2, W/p) tan" ()]

(3)

(1+y)*
| daZ (A -W
NW,)AW,=F(Z;,A —Wg)exp {-— (4 H(/K)z — 1Kz/ztan
with
y AW -1 (AW -1

a?z? 2 XKy, g,

In Fig. 8 are shown the plots of expressions (2)
and (6), using Eq. (5) for B(W); y=3p?/(7.11/511);
B.E.=7.905/511 and E, =122/511. We chose the
effective Z,=23 for the 2 p electrons, as screened
from the nuclear charge Z=26in Fe (by the 1s, 2s,
and other 2p electrons), by about three units.®
The difference in theory and experiment in the
region of 1 keV (p=0.0625m,c) and higher may
not be significant, since the choice of the under-
lying tail of the main line (see Fig. 6) has relative-
ly wide range. However, the rise of the KL con-
tinuum as reflected in the region from 0-26 eV
(p=0-0.01) of Fig. 8 is less steep in the experi-
ment than in the theory (see also the Fig. 6 curve
labeled theory). It is clear that different choices
for the background curve will emphasize or mini-
mize this discrepancy; however, the choice of
background which would eliminate the discrepancy
appears to us an unreasonable one. Factors which
might cause such a discrepancy are: (1) failure
to correct for excitation of L, ; electrons to un-
occupied bound states, (2) deficiency in the theory,
and (3) some feature of the particular transition
being studied.

With respect to this latter point, we note that

PORTER, FREEDMAN,
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For L,(2s),
_ exp[-4aZ,(Wp)tan ~1(2y1/2)|(3 + 4y )?
BW)= : (1+4y)° )
(4)
For L, 4(2p),
B(W) = expl-4aZ,(W/p) tan~2(2y*/*)](1 +y) ®)

(1+4y)8
where in expressions (3)-(5)

__ P _ejected-electron kinetic energy
Y=tz Kjp ¢, in nucleus with charge Z °

The momentum spectrum of the shakeoff electrons
can be obtained from Eq. (2) [where dW = (p/W)dpl:

N(p)dp ={F(Z,, W)B(W)}

P (A =W) = 1]V2(A -W)dp. (6)

The energy spectrum of complementary partner
electrons can be obtained from Eq. (1) by integrat-
ing over Winstead of W,. We display here, as an
example, the complementary spectrum for K -
electron shakeoff

PxWydWy , ("

-1,,1/2 [ - Wy ) - 172(A - W)
Y Ty

T

the 136-keV level in Fe®", from which the 122-
keV transition arises (see Fig. 2), is populated
mostly by K-electron capture. The vacancy thus
created propagates outward in an Auger and x-
ray cascade, resulting in ionized outer shells
which may not have completely refilled by the
time the 122-keV transition occurs. If the life
time of the 136-keV level (8.9 nsec) is not long
compared to the “recovery time” for the outer
shells for the atom on a solid conducting substrate,
the ensemble of decaying 136-keV states will have
a range of binding energies for the inner shells
reflecting the unsettled state of the valence shells.
(The magnitude of the change in binding energies
is of the order of 14 eV per charge removed from
the valence shells.’) Thus, the experimental
curve would be a composite of continua with differ-
ent end points and would show a less sharp onset
than for a case in which the ensemble of states
has the same electron binding energies in the in-
ner shells. We can bring no experimental evi-
dence to bear on the question of the lifetime of
valence-shell “holes” in Fe for our particular ex-
perimental conditions, so this explanation of the
difference between theory and experiment is cer-
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tainly not established.

In contrast, for the 661-keV transition in Ba'®,
the question of a range of binding energies is com-
pletely suppressed because the state is very long
lived (2.6-min half-life) compared to atomic re-
covery times, and because at this higher energy
our instrumental resolution (linewidth) is very
broad compared to the binding-energy variations
caused by outer-shell vacancies. In Fig, 5, the
curve marked theory is obtained by folding the in-
strumental resolution curve with the calculated
spectrum. Within the statistical uncertainty, the
theory describes well the shape of the KL contin-
uum at the high-energy end. The ““ calculated spec-
trum” is a sum of three components in the ratio
L,:L,: L,=0.43:1:2 chosen to be the same as
that derived for the Fe case, but with spacing as
in Ba. The KL, binding energy from the fitting is
43.01+0.03 keV, compared with the sum, Kj; ;(Ba)
+ Lap.g,(La)=42.92, and a calculation'? of the dif-
ference in total energies, Ba(atom) — Ba(1s)™*(2p)~?
=41.41 keV.

D. KK Continua

Figure 2 shows an arrow pointing to the region
on the combined backscattering tail of the main
conversion lines where the KK bump is expected
for the 122-keV transition in Fe®’, i.e., approxi-
mately the K binding energy in Z + 1 below the K

conversion line. The results of several weeks of
counting in this region with an 80-uCi source are
shown in Fig. 9 with coordinates expanded. On
this scale, the interesting bulge in the backscatter-
ing tail, extending from 71 to 76 potentiometer
units, barely discernible in Fig. 2, becomes obvi-
ous. Its origin is not understood. The feature
which would be expected to indicate KK shakeoff
is a step in the background continuum rising with
the abruptness of the instrumental resolution func-
tion (see “K-line shape” in Fig. 9). The theoreti-
cal spectrum shape expectation, Eq. (7), folded
with the line shape is shown at the bottom of Fig.
9. In the calculation we have used, £=# B.E.
= %, Zf: 26, y= [(A - WKZ) - 1]/(2 ng.Tlll')' The
intensity is such that, when superimposed on the
background continuum (dashed curve of Fig. 9), it
represents an estimate for the intensity of the KK
continuum consistent with our experimental points.
A serious experimental problem associated with
this measurement was that the “background” con-
tinuum did not follow the Co®” half-life exactly;
over a period of 30 days it showed less decay,
i.e., 5.5% decay vs 7.5% expected for the 270-day
half-life of Co®. This suggested that the source
was changing character, perhaps being covered
by absorbed material from the residual vapor in
the vacuum chamber of the spectrometer (5x10°°
Torr). This would cause energy loss for some
fraction of the conversion electrons, which would
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FIG. 9. Vertical expansion of counting rates in the neighborhood of the KK continuum end point for the 122-keV tran-
sition following the decay of Co°’. The broad bulge in the backscattering tail is barely visible in the Fig. 2 display for
the same source. The dashed curve (lower curve labeled theory superimposed on the background bulge) is taken from
Eq. (7), with intensity chosen to fit the rise at 75.75 potentiometer units; its area relative to the K-line area gives the
upper limit for KK shakeoff indicated. The dotted curve we take as a lower limit.
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TABLE III. Intensity of KK shakeoff relative to K conversion.

Experiment Theory
ZA(transition in keV) KK /K K /B decay ? KK /KD
57 <2 -4 -3 -4
s Fe’’(122) 0.4 %10 1.3x10 1.2%x10
sBa'?’(661) <2 x107 3.3x10™* 3.0x107°

@Reference 10. Calculation of shakeoff probabilties per g~ decay.
bprevious column multiplied by (0.3)% to account for different effective change in charge (8~ decay vs K conversion)
experienced by the K electron, See Ref, 10 and E. J. Seykora and A, W. Waltner, Am. J. Phys. 38, 542 (1970).

then appear in the continuous tail forming the
“background” for our measurements. This idea
is supported by the fact that the 14-keV K line at
T keV did, indeed, show an easily discernible de-
crease in peak height and increase in degraded
tail during this period, as would be expected for
this much lower-energy line if material were be-
ing absorbed onto the source. Although counting
was done scanning back and forth over the region
of interest, decay corrections were necessary to
tie together all the data. These were made from
effective-decay curves obtained from repeated
counting in limited areas. In view of these diffi-
culties, there is more uncertainty in the points
than is indicated by the error bars in Fig. 9, which
reflect only statistical counting errors.

From our data, the best estimate of the KK bind-
ing energy of Fe is 14.72+0.15 keV, compared
with [Ky, ¢, (Z=26) + Ky, .(Z +1)]= 14.82 keV, or with
calculated total energies® [Fe(atom) — Fe(1s)72]

=14.50 keV.

The dashed curve of Fig, 9 is taken as an upper
limit for the KK shakeoff process. Its integrated
area is listed in Table III. Curves with a much
faster decrease in the KK continuum with energy
could equally well be admitted by the experimental
points. The dotted curve in Fig. 9 is such an ex-
ample; its area is taken as the lower limit for the
intensity in Table III.

For the higher-Z case of the 661-keV transition
in Ba'’ the KK bump is even more difficult to
find. Figure 10 shows the result of several weeks
of counting in the region of the K binding energy
(in Z=56-58) below the K line. Again, the theo-
retical shape prediction, folded with the K-line
shape, is shown at the bottom of the figure with
an intensity which yields KK/K=1.2x107%, We
take about twice this value as an upper limit for
K shakeoff accompanying K conversion in Ba. The
theoretical estimate (see Table III, last column)

21
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FIG, 10, Vertical expansion of the counting rate in the neighborhood of the KK continuum end point of the 661-keV
transition following the decay of Cs!37. General background is the backscattering tail of the K line and the weak ground
state B~ continuum. The curve indicated theory is from Eq. (7) with our choice of intensity; twice its area relative to
the K -line area is taken as the upper limit indicated.
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is an order of magnitude smaller.

In the Introduction, it was noted that the contri-
bution of direct collisions might be significant in
the KK continuum. For 3~ decay the estimate? of
the ratio of contributions was D.C./Sh~B.E./E.
Applying this criterion for K conversion, one finds
% and &, respectively, for the 122-keV transi-
tion in Fe® and for the 661-keV transition in Ba®®”
using the K binding energies (B.E.) and the K-con-
version-line energies (£). However, in Table III
we have indicated that screening arguments pre-
dict that K ejection with K conversion is ~ % as
probable as K ejection with 8~ decay. If at the
same time one argues that the D.C. contribution
is the same for a K conversion electron and a 3~
particle, then the D.C. contribution to the KK con-
tinuum would be the same order of magnitude as
the shakeoff contribution. If a KK continuum is
ever measured well enough, the spectrum shape
can give the relative contributions. Feinberg’s*
Eqgs. (15) and (16) give a spectrum shape which
falls off less rapidly with energy than the shakeoff
predictions.

E. 14keV K Conversion Line

We have looked for evidence of shakeoff accom-
panying K conversion of the 14-keV transition in
Fe®. In this case, there is not enough energy
available for KK, and the KL continua fall near
the KLM Auger lines, but M-shell shakeoff struc-
ture is expected in a position which would be fav-
orable for observation. Figure 11 shows the K
line of the 14-keV transition from a Co®’ source
deposited with the isotope-separator ions deceler-
ated to <25 eV onto the cleaved and etched surface

6
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FIG. 11. The K conversion line of the 14.4-keV tran-
sition following the decay of Co®’. Arrows indicate re-
gions near where KM shakeoff would be expected to be-
gin. An intensity similar to that predicted for 8~ decay
(Ref. 10) would be visible on this scale (about 0.6 ordi-
nate units for KM, 3 on the X5 plot). It is not understood
why the shakeoff is not seen here,

of a natural graphite crystal. These surfaces are
believed to be smooth on the scale of a few atomic
layers. The mean source thickness of this sample,
on the basis of the time-integrated beam current
at mass 57, is <{; monolayer. In spite of such
precautions, a low-energy tail with a large frac-
tion of the total K electrons is evident. The tail
extending to ~100 eV below the K line is composed
of electrons initially emitted into the acceptance
solid angle of the spectrometer (rather than back-
scattered), since the tail intensity must be includ-
ed with the main line to get agreement with the the-
oretical K conversion coefficient. The KM, and
KM, , shakeoff continua are expected to begin in
the neighborhood of the arrows shown. The KM, 4
+KN, bump would be too close to the main K line
to be resolved. Why the KM, and KM, , bumps are
not evident is not understood. The expected in-
tensities of 1 and 4%, respectively, relative to
the K line are large enough to be seen easily if
the expected shape of the shakeoff continuum oc-
curred, even if it is folded with the experimental
K-line shape. The available energy (7000 eV) is
many times the binding energies of 50 and 100 eV,
so that the criterion of Carlson, Moddeman, and
Krause® (shakeoff processes are energy indepen -
dent when the available kinetic energy is a few
times the binding energy) is met. Moreover, KM
continua in gaseous argon have been observed in
photoelectric emission at ~1.3 keV, with theoret-
ically predicted intensity.

More cases with energy between 7 and 100 keV
must be studied in order to decide whether some
conceptual modification of the process is required,
or whether solid-source effects are masking the

shakeoff process at such low energy.

III. CONCLUDING REMARKS

We have presented evidence that a KL shakeoff
continuum accompanies K conversion lines at Z
=26 (122 keV, mainly M1; and 136 keV, E2), and
at Z=56 (661 keV, M4). The probability relative
to the K-line intensity is in reasonable agreement
with SCF overlap-integral predictions as modified
with screening factors, and appears not to depend
on the multipolarity of the transition. Although the
shape of the continua of the complementary parti-
cle at the high-energy end is in general agreement
with nonrelativistic calculations, detailed compar-
ison has yet to be made at energies of the order of
twice the binding energy away from the end point.
What is required here is thinner backings to re-
duce the backscattering tail of the main line,
whose subtraction leads to the large uncertainty in
that region. With regard to the shape near the end
point, a transition between 50 and 100 keV of half-
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life >100 nsec would be useful to resolve the ques-
tion concerning neutralization of the atom in the
isomeric state, which was raised in Sec. IIC 2.
Better measurements will also require some cor-
rection for excitation of the bound electron to un-
occupied bound states.

Our preliminary look at KK continua indicates,
again, much thinner backings are required to im-
prove the signal-to-noise ratio. For higher-Z
cases, such as Ba considered here, the KK con-
tinuum may be very difficult to observe if the the-
oretical estimates of the intensity are correct. At
our resolution (0.05%), the step in counting rate at
the KK end point for Ba may be only 107° of the
peak rate.

The failure to find KM structure on the 14-keV
K line might be an indicator of serious disagree-
ment with shakeoff theory if it were not for the ex-
perience®® with gaseous sources at an even lower
energy relative to the binding energy. Instead,
the anomaly probably points to some solid-source
effect, as yet unexplained.

Shakeoff structure on other than K conversion
lines is, of course, expected. For example, we
can speculate that LL/L ratios will be small
(small effective change in charge as in KK), al-
though L,L, ,/L, may be larger than L,L,/L,.

A final remark concerns the measurement of
conversion-line areas for the purpose of deter-
mining absolute conversion coefficients or conver-
sion-line ratios. If instrumental resolution is
poor, the shakeoff structure may lie in the line
area, but at better resolution the shakeoff struc-
ture represents a depletion of the line area. For
example, for the 122-keV K line in Fe®’ examined
here, if the KL bump is not included in the area,
a 1% error is made.
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Seven excited levels of “9Ar have been populated by the °Ar(p,p’) reaction and studied with
v-y and p’~y angular-correlation techniques. Spin-parity assignments are: 1461 keV, 2*;
2121 keV, 0%; 2524 keV, 2%; 2892 keV, (4)*; 3207 keV, 2" or 1*; 3507 keV, 2" or 1*; 3681 keV,
37. Multipole amplitude mixing ratios are: 2524 — 1461-keV transition, 6(E2/M1)=+0.24;
3207 1461-keV transition, if 2*—2* 6(E2/M1)=-0.20, and if 1*—~2* 6=0. y-ray branch-
ing ratios for the second to seventh excited levels have been measured. These results, to-
gether with lifetimes previously determined by others, are used to calculate B(E2) and B(M1)
values which are compared with those of similar levels in %%Ca.

I. INTRODUCTION

In this study, “°Ar spins and parities, y-ray
multipole amplitude mixing ratios, and y-ray de-
excitation branching ratios have been determined
within the limits of available techniques. Levels
of “°Ar up to 3681 keV have been excited by the
inelastic scattering of protons, and their decay
modes have been observed with p’~y and y-y coin-
cidence techniques.

Previous measurements include a determina-
tion of the energies of many *°Ar levels through
use of the *°Ar(p, p’) reaction by Benveniste,
Booth, and Mitchell,! and a *°Cl B-decay study?
which complements the present work and which
provides precise level energies as illustrated in
Fig. 1. Earlier work has been summarized by
Endt and van der Leun® and in Ref. 2. Recently,
measurements have been made of branching
ratios®® and of the lifetimes of the first three ex-
cited levels.>® Differential cross sections for
the “°Ar(a, a’) reaction have been measured and
interpreted.” Proton-hole states have been in-
vestigated through the **K(d, *He)*°Ar reaction.®
Spin assignments have been based on the analysis®
of (p,p’) angular distributions which were obtained
using 24.85-MeV protons. Not all of the previous

reports on the properties of “°Ar levels are in
agreement; some of them will be discussed in
Secs. IV and V in connection with the present re-
sults. Theoretical calculations of the structure

of “*Ar have been few in number.% - Since “°Ar
has two d;,, proton holes and two f,,, neutron par-
ticles, the large-scope shell-model calculations
have omitted this “transition” nucleus.

II. EXPERIMENTAL PROCEDURES

Protons from the University of Kentucky 6-MV
Van de Graaff accelerator, having energies in
the range from 4.7 to 5.8 MeV, were used to bom-
bard a target of gaseous argon at typical pres-
sures of 12 to 20 cm of Hg. After being energy-
analyzed by a 90° bending magnet the proton beam
was converged by a magnetic quadrupole doublet
to a target position which was 14 m from the bend-
ing magnet. The gaseous argon was contained
within a small cell which was inside of a 12.70-cm-
diam aluminum scattering chamber. The cell
itself was an aluminum cylinder with height of
1.98 cm and outside diameter of 1.4 cm, closed
at the top end and attached to the gas supply sys-
tem at the lower end. There was a 0.48-cm-wide
opening cut in the cell wall, circumferentially



