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Two-photon inner-shell transitions in molybdenum
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The two-photon x-ray emission spectra of inner-shell transitions in metallic Mo have been studied
using large-area energy-dispersive Si(Li) detectors and fast, computer-controlled, time-coincidence
electronics. The discrete energy-summation spectrum displays a peak at 17.1 keV corresponding to
the expected 2s ~1s transition, as well as a second, more intense peak at 19.7 keV. Based upon very
recent analytical H-atom calculations by Florescu, this latter peak is tentatively identified as due pri-
marily to 3d~ ls transitions. The continuous two-photon spectrum has also been measured on an
absolute intensity scale and compared with a frozen-orbital calculation based upon direct summation
of the second-order perturbation expansion for the relevant matrix elements. For the 2s ~1s transi-
tion, excellent quantitative agreement is found using the self-consistent-field Hartree-Fock wave
functions of Clementi and Roetti. The same calculation predicts that the 3s~ls transition is of
negligible relative amplitude. Because the calculational method is inapplicable to d states, a simple
closure approximation is developed which is found to be reasonably good for both the 2s and 3s
two-photon transitions, but apparently fails for the 3d transition since it predicts a result which is
relatively much too small. Our data are the first for inner-shell transitions and it is anticipated that
further developments in both instrumentation and in theory will yield a new, rich, multiphoton
inner-shell spectroscopy.

INTRODUCTION

Although the basic theory of two-photon emission has
been available for more than half a century, ' laboratory
experimentation awaited the application of modern beam
techniques by Novick and co-workers who pioneered the
study of the 2s~ls transition in ionized helium. Their
basic method was subsequently expanded by Marrus and
Schmieder who, in a beautiful series of experiments using
the then newly developed beam-foil technology, studied a
number of heavy hydrogenic and heliumlike ions. Since
that time similar studies have been vigorously pursued by
others, resulting in a wealth of additional, fundamental
new information.

A11 these experiments have been limited to the study of
two-photon transitions from the metastable 2s level for
which there is no competing strongly allowed one-photon
transition. This is because two-photon emission is typi-
cally 4—8 orders of magnitude weaker than strongly al-
lowed one-photon emission. Indeed, the importance of
the beam technique is that it yields a nearly pure meta-
stable system downstream of the region in which all
strongly allowed one-photon transitions take place.
Short-pulse excitation would, in some circumstances, offer
a similar advantage.

Of course, two-photon transitions from nonmetastable
states are also of intrinsic interest, as is the study of such
transitions between the inner shells of many-electron
atoms. For such systems beam techniques appear to offer
no particular advantage since they cannot be used to elim-
inate strong one-photon emission. For these systems the
only available experimental approach is the straightfor-
ward, "brute force" one of detecting the very weak two-
photon emission in the presence of an enormously greater

one-photon flux. We have been able to accomplish this'
and consequently have been able to observe, for the first
time, two-photon emission from a transition other than
2s~ls. Our data are also the first for inner-shell transi-
tions. In the following sections we describe in some detail
our experimental apparatus and the data obtained and also
discuss new theoretical results for many-electron atoms.

PRELIMINARY CONSIDERATIONS

As in all previous work we use a pair of identical
detectors to collect both emitted photons in fast time coin-
cidence. This serves to minimize the effects of the large
one-photon background. The observation of a coincidence
event, however, does not guarantee that true two-photon
emission has been observed. In addition to fast atomic
cascades that appear coincident on the —10 -sec time
scale of our apparatus, there are other true two-photon
processes, such as double-Compton scattering ' which
may be of appreciable intensity. Also, cross talk between
the detectors is an intrinsic problem induced by the large
one-photon flux. The elucidation and elimination of such
interfering phenomena was, in fact, the most time-
consuming part of our work. We discuss these various
processes in more detail in the Appendix.

We start by estimating the expected two-photon and
one-photon signal rates. For this we use well-known hy-
drogenic results for the 2s ~1s two-photon transition and
the 2p —+1s one-photon transition, respectively. The num-
ber of one-photon events recorded by a detector may be
written
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W'"=6~10'Z',
W'"=8Z',

(3a)

(3b)

where Z is the nuclear change. Equation (2) suggests that
for reasonable count rates AQ/4m. should approach unity.
This is not possible with high resolution crystal spectrom-
eters for which this factor is not likely to exceed 10
Accordingly, we use large area Si(Li) energy-dispersive
detectors which, when closely coupled to the sample, yield
EQ/4m. =0.10. For Mo (Z =42) we then obtain

N2/N) —2& 10 . Although this important ratio could
be somewhat improved by going to even heavier elements,
this improvement is more than offset by the additional ex-
perimental problems involved in the use of very short
wavelength x rays.

The actual two-photon count rate may be controlled by
adjusting Np, so that in principle at least, N2 can be made
quite large. In practice, the limiting factor here is the
maximum one-photon flux the detectors can handle before
saturation sets in. In our apparatus this limit is

N& ( 10 /sec, so that N2-1/min.
The strong one-photon spectrum of Mo consists of the

ICa and ICP lines at —17.4 and —19.6 keV, respectively,
the L lines at -2.3 keV, and nothing in between. In
two-photon emission the —17 keV, 2s~ls transition en-

ergy, for example, is divided between the two photons, so
that for the most part the energy of each falls in the emp-
ty spectral window between the L and E lines. Accord-
ingly, with an adequate level of energy discrimination the
one-photon flux need not be a problem and, in principle,
time coincidence detection should not be necessary. In
practice, however, because of incomplete charge collection
effects in the detectors, the strong IC-line flux tails
throughout the region below 17 keV so that an effective
background rate i&- 2)&1 0/sec exists. This enters the
coincidence circuitry, whose effective time resolution is
r =250 nsec and produces a false coincidence rate
n &r-1/min. How this background, which is of the same
order as the signal, is separated from the signal itself is
discussed in the next section.

There are two questions regarding the two-photon spec-
trum which are of primary interest. (i) What are the rela-
tive intensities of different transitions (i.e., 2s~ ls versus,
for instance, 3s~ls). (ii) For a given transition, how is
the total transition energy divided among the photons?
The answer to (i) may be found by summing the energies
of the two photons for each event and then plotting the
number of events against this energy sum. The resulting
spectrum is expected to display discrete peaks correspond-
ing to different transitions and the relative intensities of

where No is the rate of E-shell vacancy production, aux.

the fluorescence efficiency, and EQ the collected solid an-

gle. In the process of two-photon emission there is only a
weak angular correlation between the photon directions,
so we may write for the two-photon count rate

2
an

N2-NP cog 4~ g (&)

Here the 8' are the appropriate transition rates. For our
hydrogenic model we have

these should correspond to the relative two-photon transi-
tion rates. The answer to (ii) is contained in the differen-
tial transition rate d W' '/de. However, theory' indi-
cates that this may be written

d8' '
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EXPERIMENTAL APPARATUS, DATA ANALYSIS,
AND RESULTS

Our experimental geometry is shown schematically in
Fig. 1. The Mo mask separating the detectors served to
minimize the problem of direct, photon-mediated cross
talk between them; this is discussed further in the Appen-
dix. The shape of the Si(Li) crystals' and the angle be-
tween them were chosen, after detailed analysis, to yield
maximal coupling to the sample within the constraints
imposed by the detector housings. The effective solid an-
gle subtended by each detector was 1.3 sr. The sample
chamber, into which the detectors protruded, was evacuat-
ed, thereby minimizing (i) air absorption, troublesome at
the low-energy end of the spectrum, (ii) airscattering, re-
sulting in reduced background, and (iii) acoustic coupling
between the detectors which, because of their large area,
acted as sensitive microphones. Further problems due to
detector microphonics were minimized by restricting ac-
cess to the laboratory during data collection and a "talk
softly" admonition.

The samples were thin, —100-nm, Mo films sputtered
onto 6-pm Mylar foils. This arrangement effectively el-
iminated self-absorption, permitting low-energy photons
to reach the detectors. It also served to minimize cross
talk between the detectors mediated by photons scattered

Mask

Sample

AQKa

FIG. 1. Experimental geometry. The aspect ratio of the
detectors is 3.5:1 and the angle between them is 60'. The angle
between lines connecting the sample and detector centers, i.e.,
the mean angle of emission between the two photons, is very
nearly 90'.

where the subscripts 1 and 2 refer to the photons and the
other symbols retain their usual meanings. Since the in-
teresting spectral information is contained in the matrix
element M(co&, co2), we use Eq. (4) to reduce our data and
display our experimental results by plotting the absolute
value of this matrix element.
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through the sample. Finally, the minimal sample mass re-
duced the intensity of competing effects such as double-
Compton scattering to unimportant levels. These matters
are discussed further in the Appendix.

K-shell vacancy production was obtained by means of
Ag Ke radiation from a sealed x-ray tube whose output
was filtered through an Ag-Pd-Ag sandwich of 2-mil foils
(1 mil:—10 in. ). This filter arrangement was found
after extensive testing to yield a maximal signal-to-
background ratio. As shown in Fig. 1, the Ag radiation
proceeded vertically, intercepting the sample at the detec-
tor midplane. The sample plane itself was tilted -6'
from the vertical and the sample was surrounded by addi-
tional masks which served to further isolate the detectors
one from another.

The electronics consisted of the usual pair of dual
parallel channels in which the fast channels provide tim-
ing information and the slow channels precise energies.
Because of the large detector areas (410 mm each) and
the concomitant large electronic noise level, the major ex-
perimental problem here was achieving good timing with
high throughput at the low-energy end of the spectrum.
A number of common schemes were tried. The best
proved to be simple leading-edge timing preceded by a
moderate degree of pulse shaping. Since the energies were
accurately known from the slow channels, the energy-
dependent walk intrinsic to this timing scheme could be
subsequently corrected for during data analysis.

In order to prevent severe pulse pileup in the slow chan-
nels due to the high initial count rate and the very long ul-
timate pulse integration times, the slow amplifier chains
were split at a point preceding the final long-time-
constant shaping. The signals were routed through delay
amplifiers and then through low-noise analog gates con-
trolled by the time-coincidence circuitry, after which they
were returned to the final shaping stages of the amplifiers.
In this way only pulses corresponding to near-coincidence
events in the right energy interval engaged the final shap-
ing circuitry. Because of constraints imposed by electron-
ic noise at the low-energy end and tailing of the Mo Ka
line at the high-energy end, the spectral region accepted in
this work was -4—14 keV.

The outputs of the analog electronics were digitized by
fast 8-bit (binary digit) analog-to-digital converter s
(ADC's) and transferred under interrupt control to an on-
line Apple II + microcomputer. During a typical
month-long data run in which the detectors collected
-5)&10' events, a total of -30000 events satisfying
both the time and energy criteria were recorded. Of these,

3 were true two-photon events. Each event recorded
2

was characterized by four numbers: the difference in ar-
rival time of the two photons b, t measured in the usual
way with the aid of a time-to-amplitude converter (TAC),
their respective energies, E j and E2, and the clock time at
which the event occurred. A data table containing this in-
formation was subsequently transferred to a large main-
frame computer for off-line processing.

Data analysis proceeded as follows. The data table was
first scanned for spurious bursts of coincidences identified
via the clock-time entry. These were presumably caused
by power-line fluctuations (a particularly severe local
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FIG. 2. TAC spectra for events in which the energy sum

E~+E2 falls within a 1-keV window centered at different values
between 15.0 and 22.0 keV. The rounding at the edges of the
spectra is due to data collection within a bounded time interval
and the subsequent walk correction.

problem), RF interference, and other causes. These
bursts, which accounted for -0.5%%uo of the data were
eliminated from further consideration. The remaining en-

tries were then placed on an absolute energy scale using
calibration data recorded under conditions which closely
mimicked those obtaining during the actual run. This
latter precaution proved necessary because of count-rate
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FIG. 3. (a) Two-photon intensity vs energy sum E&+E2.
The two peaks are centered at 17.1 and 19.7 keV, respectively.
(b) Spectrum of random coincidences vs energy sum E&+Eq.
The shape of this spectrum, which in principal should be flat, is
determined by the rounding due to data collection within a
bounded energy interval 4—14 keV and by various energy-
dependent losses.
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dependent amplitude shifts in the analog circuitry. The
b, t's were next corrected for walk using the known pulse
energies and appropriate calibration data also obtained
under run-time conditions. From this corrected master
table appropriate subtables were constructed as required.

True two-photon events are characterized by an energy
sum 17 keV(EI+E2 &20 keV and At=0. For the ran-
dom one-photon coincidences, on the other hand, EI and

E2 are uncorrelated and all values of b, t are equally prob-
able. Accordingly, from our master table we constructed
subtables of all events for which the energy sum fell
within a 1-keV window centered at some predetermined
value and for each such table we plotted a histogram as a
function of At. When E, +E2 falls outside the region
17—20 keV the resulting historgrams should be flat, while
when E1+E2 falls within this region a peak centered at
the origin should appear. The data, shown in Fig. 2, are
in complete accord with this expectation. After extrapo-
lating the nearly flat background under the peaks in Fig.
2, we plotted the net peak areas as a function of the ener-

gy sum with the results shown in Fig. 3(a).
Since the individual detector response functions are

very well represented by Gaussians of variance h1 and h1,
respectively, each of the peaks in Fig. 3(a) should be
described by

F(E&+E2,Ez, hE)=erf(e+) erf(e )—, (5)

where Ez is the transition energy (peak center),
c+ =(E,+E, Ez+bE/2)/—(~26), b, '=b'1+62, and
hE = 1 keV. For our system 6=0.67 keV, so that the full
width at half maximum of Eq. (5) is 1.7 keV. The ob-
served data are extremely well represented by two peaks
each of the form of Eq. (5) with transition energies of 17.1
and 19.7 keV, respectively. The former corresponds to the
2s~ls transition of Mo, while the latter is tentatively
identified as due to 3d~ ls.

In view of the complexity of the analog circuitry and in
order to verify that the apparatus really behaved as we
thought it did, we constructed a computer model which
incorporated the measured response functions of each of
the electronic modules and the various interactions be-
tween these. We then processed a variety of simulated
spectra through this model and compared the results with
the measured data. The agreement was excellent and con-
firmed the correctness of such features as the rounding
seen in Fig. 2 for the random-coincidence background and
the shape of the random-coincidence energy-summation
spectrum shown in Fig. 3(b). Accordingly, we conclude
that our apparatus was well-behaved and that the data ob-
tained are reliable.

In order to obtain experimental values for
i
M(co1,u12)

i

[Eq. (4)], for the 17.1-keV transition, for example, we
proceeded as follows. We first extracted from our master
table all entries for which E, +E2 fell within a 1-keV
window centered at 17.1 keV and for which

i
4t

i
(250

nsec. For these events we constructed two historgrams,
one as a function of E1 and the other as a function of Ez.
In addition to the desired two-photon spectra, these histo-
grams also contained the spectrum of the random one-
photon coincidences. Accordingly, after suitable normali-
zation, we subtracted this off. (The requisite random-

coincidence spectra were obtained as described above ex-
cept that for these we selected events in which

i
b, t

i )250
nsec. ) The two-photon spectra were next corrected for ab-
sorption losses in the apparatus, the energy-dependent
throughput of the analog circuitry, and the fact that in ac-
cordance with Eq. (5) and Fig. 3(a) a 1-keV window ac-
cepts only part of the events corresponding to a given
transition. At this point, if the correction procedures
were perfect, the E1 and E2 spectra should have been
both symmetric and identical. In practice, of course, nei-
ther condition was strictly met. We therefore averaged
these two spectra in the expectation that this would tend
to average out the residual uncertainties in our correction
proceduxes. The 19.7-keV transition was handled in a
similar fashion.

The spectra were placed on an absolute intensity scale
in the following manner. We converted our measured

two-photon count-rate per channel, dN2/dn to a spectral
density dNz/dao via

dX2 dX2!dn

dE/dn
(6a)

where dE/dn is the energy increment per channel. This
measured density is related to dW' '/du1, Eq. (4), by

dX2
&oo (6b)

where Nrn is the steady-state number of atoms containing
K-shell vacancies. This was obtained from the measured
flux of Mo Ka and EI3 photons N1 using
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FIG. 4. Experime11tal values for

i M(N1, Cd')i [Eq. (4)] vs
EI /(EI +E2) foI' cvcnts comprising (a) thc 17.1-kcV and (b) thc
19.7-keV peaks of Fig. 3(a). The data are restricted to a 4—14-
keV interval by upper- and lower-level discriminators. The solid
line in (a) is the calculated value for the 2s ~ ls transition, Fig.
S(d).
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~(])~ AQ
4m

(6c)

Equations (6) together with Eq. (4) yield
I
M(cot, co2)

~

in
terms of measured quantities and W'". This latter quan-

tity was calculated from

W'"= (Q~ „1(2p Iz I
ls)

I

+Q3~ t, I (3p
(
z

(
ls ) 12)

COMPARISON WITH THEORY

using the observed transition frequencies, 0, and the self-
consistent-field Hartree-Fock (SCFHF) wave functions of
Clementi and Roetti. " Our final results for

~

M (co~, co2)
~

are shown as the data points in Fig. 4.

each of whom treated a different subset of terms. The in-
termediate states involved in Eq. (8c) may be divided into
three classes. (i) Empty bound (Rydberg) states. For
these the 2s~ls transition proceeds via channels such as
(2s~5p~ls), etc. (ii) Continuum states. Here the ap-
propriate channels are (2s~p-wave~Is). Note that (i)
and (ii) are both double-hole states in the sense that in ad-
dition to the initial K-shell vacancy, the intermediate state
contains another hole in the original electron manifold.
(iii) Single-hole states. Here a typical channel is
(3p~ls)(2s~3p). Note that there are only a finite,
small number of these. We denote the partial sums corre-
sponding to these three classes by M' ~ ', M'""", and
M" ""', respectively. After transforming the matrix ele-
ments of the gradient operator into those of the dipole
moment o erator, we proceed as follows.

M" "'": We evaluate the requisite matrix elements
directly using the SCFHF wave functions of Clementi and

As implied by our notation till now (i.e., 2s~ls, etc.),
we make the approximation that the many-electron atom-
ic system may be adequately described by "frozen" orbi-
tals whose form and energy are independent of their de-

gree of occupation. This approximation, which is normal-
ly tested first in any new problem, generally correctly
reproduces the major features of atomic processes and
permits us to describe the two-photon emission in the
familiar terms of an electron in an initial state

~

I ) mak-
ing a transition to a final state

~

F).
The matrix element M (co&,co2) may be written

0. 2

O. I

-0. I

—0. 2

I
1

I I

I I I I I I

I I 1 I
I

I I I I

M(coi, co~)=M(A )+M(p A),
where A is the vector potential,

and

(8a)

(8b)

0.06

0.04

I 0.02—

M( p A) =(film)(1+P, 2)

Xg(I
~
u) V'

~

n )(n
I
u2 7 ~F)l(fI„F ci)2). —

n

(8c)

0.6

0.4—

(c)

I I I I I I

1

I I I I

Here the u's and k's are the photon polarization and
wave vectors, respectively, and P~ z permutes the sub-

scripts 1 and 2. Since for a hydrogenic model the product
of the photon wave vector and atomic orbital radius is
ka -(—', )aZ=0. 15 for Mo, we have suppressed factors of
e'"'' in Eq. (8c). Note that in this approximation the

selection rules for M(p. A) are b I =0,+2, while to lowest

nonzero order in k r the selection rules for M(A ) are
hl =+1. In our present experiment we are unable to dis-
tinguish between transitions from sublevels of a given

principal shell (e.g. , 2p~ ls vs 2s ~ ls), so that the contri-
butions of Eqs. (8b) and (8c) to our measured intensities
need be added in quadrature. Since

~

M(A )
~

&& ~M(p A)
I

for all transitions from the same shell,
we neglect the former and turn to an evaluation of the
latter.

We proceed to sum the full series in Eq. (8c). In this we

go beyond earlier treatments by Freund' and by Aberg, '

0.2—

0.6—

I i i I (

1
I f

0.4
t~

X
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I I I I I I I

0 0.5 I.O

Ei ~E2S, ]S

FIG. 5. Calculated contributions to M(p A) [Eq. (8c)] for
the 2s —+1s transition of Mo due to (a) single-hole, (b) Rydberg,

and (c) continuum intermediate states. (d) M(p-A), i.e., the
sum of (a)—(c). This curve is compared with the experimental
data in Fig. 4(a).
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yield, in general, somewhat different total oscillator
strengths for the various shells. ' Accordingly, in an at-
tempt to improve the self-consistency of our calculations
we rescale the empirical o. to make them consistent with
the wave functions. In a similar vein we extract cr for the
3s level, for example, from that for the total M shell, by
using the appropriate ratio of calculated oscillator
strengths. The results for M'""" for 2s~ ls and 3s~ ls
are shown, respectively, in Figs. 5(c) and 6(c).

M' '. For the Rydberg contribution we make use of
the fact that the transition frequencies in Eq. (8c) are
essentially constant and may be set equal to those of the
corresponding absorption edge. ' We may then factor out
all frequency-dependent terms and so need only evaluate a
sum over matrix elements. Again following Freund, ' we
evaluate this using the sum rule

G. EO-

Q. i5- (g

~ll r r r
1

I r I

0)
O

I

-0. I 5

I-0 30 r r

0. 10

0.OS

I I I r 1 r I0 i I I l r g(A„I+Q„F)(I(z ~n~(n ~z ~F)=0. (9)
0.6-

Here too, single-hole and (sign-ambiguous) continuum in-

termediate states appear and these are evaluated as
described above.

We resolve the sign ambiguity of the continuum matrix
elements using the (closure) sum rule

0.4
O

0.2

( ms
~

z'
~

Is ) =g ( ms
~

z
~

n ) ( n
~

z
~

Is ) (10)Q L I t t 1 t t r r
T T v ~ [ g ~

and evaluating the left-hand side (lhs) directly from the
wave functions of Clementi and Roetti" and the right-
hand side (rhs) by summing the contributions of the three
classes of intermediate states using the methods already
described. For the lhs we obtain (2s

~

z
~

Is )
= —0.565&&10 ao. If we choose a net positive sign for
the product of continuum matrix elements we obtain for
the rhs —0.502&(10 ao, while use of a negative sign
yields —0. 11&&10 ao. Clearly the positive sign is the
proper choice here. This also proves to be the case for the
3s~ls transition. In Figs. 5(b) and 6(b), respectively, we
plot the Rydberg contributions for 2s ~ ls and for
3s~ls. Adding all contributions we plot in Figs. 5(d)
and 6(d) M ( p A) for 2s —+ Is and 3s ~Is, respectively.

Since our final answer is constructed from a number of
seemingly disparate elements, we now inquire as to the ex-
tent to which these are mutually self-consistent. We at-
tempt to answer this by checking additional sum rules
such as

Q. l-

-Q. I
— -ce

-0.20
)

0.5 l.0

E
i ~E3s, is

FIG. 6. Calculated contributions to M(p A) [Eq. (8c)] for
the 3s~ls transition of Mo due to (a) single-hole, (b) Rydberg,
and (c) continuum intermediate states. (d) M(p. A), i.e., the
sum of (a)—(c). All the curves in this figure and in Fig. 5 are for
an angle of emission between the two photons of 90'.

(Is ~z'~ is)=g(ls ~z ~n)(n ~z
~

Is) .

Here there are no longer any free parameters and the lhs
gives 0.588)&10 ao while the rhs yields 0.574&10 ao.
In general, tests such as this lead us to conclude that for
the 2s~ls transition our final results should be good to
about +10%, while for 3s ~Is the errors may be as large
as +30%. We believe that a principal reason for this rela-
tively high degree of accuracy is the fact that the exact
sum rule in Eq. (9) is built in as an intrinsic part of our
answer. ' As a result of this the Rydberg term [Figs. 5(b)
and 6(b)] should probably also be viewed as a correction
term that tends to compensate for the deficiencies of the
other contributions. The use of Eq. (9) is also instrumen-

Roetti. " The contributions of these terms are shown in
Figs. 5(a) and 6(a), respectively, for the 2s ~ Is and
3s —+1s transitions. The divergences in the results for
3s ~1s are due to the intermediate 2p resonance.

M'""": Following Freund' we make use of the fact
that the absolute values squared of the matrix elements we
require here appear in the expression for the appropriate
photoionization cross sections o.. Accordingly, we write
these matrix elements in terms of +V cr leaving an ambi-
guity of sign to be resolved later. Note that this pro-
cedure is inapplicable to md~is since these two-photon
transitions proceed via channels ( md ~p-wave~ ls),
while for d states the photoionization cr involves both
( md ~p-wave) and ( md ~f-wave) which, in practice, are
inseparable. For the required o. we use suitable empirical
formulas, ' extracting the contribution of a given shell by
subtracting the contributions of all outer shells.

The empirical o. are not necessarily consistent with the
wave functions of Clementi and Roetti" since the two
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tal in guaranteeing that M(p A) goes to zero at the ends
of the spectrum, as it is supposed to. ' Finally, we men-

tion that Eq. (9) is an essential step in reconciling p. A
and r E perturbation theory, so that for whatever this
may be worth, our final answers are also "gauge invari-
ant. "

Since we expect that to the accuracy required here

M(cot, coq)=M(p A), we display in Fig. 4(a) our results

for M(p. A) for 2s~ls superimposed upon the experi-
mental data. Note that there are no adjustable parameters
here, so that the excellent agreement implies that this
transition is well understood. M(p A) for 3s —&ls, on
the other hand, is much too small to explain the 19.7-keV
two-photon transition. Accordingly, we now turn our at-
tention to the 3d ~1s transition.

We attempt an approximation suitable for the spectral
midpoint co& ——co2 ——co. Since co is about half the smallest
transition frequency in Eq. (Sc) and is relatively less for
all other terms, we make the approximation'
Q„&,—co=A„&,. Invoking closure we immediately obtain

M(p A) = —(I
~

(~, V)(~2 r)+(t?, V)(~& r) ~F) .

(12)

This result, of course, implies a flat spectrum, in full ac-
cord with the data of Fig. 4. Summing over the four in-
dependent combinations of photon polarizations we obtain
for ms~ Is transitions,

2

(M(p A)(, „=—,(1+coc ()) (R c r R,c)Br

(13a)

while for the sum of the five md~ is transitions we have,

IM(p X)
I c &, = —,', ()3+coc ()) (R c r R&c)Br

(13b)

where the R„I are the appropriate normalized radial parts
of the wave functions and 8 is the angle between the
directions of photon emission. Evaluating Eqs. (13) for

8=m/2, as is appropriate to our experiment, and comput-
ing the matrix elements using the wave functions of
Clementi and Roetti, " we obtain the results shown in
Table I. (In Table II we list the values of all matrix ele-
ments used in this work. ) It may noted that Eq. (12),
when compared to our "exact" results for the 2s and 3s
transitions, is good to about +40%%uo. For the 3d transi-
tions it predicts a value of M(co&, coq) which is a factor of
3 smaller than the experimental value for the 19.7-keV
transition, still leaving open, therefore, the question as to
the origin of this transition.

Recently Florescu' has obtained elegant, closed-form
analytical expressions for the 3s and 3d two-photon tran-
sitions of hydrogen. Her results are also shown in Table I
and indicate that for this system the total effective ampli-
tude of the 3d transiitions is about twice that for the 2s
transition. We believe that this provides a sufficient pri-
ma facie case for the tentative identification of our 19.7-
keV peak as being due primarily to the 3d~ls two-
photon transition.

CONCLUSIONS AND SUMMARY

Some of the more interesting questions raised by these
initial results are the following. (i) Are the spectra of Fig.
4 truly smooth, or is there important structure hidden in
the noise? (ii) What would Fig. 3(a) look like under sub-
stantially higher resolution? (iii) Because of its depen-
dence on intermediate states which sample the whole exci-
tation spectrum of the system, is two-photon x-ray emis-
sion more sensitive to chemical and structural effects than
is the case for one-photon emission? (iv) How important
are two-electron processes, the backscattering of the (here
virtual) outgoing wave which gives rise to extended x-ray
absorption fine structure, and the many-body effects
which give rise to absorption-edge singularities? (v) Do
the main features of the two-photon emission vary
smoothly across the Periodic Table, or does the interplay
between the various competing contributions shown in
Figs. 5 and 6 lead to large Z-dependent variations?

These and many other questions can be answered from
the theoretical point of view by using techniques that go
substantially beyond the simple, one-electron picture em-

TABLE I. Absolute values of the matrix elements governing two-photon emission for various transitions. Listed are the values at
the spectral midpoint for an angle of 90 between the directions of photon emission. The entries for d states are the root-square sum
over the five different d states. The entries for Mo are based on the wave functions of Clementi and Roetti (Ref. 11). Also listed are
results for a hydrogenic model with Z =42. Note that the p A matrix elements are independent of Z.

p A
ms ~1s

Mo
[Eq. 8(c)]

0.47
0.09

p. A
ms ~1s

Mo
[Eq. 13(a)]

0.34
0.12
0.05
0.01

p A
ms ~1s
H atom

[Eq. 8(c)]

0 55'
0 21b,c

p A
md ~1s

Mo
[Eq. 13(b)]

0.20
0.05

p ~ A
md ~1s
H atom

[Eq. 8(c)]

1.05'

A

mp ~1s
Mo

[Eq. 8(b)]

0.11
0.04

A

mp ~1s
H atom

[Eq. 8(b)]

0.11
0.05

Expt.
(Fig. 4)

0.45
0.54

'F. Bassani, J. J. Forney, and A. Quattropani, Phys. Rev. Lett. 39, 1070 (1977).
bA. Quattropani, F. Bassani, and S. Carillo, Phys. Rev. A 25, 3079 (1982).
'V. Florescu (private communication).
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TABLE II. Matrix elements for Mo (in units of ao or ao) used in evaluating Eqs. (8) and (13) and the
various sum rules used in this work. The wave functions are from Clementi and Roetti (Ref. 11).

&ls /z /2p&
(ls /z /3p)
( ls

i
z

i
4p )

(2p /z /3s)
( 2p

/

z
[
4s )

&3p /z /3s&

( ls
i

z'
i

ls )
(2s

I

z'
I
2s )

( ls
I
z

I
2s)

(3s iz'i ls)
(3s /z'/3s)

'Radial part.

—1.672 X 10-'
5.473 X 10—'
1.923 X 10

—1.774 X 10
5.175X 10

—2.502 X 10

5.878 X10-'
9.833 X10—'

—5.652X 10—4

—1.790X 10
7.298 X 10-'

(2s ~z ~2p)
( 2$

(
z

~
3p )

&2s Iz 14p&

(2p )z
(
3d)

( 2p
i
z

i
4d )

(4p [z
(
3s)

(2s
f
rBIBr

(
ls)

(3s
f
radar

f
ls )

(4s
f
rBIBr

(
ls)

& ss
[
radar

f

ls )
(3d

f
rB/Br

f
ls)

(4d
f
radar

[
ls )

8.176X 10
3.654 X 10-'
1.089 X 10-'

—8.407 X 10
1.747X10

5.178 X 10—'

5.151X 10
1.849 X10-"
7 Q42X 1Q

1.792X 10
1.843 X 10
4.735 X 10-"

ployed here. Experimentally, very significant improve-
ments in signal-to-noise ratios and modest improvements
in resolution can be anticipated using currently available
technology. As regards resolution, a net factor of 3 should
be possible due to recent advances in the fabrication of
large-area semiconductor detectors and the use of a win-
dow much less than 1 keV in the construction of graphs
such as those in Figs. 3 and 4. A narrow window, of
course, will require greatly improved signal levels. One
may expect to extend the limiting —10/sec count-rate
per detector by a factor of 3 or more, while another large
factor is available at the cost of a modest increase in the
number of detectors employed. It may easily be seen that
the total number of coincidences recorded by N detectors
each of which collects a solid angle b.I&. is proportional to
N(N —1)(AQ), so that doubling the number of detectors
from two to four leads to a sixfold improvement in count
rate. Since most of the logic is handled anyway by the
microcomputer, the additional complexity of the required
circuitry is not extensive. Accordingly, we anticipate that
with these and other improvements both in technique and
in theory, two-photon inner-shell spectroscopy will prove
to be a rich new source of information on atomic and re-
lated processes.
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APPENDIX

We consider briefly here a number of interfering pro-
cesses that conceivably could make measurable contribu-
tions to our apparent two-photon spectra.

Atomic cascades. In Mo itself, for example, the initial
K-shell vacancy will generally lead to a cascade in which
the vacancy is filled by an L-shell electron emitting a K-
line photon, followed by an M-shell electron filling the re-
sulting L-shell vacancy with emission of an L-line pho-
ton. Since both the K lines (in the region 17—20 keV) and
the L lines (in the region 2—3 keV) are outside our 4—14-
keV window, this particular atomic cascade does not con-

tribute to our spectra. However, impurity elements much
lighter or heavier than Mo can produce photons within
the 4—14-keV window.

Light elements (such as Zn) can produce pairs of K-line
photons (8.6 keV) due to double IC-shell vacancy produc-
tion in a single atom induced by absorption of the Ag Ea
radiation. ' Indeed, we easily observed such processes
during our in situ energy calibration procedure. In our ex-
periment, however, noncredibly large impurity concentra-
tions are required due to the fact that the efficiency of
double-vacancy production is —10 —10 single-
vacancy production. Further, in spectra such as those in
Fig. 4, this process yields a single sharp line at approxi-
mately the Ka energy, rather than a smooth continuum.
We note in passing that an apparatus such as ours pro-
vides a sensitive tool easily exploited for the study of this
interesting two-electron, one-photon process.

In very heavy elements complex combinations of radia-
tive and Auger cascades can, in some instances, produce
photons within our 4—14-keV window and could be ob-
served at parts per million (ppm) impurity concentrations.
Such cascades, of course, would also produce sharp lines
in Fig. 4, which, however, are not observed. In future
work with improved resolution and signal-to-noise ratio,
this problem may require more careful consideration.

Double-Compton scattering. In this two-photon analog
of Compton scattering, two outgoing quanta are pro-
duced. These form a continuum with an energy sum less
than that of the incident photon by something of the or-
der of the Compton shift. (The kinematics here are
slightly different than in ordinary Compton scattering be-

cause two quanta are produced instead of one. ) For our
geometry the Compton shift of the incident 22-keV Ag
Kn radiation is about 1 keV. Furthermore, in analogy to
ordinary Compton scattering, the initial-state momentum
distribution of the electrons must produce a relatively
broad profile for the energy sum, so that double-Compton
scattering could conceivably make a significant contribu-
tion to our 19.7-keV peak. Levine and Freund give an
expression appropriate to our experiment for

(dNDcldco)/N~g, their Eq. (12), where NDC is the emis-

sion rate of double-Compton photons and NAg is the in-

cident Ag E flux. For purposes of comparison, the two-
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photon emission count rate may be similarly written as
Det. 2

I ', b
Det.

NAg

dN2 pA t ~sr dR' '

=(1—e ')
dco

(Al) w bl

using the rate equation for K-shell vacancy production,
the definition of the fluorescence efficiency mz, and Eq.
(6b). Here pzg is the absorption coefficient of Mo for Ag
Ea radiation, and t the effective sample thickness. Both
the 100-nm Mo film and its 6-pm Mylar support contri-
bute to the double-Compton scattering, with the intensity
due to the Mylar being -3 times that due to the Mo.
Their combined contribution, however, is calculated to be
about 10 of the two-photon intensity so that under the
conditions of our experiment double-Compton scattering
is not significant. This might not be the case, however,
under very different conditions.

Multiple bremsstrahlung. Approximately half the ini-
tial IC-shell vacancies in Mo are filled by Auger processes.
These yield electrons with kinetic energies between
—14—17 keV. An approximately equal number of elec-
trons with kinetic energies between —19—22 keV are pro-
duced by direct photoionization. All these electrons rattle
around inside the Mo film and its support, losing energy
by ionization and by bremsstrahlung. The thick-target ef-
ficiency of bremsstrahlung is —10 ZV, where eV is
the electron kinetic energy and Z the target nuclear
charge. For our case this efficiency is —10 . The
bremsstrahlung spectrum is a continuum which covers
our 4—14-keV window, but because it consists ordinarily
of single-photon events, these should cause no particular
problems. Of course, a small fraction of the energy
released occurs in two-step processes which yield two pho-
tons in apparent time coincidence. The efficiency of such
multiple processes is of the order of the square of that for
the one-step process, i.e., —10, and this is approximate-
ly the efficiency of the two-photon emission relative to
one-photon emission (recall that the number of electrons
freed is about equal to the number of Mo E-line photons
emitted). These arguments, therefore, suggest that multi-

ple bremsstrahlung is a potentially serious source of back-
ground not easily distinguished from the two-photon
emission, at least for the case of thick targets. For our
thin, planar geometry, however, more detailed calculations
are required. These have been performed by Gersten [J. I.
Gersten (unpublished)]. His results are too complex to
reproduce here, but they demonstrate that under the con-
ditions of our experiment, multiple bremsstrahlung is not
a problem. This might not be the case, however, for other
experimental configurations.

There is, of course, a true two-photon bremsstrahlung.
From general considerations one would expect this to be
weaker than the corresponding one-photon process by a
factor of order a(eV/mc )=3X10 for -20-keV elec-
trons. Since this leads to an intensity somewhat less than
that of the two-step process, which is found not be impor-
tant here, we conclude that two-photon bremsstrahlung is
similarly unimportant in the present experiment.

Detector cross talk. When the mask in Fig. 1 was re-

a'

Agua

FIG. 7. Schematic of arrangement used to study detector
cross talk. Samples a and b and masks a' and b' are separately
removable. Direct photon-mediated cross talk was, for example,
measured by removing both sample b and mask b'. The actual
apparatus is three dimensional in nature, as in Fig. 1, and con-
tains various other apertures and masks.

moved, the apparent two-photon signal rate increased by
about an order of magnitude. Using an apparatus similar
to the one shown schematically in Fig. 7, we could
demonstrate that this large increase in signal was due to
photon-mediated cross talk between the detectors induced

by the Mo Ka flux. There are a large number of mecha-
nisms possible. In all of these a Mo Ea photon deposits
its energy in one detector via a process that subsequently
produces a lower-energy photon which reaches the second
detector.

In the detector material itself, Si, the primary detection
process involves production of an Si K-shell vacancy. If
this is filled radiatively, the emitted Si E lines may escape
and reach the second detector. Since these particular pho-
ton energies are only —1.75 keV, neither single- nor
double-vacancy production yield signals within our
4—14-keV window. However, a wide range of impurities
at multi-ppm concentrations are calculated to make
measurable contributions to the cross talk, as does the
thin front-surface gold electrode of the Si crystal. Other
relevant mechanisms involve ordinary bremsstrahlung
from the primary photoelectron and the infrared diver-

gence of the Compton effect. ' These latter processes are
expected to yield measurable intensities and an energy
summation spectrum having sharp peaks at the Mo Ka
and KP energies, thereby closely mimicking Fig. 3(a).
Accordingly, such processes are potentially fatal unless

their intensities are strongly reduced by proper masking.
Although calculation indicates that none of the above

make a measurable contribution to our data when the
mask is in place, we have not, because of the extreme
dangers involved, been content to rely on this, especially
since we are unable to quantitatively account for the ob-

served magnitude of the cross talk without the mask. Us-

ing an arrangement which is in the spirit of Fig. 7 but
which exploits the three-dimensional nature of our ap-

paratus, we have performed an extensive series of meaure-

ments testing directly the magnitude of the cross talk as a
function of sainple nature, placement, thickness, and de-
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gree and kind of masking. These demonstrate conclusive-

ly that with the arrangement of Fig. 1, our standard ar-

rangement, detector cross talk is negligible compared to
our observed two-photon signal. It is worthwhile reiterat-

ing that in any experiment involving detection of a weak
two-photon process in the presence of a much stronger
one-photon flux, the problem of detector cross talk must
be examined exhaustively.
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