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One of the many opportunities provided by the Advanced Photon Source (APS) is

to extend the study of intra-atomic dynamics. As a means of testing dynamic response,

inelastic x-ray scattering is particularly promising since it allows us to independently vary

the period of the exciting field in both space and time. As an example of this typo of

work, we present experiments performed at the Cornell High Energy Synchrotron Source

(CHESS) laboratory, a prototype for the APS. This was inner shell inelastic scattering with

a twist: in order to explore a new distance scale an x-ray fluorescence trigger was employed.

Aside for the atomic insight gained, the experiment taught us the importance of the time

structure of the synchrotron beam for coincidence experiments which are dominated by

accidental events.

This work was performed in collaboration with Vincent Marchetti (presently at: Nu-

clear Science and Engineering Program, Cornell Univ.) Vital assistance was provided by

CHESS scientists, staff, and users: especially D. Bilderback, M. Bedzyk, L. Berman, B.

Batternian, H. Abruna, and W. Bassett. Support was provided by the National Science

Foundation through the Materials Science Center at Cornell and the Low Temperature

Physics Program grant DMR-8C11350.
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I would like to thank the organizers of the conference for the opportunity to bring

to your attention two types of experimental techniques which I think have important

possibilities at the Advanced Photon Source. The first is inelastic x-ray scattering. As

Professor Wendin pointed out earlier, this is a versatile probe for atomic dynamics in thai it

operates over a variety of length and time scales. The second technique is the measurement

of multiple decay products following an x-ray / target interaction. I will also explain why

when one is attempting to perform coincidence detection in order to study a weak process

with a high incident flux there can be important accidental coincidences which must be

overcome. The context in which I will make my presentation is to describe our synchrotron

experiment in this field: an inelastic x-ray scattering study of the excitations of the copper

K-shell which used a fluorescence trigger. By presenting this experiment I will not only

try to convince you of what I think can be done at the APS but also share some of the

lessons we learned in the hope that they might assist such endeavors in the future.

My outline is as follows: First I will give the motivation for studying inelastic x-ray

scattering, and the need for measuring this process in coincidence with x-ray fluorescence.

This requirement arises because of the possible spectroscopic overlap of the signals from

inner and outer shells. I will then give the design of the experiment performed at CHESS.

Next, I will present observations and results in comparison with work in this field using

radioactive sources. I will then describe the most im])ortant phony signals in this work.

The first type is something I have already alluded to: chance coincidences. The second

type are avoidable coincidences due to photons passing directly between detectors. Finally,

I will summarize and give some ideas for future activity at the Advanced Photon Source.

What is inelastic x-ray scattering? As Fig. la indicates we are interested in processes

which involve a single photon incident on a target with a precise energy I?;,, and momentum

pin. Subsequent to the interaction a single scattered photon emerges with encrgj- E3Cati

and momentum p3catt at a scattering angle 6. If the incident energy is sufficiently high

compared to the shift in energy before and after the collision, then one can be in the Born
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approximation and think about the scattering as the measurement of the dynamic structure

factor of the target, 5. 5 has two independent variables: the energy transfer, E, which

is the difference between incident and outgoing energy, and the momentum transfer, q,

which is the difference between incident and outgoing momentum. One can imagine (Fig.

lb) that the inelastic scattering process consists of the absorption of an electromagnetic

disturbance which has an energy-momentum relationship which is unattainable with an

ordinal}1 photon. A third way of describing the process is that we are studying the response

of the target to an electric field which oscillates in space with a wavelength proportional

to 1/q and in time with a frequenc}- proportional to E.

In order to develop our intuition as to what it means to measure the dynamic structure

for an atomic system let us first consider the problem of a target which is nothing but a

stationary free electron, the problem first understood by Compton. In Fig. 2 I show

the dynamic structure factor at a fixed momentum transfer. The variable here is the

energy transfer (E). One sees a very simple spectrum: a peak at an energy transfer

of q2/(2m), where m is the electron mass.1 The peak width is proportional to q times

the characteristic momentum spread of the target divided by m.1 Since for the case

at hand, the momentum spread is zero, we have a delta function peak. Now consider

a bound electron as our target, specifying the wavefuuetion size to be a. First let us

consider two extremes of momentum transfer. At very high momentum transfer, that is to

say q much greater than I/a (the characteristic target momentum spread), the dynamic

itructure factor still has a peak at qi/{2m). However, as shown in Fig. 3, the energy

spread has broadened because I/a is nonzero. Such an experiment is familiar to us as

the measurement of target's initial momentum distribution with Compton scattering. It

does not give us any d5rnamical information. It does not reveal new information about

transitions to excited states in the target, but instead it measures the initial state of

the target. In the opposite limit of extremely low momentum transfer, i.e. q much less

than l /«, the dynamic structure factor has a more interesting spectrum. As shown in
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Fig. 4, we have a threshold at the binding energy of our target electron which is given

by £o « (o~1)2/(2m). At higher energy transfers, we have transitions to bound states

and a broad continuum of transitions to unbound states. At this point, I would like to

remark that throughout our discussion, the incident photon energy is nowhere near an

absorption resonance. Thus, we are doing non-resonant inelastic scattering, in contrast

to the resonant process discussed by Dr. Cowan. Non-resonant inelastic scattering at

small momentum transfer gives us the same dynamic information as a photoabsorption

spectrum. This is because the transition operator for non-resonant inelastic scattering in

the Born approximation is given by exp(iq-r) « 1 •\-iq-f—q2r2/2 where r*= target electron

position. We see that for small momentum transfers, the second term is what matters (the

first term gives no contribution to the rate). It is the electric dipole operator, the same as

in photoabsorption.

The purpose of our work was to explore inner shell dynamic structure in the interme-

diate momentum transfer regime, that is to say q on the order of I/a. Here the spectrum

looks unfamiliar (Fig. 5) because it includes electric dipole forbidden transitions. We

were attracted to this regime by the report2 of Namikawa and Hosoya of new spectral fea-

tures involving K electrons at intermediate momentum transfer in copper and iron targets.

There is an inherent difficulty in making such measurements because of spectral overlap

between the scattering from the electrons of interest and the outer shell electrons. See Fig.

G. This comes about as follows: The condition of q is equal to I/a implies that peak energy

due to outer shell scattering has the same value as the threshold energy for the spectrum

of the inner shell. The question for us is how to extract the dynamic structure of the K

electron excitations from the composite spectrum. The solution was devised long ago (see

for example Ref. [3]). The trick is to watch for a K-shell fluorescence photon as a tag of

which electrons are involved in the inelastic scattering event. As shown in Fig. 7, the inci-

dent high energy photon excites a K-shell electron. Some fraction of the time a very quick

refilling of the hole occurs with the emission of a characteristic K fluorescence.4 So, the
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experiment consists of looking for inelastic scattering in coincidence with K fluorescence.

Now I will describe the experiment that we did along these lines at the Cornell High

Energy Synchrotron Source. Our interest was in the copper K shell. Here a is on the order

of 0.016 A. Therefore we needed momentum transfer around GO A"1 in order to be in the

intermediate regime. Since we wanted a convenient scattering angle of ss90° we chose an

incident energy of 70 keV. I should point out that the scattering angle does not completely

determine the momentum transfer. At a fixed scattering angle, the momentum transfer

depends to some extent on the energy transfer. Nevertheless by scanning the energy loss as

well as the scattering angle one is able to get the equivalent information to having energy

and momentum transfer as orthogonal control variables in the experiment.

The design of our experiment was as follows.0 The beam was generated hi the CHESS

six pole wiggler fed by an « 5 GeV electron beam. A double crystal monochromator was

used in second order to reach the required energy. A copper filter suppressed the 35 keV

fundamental. The layout of the rest of the experiment is shown in Fig. 8. In order not

to overload our photon detectors, the target was a thin (typically 8 micron) solid copper

foil. Most of the incident beam passed through the target and into a ionization chamber,

which served as a beam monitor. An energy sensitive detector was oriented so as to give

a vertical scattering plane. In order to minimize the amount of scattering into the second

solid state detector, which detected the fluorescence, we located it in a horizontal plane

looking into the primary direction of polarization of the incident photons. Fig. 9 gives a

rough layout of the electronics. The idea was to measure the spectrum in the scattered

photon detector when a photon appeared in the low energy fluorescence photon detector

in the correct energy range. Our timing was accomplished with a fast coincidence chain

and the spectroscopy through slow coincidence.

I will now present our observations. Fig. 10 shows4 the spectrum of scattered photon

energy in coincidence with K fluorescence at a fixed scattering angle (90°). The observa-

tions are the data points. The theory, to be discussed later, is given by the curve. The
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incident energy (70 keV) is indicated. The data has been normalized, in a manner to be

discussed below, to give the triple differential cross section with respect to scattered photon

energy and the solid angles for detection of fluorescence and scattered photons. In order

to know the energy energy transfer ones simply subtracts the incident from the scattered

energy. In order to improve the statistics, the spectra were binned into 2 keV wide chan-

nels. The primary features in the spectrum are 1) the sharp rise at an energy transfer of

9 keV, which, as expected, is around the K binding energy, and 2) the subsequent broad

continuum of excitations for higher energy transfers.

Let us first check to see if this is really inelastic scattering. To do that we shifted the

incident energy from 70 down to 62 keV and as Fig. 11 shows that we got a corresponding

shift in the scattered spectrum. No change in amplitude is seen because this is non-resonant

inelastic scattering.

Next we would like to check to see whether the excitation-decay process occurs in the

manner in which we had indicated earlier, i.e. through two separate stages. In order to find

this out we reversed the roles of our two detectors and measured a decay photon spectrum

from the low energy detector in coincidence with the detection of a scattered photon in

the energy range that we had established as corresponding to inelastic scattering. We used

the same electronic plan as before (Fig. 9), except that the signals from the scattered and

fluorescence photon detectors were exchanged. The data points in Fig. 12 are the result of

this experiment. They display the familiar KQ (« 8.0 keV) and K^ (« 8.8 keV) emission

lines. For comparison, we obtained the decay spectrum produced by photoabsorption (also

shown in Fig. 12), normalized to agree with the inelastic scattering-produced spectrum.

The two spectra do in fact agree, supporting our hypothesis that the decay process is

independent of the means of excitation.

We are now in a position to sweep momentum transfer over a wide range by changing

the scattering angle.6 Fig. 13 gives the results. We have changed momentum transfer

corresponding to elastic scattering (qo) by a factor of two in the intermediate momentum
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transfer regime. The spectrum remains pretty much the same. The data collection time

in this experiment was about 6 hours for each angle.

It is interesting to compare our synchrotron experiments at intermediate momentum

transfer with those performed with radioactive sources both before and after our work. The

isotope used was Am241. It has an emission at 59.6 keV. In the experiment of Namikawa

and Hosoya,2 which inspired our work, a 0.1 Curie source was used to obtain the scattered

photon spectrum in coincidence with K-fluorescence shown in Fig. 14 for copper and iron.

For copper, 1400 hours of data was used to get this result at a single scattering angle.

Many more spectral features are indicated than in our work. Namikawa and Hosoya2

and Manninen' pointed out that false coincidences needed to be considered. Manninen,

Hamalainen, and Graeffe8 have recently made a second set of radioactive source measure-

ments, this time with a 0.9 Curie source. Fig. 15 shows their measurements also at a

single scattering angle over 67 hours for both copper and zirconium. Their spectra are

in good qualitative agreement with ours. Notice that they have superior statistics and

scattered energy resolution compared to our work. This was facilitated by their use of

a large sodium iodide detector as a fluorescence detector. While degrading fluorescence

resolution, the increase in solid angle enhanced their counting rate. Our results were ob-

tained in considerably shorter time than cither radioactive source measurement. We also

covered several, not just one, scattering angles. But, as I will explain below, radioactive

source measurements have an important advantage over pulsed source experiments, i.e. at

CHESS or the APS, with respect to the rate of accidentals.

One of the important aspects of our work not present in the cited radioactive source

work has been to give absolute normalization to the spectra. This has been of vital

assistance in interpretation, especially for background effects. In order to normalize the

scattering spectra we measured the fluorescence rate due to photoabsorption to get the

incident flux. With knowledge of the detector efficiency and solid angle subtended we

got an absolute uncertainty of ±15% for the data of Fig. 10. In earlier work (Figs. 11
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and 13) the absolute uncertainty was ±40%. Normalization also strengthens tests of our

understanding of dynamic structure at intermediate momentum transfers. The solid lines

in Figs. 10, 11, and 13 show the result of a one-electron theory based on a local (Slater)

approximation to Hartree-Fock theory. We find good agreement. In particular, we do

not find the broad peak in the continuum cited by Namikawa and Hosoya." The work of

Manninen et al.8 supports this conclusion.

I would now like to explain how in order to obtain our results we overcame two

important experimental difficulties. They are both examples of phony coincidences.

The first kind of phony coincidences are chance coincidences. Recall that we are

detecting processes in which a pair of photons emerge from the target simultaneously,

to within our resolution in time. We arc only interested in collisions involving a single

incident x-ray striking a single atom, but we might detect a pair of photons produced at,

separate atoms struck by a pair of incident x-rays. (See Fig. 16) For example, when one

sees a pair of photons emerging with a high and a low energy, does the event indicate

inelastic scattering of a single incident photon by the K-shell with the emission of K-

fluorescence or does it indicate that two high energy photons interacted with separate

atoms, one performing inelastic scattering from the outer shell, the other being absorbed

by the K-shell and giving K-fluorescence?

Our singles rate (rate of detection without regard to coincidence) was kept low, about

4 x 103 Hz, in order to give good energy resolution. One might then ask, why is there

a problem with accidental events at such a low rate? The problem is that CHESS, as

will be the case with the APS, has an extremely low duty cycle. At CHESS, the photons

come in bursts of « 0.2 nsec. duration which are on for only 0.05% of the time ((hat is

to say approximately every 0.4 //sec). The duration of each burst was not resolvable in

time by our electronics. Rather, for the source intensity as a function of time, we have

the equivalent of a string of delta functions. Because of the compression in time, the rate

of accidental coincidences is enhanced. In practice we typically had a total coincidence
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rate over the entire spectrum of interest of 2 Hz, with only 5% of this representing true

coincidence events!

However, the rate for accidental coincidence can be easily measured. The idea is to

run a control experiment with the two detectors separated in time. We did this by using

signals from the detectors corresponding to different pulses from CHESS. In fact, we spent

equal amounts of time with the detectors on the same pulse and successive pulses. We

switched between these two modes every several seconds. Typical results are shown in Fig.

17. It is impossible to see the difference between the two types of raw spectra by eye. The

slight difference spectrum is the signal in which we are interested. Notice that the greatest

uncertainty in the difference spectrum occurs, as expected, at an energy corresponding to

a peak in the singles spectrum (also indicated by the short horizontal bars in Figs. 11 and

13).

How do accidental coincidences contribute to the design of such experiments? We can

ask the question: What is the importance of the intensity of the source, all other exper-

imental conditions (particularly the time structure) being equal ? The crucial parameter

(A) is the rate of accidentals divided by the true coincidence rate. For us, A varied between

about 3 and 30 over different parts of the spectrum. Fig. IS shows5 how we expect the

noise to signal ratio to vary as a function of intensity and A. Note that we have normalized

the plots for different A to agree at a reference intensity. We see that in our work, there

would have been a negligible improvement in the noise to signal ratio if the intensity of

the beam had been increased by a factor of 10.

A second type of phony signal that we had to overcome is due to photons moving

between detectors so as to create "crosstalk" coincidences. In order to gain an appreci-

ation of the potential for such backgrounds, Fig. 19 shows the singles spectra recorded by

the scattered photon detertor with the target in and out. It shows that there are appre-

ciable background events. As it turns out, there is considerable suppression of background

events when we turn to the coincidence events. Nevertheless, it was precisely the prob-
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lem of background events due to detector crosstalk that was emphasized by Naxnikawa,

Hosoya,2 and Maunineu" as a source of phony spectral features in the original work. A

typical crosstalk event is indicated in Fig. 20: a single photon scatters in the target,

goes into the fluorescence detector, deposits energy via Compton scattering, and the final

scattered photon escapes to the second detector.

Our approach to this problem was to install appropriate shielding, and then perform

control experiments to test its efficacy. Fig. 20 shows the layout for a control experiment.

First, with lead (B in Fig. 20), we blocked the direct view of the target by the scattered

photon detector. We then measured the true coincidence spectrum using the subtraction

method described earlier. We got the "detector blocked" spectrum shown in Fig. 21b. We

see that there was no significant crosstalk. For comparison, the true signal is shown in the

"detector unblocked" experiment of Fig. 21a.

Finally, I would like to point out some prospects for extending this work at the Ad-

vanced Photon Source. Inelastic photon scattering is an important and natural experiment

for the APS. One measures the dynamic response of an atom over a wide range of momen-

tum and energy transfer. We have seen that for inner shell exploration the high photon

energy (50 - 100 keV) that will be available at the APS is required. The high flux of an

intense synchrotron source makes the observation of this weak process readily achievable,

and can lead to a data collection time advantage over radiation from radioactive sources.

Without fluorescence coincidence there is an immediate potential for highly improved en-

ergy resolution which might lead to threshold studies and the exploration of correlation

effects. With fluorescence coincidence the gain in flux may also be important. For example,

one can imagine replacing our solid targets, and their distracting multiatom processes,4

with gas targets. In future coincident-product experiments we should recognize the possi-

ble disadvantage of a pulsed source if we are looking for a weak coincidence signal in the

presence of intense accidental backgrounds. But the direct approach to measuring acci-

dental effects can succeed. And, the technique of using a fluorescence trigger will continue
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to provide a valuable means of dissecting the dynamic structure of atoms with inelastic

x-ray scattering.

In conclusion, I would like to express my appreciation to my collaborator, Dr. Vincent

Marchetti, who obtained all of our results.
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a)

b)

E, q T

Fig. 1: Inelastic X-Ray Scattering: a) Physical Space, 9: scattering angle and T: target;

b) Diagrammatic (see text).
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Fig. 2: Dynamic Structure Factor (5) as a Function of Energy Transfer (E) for a Free

Electron Target at Fixed Momentum Transfer.

— E

Fig. 3: Dynamic Structure Factor as a Function of Energy Transfer for a Bound Electron

Target at Fixed Large Momentum Transfer.

Fig. 4: Dynamic Structure Factor as a Function of Energy Transfer for a Bound Electron

Target at Fixed Small Momentum Transfer. EQ is the threshold energy (see text).
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Fig. 5: Hypothetical Dynamic Structure Factor as a Function of Energy Transfer for a

Bound Electron Target at Fixed Intermediate Momentum Transfer.

Fig. 6: Dynamic Structure Factor as a Function of Energy Transfer at Fixed Intermediate

Momentum Transfer (for an Inner Shell). Note the overlap between spectra from inner (I)

and outer (0) shell electrons.
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Fig. 7: Inelastic Scattering of the K-Shell followed by Fluorescence Emission. I: incident

photon, S: scattered photon, and F: K-fluorescence photon.
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a)

b)

FPD

IM

Fig. S: Schematic Physical Layout for Inelastic X-Ray Scattering in Coincidence with

Fluorescence Detection, a) Side view, b) Top view. T: target, SPD: scattered photon

detector, FPD: fluorescence photon detector, and IM: ionization chamber beam monitor.

Shielding not shown.
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Fig. 9: Outline of Electronics for Inelastic Scattering in Coincidence with Fluorescence

Detection. SPD: scattered photon detector, FPD: fluorescence photon detector. SCA:

single channel analyzer, G: linear gate, and PHA: pulse height analyzer.
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Adapted from Phys. Rev. A 32, 647 (1989)

Rate

Fig. 10: Measured (points (± 15 % absolute scale uncertainty)) and Calculated (line) Spec-

trum of Inelastically Scattered Photons in Coincidence with K-Fluorescence as a Function

of Scattered Photon Energy at a Fixed Scattering Angle (90°). Copper target. Scattering

rate is the triple differential scattering cross section (see text) in units of 10~4 b/(keV-sr2).

Ein is the incident energy.
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Rate Ej7

(keV)
70

Fig. 11: Inelastic Scattering Spectrum in Coincidence with K-Fluoresceuce at Different

Incident Energies. Ordinate as in Fig. 10. ± 40 % absolute scale uncertainty.
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Adapted from Phys. Rev. A 22, 647 (1989)

Rate

r VJT

7.5 8.0 8.5 9.0
Energy (keV)

9.5 10.0

Fig. 12: Detecting Photon Decay Spectra (Fluorescence) in Coincidence with Inelasti

Scattering (points) and without Coincidence (line).
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Adapted from Phys. Rev. Lett. 52,1558 (1987)

Rate
• (a)

' (b) I

Ein
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'0

Fig. 13: Measured (± 40 % absolute scale uncertainty) and Calculated Spectrum of Inelas-

tically Scattered Photons in Coincidence with K-Fluorescence as a Function of Scattering

Angle. Ordinate as in Fig. 10. The scattering angle and corresponding momentum trans-

fer for elastic scattering (qo) times the K-shell orbital radius (a) are as follows: a) 8 =

118°, qoa = 1.11; b) 88°, 0.90; c) 70°, 0.74: and d) 49°, 0.53 .
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Adapted from Phys. Rev. Lett. 52,1606 (1984)

Rate

53 50

Escatt (keV)

Fig. 14: Inelastic Scattering Spectrum in Coincidence with K-Fluorescence measured by

Naniikawa and Hosoya (Phys. Rev. Letts. 53. 1606 (1984)) for Copper and Iron.
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Adapted from Phys. Rev. B 41,1224 (1990)

lOOO

800I-

Eacatt (keV)

Fig. 15: Inelastic Scattering Spectrum in Coincidence with K-Fluorescence Measured

(points) by Manninen, Hamalainen, and Graeffe (Phys. Rev. B41, 1224 (1990)) for

Copper and Zirconium. Incident energy is 59.6 keV,
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T

Fig. 16: True (T) and Accidental (A) Events.

393



Adapted from Rev. Sci. Instrum 59,407 (1988)

Fig. 17: Coincidence Spectra Produced with Both Detectors Sensitive on the Same CHESS

Pulse (a), Successive CHESS Pulses (b), and the Difference Spectrum (c).
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Adapted from Rev. Sci. Instrum 52,407 (1988)

Noise / Signal

2 -
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Intensity

Fig. IS: Expected Noise to Signal Ratio as a Function of Beam Intensity versus A =

Accidental Coincidence Rate / True Coincidence Rate. Curves scaled to agree at a reference

inteusitv.
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Fig. 19: Spectra Detected by Scattered Photon Detector vvithout Fluorescence Coincidence

(Singles Spectra) with (a) and without (b) Target.
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SFD

FPD

Fig. 20: Physical Layout of Control Experiment to Measure Detector Crosstalk. Lines

with arrows indicate possible path for crosstalk event. B: blocker, T: target, S: shielding,

SPD: scattered photon detector, and FPD: fhtorescence photon detector. See text for

details.
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Adapted from Rev. Sci. Instrum 5S, 407 (1988)

Rate
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• i I , ' t » I I I

b)

T+H^-t

T I

30 40 50 60 70 80

Fig. 21: Coincidence Spectra from Crosstalk Control Experiment. The scattered photon

detector's view of the target is unblocked for a) and blocked for b).
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