                                                                           INELASTIC SCATTERING AT HIGH PHOTON ENERGIES

P. Suortti,

                                                                                    Department of Ph ysics, PL 9, F IN-00014 University of Helsinki,

FINLAND

E-mail: Pekka.Suortti@helsinki.fi

T. Meinander and M. R yynanen

VTT Automation, P L 1303, FIN-02044 VTT,

FINLAND

                                                                                                                     E-mail: Tor.Meinander@vtt.fi , Matti.R yynanen@vtt.fi

Abstract

Determination of electron momentum densities b y Compton scattering where the

scattered photon and the recoil electron are detected in coincidence, and determination of

spin densities from the magnetic contribution to Compton profiles are reviewed.  The

present da y limitations of the methods arise from insufficient photon flux at high

energies, which necessitates the use of Ge detectors for the energy analysis of the

scattered radiation.  A helical small-gap undulator for the TES LA facility is described.

The energy of the fundamental line is 200 keV, and with bent cr ystal and multilayer

optics 10

                                                             13
                                                                         circularly polarized photons can be focused on a spot of a few microns in

diameter.  This makes possible the use of an efficient cr ystal spectrometer, and count

rates of 10

                                                                      4
                                                                             to 10

                                                                                                                  5
                                                                                                                         and momentum resolution of 0.05 a.u. can be achieved.  The 3-level

time structure ˘ 80 fsec bunches separated b y 93 nsec in 1 msec train with 5 Hz repetition

rate ˘ provides unique possibilities for gating and use of pulsed lasers and high-field

magnets.

1.  Introduction

The present discussion concerns onl y of a sub-set of inelastic scattering, namel y

scattering of high-energy photons from electrons.  This is called deep inelastic or

Compton scattering, where a bound electron is scattered to continuum states, and the

energy of the scattered photon is less than the initial photon energy.  The conservation

laws are

                                                  e

                                                         2

                                                                =

                                                                                 e

                                                                                        1

                                                                                               +

                                                                                                                w

1

-
w

2

 =
e

1

 -
w

(1)

                                                  p

                                                           2

                                                                  = p

                                                                                            1

                                                                                                  + q

1

 ˘ q

2

  = p

1

 - q

where

                                             e

                                                    1

                                                           (<0) is the electron binding energy,
w

1

 the initial photon energy,
w

2

 th at after

scattering, and

                                                                                                     e

                                                                                                             2

                                                                                                                   the energy of the recoil electron.  The corresponding momenta are

indicated b y p

                                                                                                      and p

2

 for the electron, and b y q

1

 and q

2

 for the photon.  In a ^complete~
scattering experiment all these quantities are observed for a given event, i.e. b y a

coincidence measurement.  Such a measurement would yield the spectral electron

momentum density (SEMD),

                                                  r

                                                           j

                                                              ( p

                                                                             1

                                                                                   ,

                                                                                       e

                                                                                              1

                                                                                                    ) =
r

j

( p

1

)
d
[
e

1

 -
e

j

( p

1

)] , (2)

where

                                             r

                                                      j

                                                         ( p

                                                                        1

                                                                              ) is the EMD of the jth band, and
e
 =
e

j

( p

1

) is the dispersion relation.  In the

extended zone scheme p

1

 = k

1

 + G , where k

1

 is the cr ystal momentum, and G  indicates

the zone.

The present da y (

                                                                                                                    g
, e
g
) or ( X ,eX) experiments are incomplete in man y respects.  The

energy of the scattered photon is observed using a Ge detector, which has an energy

resolution of 0.3% at best, and the energy resolution of the electron detector is not

sufficient for separation of the different bands.  Still there have been substantial advances

in the last few years, and the results of those experiments are reviewed in the following

[1- 4].

2.  Electron momentum density and Compton scattering

In the following we consider onl y experiments where the EMD is summed over all bands

and binding energies,

                                                  r
                                                           ( p

                                                                          1

                                                                                ) =

                                                                                                       S

r

j

( p

1

) . (3)

The triple-differential scattering cross section is proportional to the EMD,

                                                  ( d

                                                                3
                                                                     s
                                                                                /d

                                                                                             w

                                                                                                        2

                                                                                                             d

                                                                                                                      W

g
d

W

e

) = p

2

(
w

1

/
w

2

) (d
s
/d

W

g

)

KN
r
( p

1

) . (4)

The subscript

                                                                                              g
                                                                                                      indicates the scattered photon, subscript e the recoil electron, and KN the

Klein- Nishina scattering cross section.  The simple relationship between the cross section

and the EMD is based on the so-called ^impulse approximation~, which assumes that the

potential where the electron is moving does not change during the scattering event.

Calculations for h ydrogen-like atoms indicate that the momentum transfer should be an

order of magnitude larger that the initial electron momentum [5].  This condition is

fulfilled in all the cases that are discussed in the following.

The energy of the photon scattered from an electron at rest ( p

1

= 0) is

                                                  w

                                                             2 ,0

                                                                            =

                                                                                             w

                                                                                                        1

                                                                                                              /[1 + (
w

1

/mc

2

)(1 ˘ cos

Q
) ] , (5 )

where

                                             Q
                                                          is the scattering angle.  The angle
a
 between q

1

 and the direction of the recoil

electron ( p

                                                                              = - q

                                                                                                               0

                                                                                                                    ) is given b y

                                                  cot

                                                                           a
                                                                                      = (1 +
w

1

/mc

2

) tan (

Q
/2) . (6)

The initial electron momentum p

1

 causes a Doppler shift in
w

2

, and the direction of the

recoil electron deviates from
a
.  The spectrum of the scattered radiation is anal yzed b y an

energy- dispersive detector or spectrometer, and this yields the component of the electron

momentum in the direction of the scattering vector q ,

                                                  p

                                                          1z

                                                                        = mc [r ˘ 1 + (
w

2

/mc

2

)(1 ˘ cos

Q
)]/[1 + r

2

 ˘ 2r cos

Q
]

1/2

 , (7)

where r =

                                                                    w

                                                                               2

                                                                                     /

                                                                                          w

                                                                                                     1

                                                                                                           .  In atomic units, mc = 137.

The components p

1x

 and p

1 y

 of the initial electron momentum are obtained when the

direction of the recoil electron is observed in coincidence with the scattered photon.

However, multiple scattering distorts p

2

, and the unscattered electrons come from the top

layer corresponding to the last mean free path.  This is only a few tens on nanometers at

recoil energies of 50 keV.  Extensive Monte Carlo calculations demonstrate that the

scattered electrons contribute to an almost flat background, and sharp features in the

EMD, which arise from abrupt changes in the occupation number densit y, are clearl y

visible in the contribution of unscattered  electrons [6].  This gives confidence that the

EMD of valence electrons can be extracted from the measured  triple-differential

scattering cross section.

The experimental set-up for a (
g
,e
g
) coincidence measurement has been described earlier

[2].  The photon detector is placed near the backscattering direction, and the center of the

electron detector is opposite to q

0

.   Recently at the ESRF the single-element Ge detector

was replaced b y a 13-element detector, which enhances the coincidence rate b y an order

of magnitude, when the data from different detector elements are combined.  Even then

the coincidence rate is low, of the order of a few tens of events per second.  T ypicall y, the

incident photon energy is 150 keV, so that
w

2 ,0

 is about 100 keV.   The electron detector

is a 16x16 element arra y of Si diodes, which has a granularit y of 0.14 a.u. in p

1x

 and 0.28

a.u. in p

                                                      1y

                                                                 .  The energy resolution of the Ge  detector corresponds to a momentum

resolution of 0.4 a.u . in p

1z

, and the other uncertainties include the bandwidth of the

primar y beam, solid angle of the Ge  detector, and the size of the beam on the sample.

When the momentum errors are combined and the energy conservation condition is

imposed the variance vector of p

2

 is found to be (0.18 ;0.43;0.20) a.u.

The advantages of Compton scattering in Fermi surface studies are evident in the cases

where methods like deHaas-vanAlphen cannot be applied due to imperfections or lack of

translational symmetr y in the cr ystal, like in allo ys and quasicr ystals.  The SEMD can be

determined b y an (e ,2e) experiment, which is similar to a (
g
,e
g
) experiment, except that

the projectile is an electron instead of a photon.  The cross section is high, which allows

the use of electron spectrometers and determination of the dispersion relation for

individual bands.  However, multiple scattering is a serious problem in (e ,2e) scattering,

because it concerns both the incident and ejected electrons [7].   The EMD can be

determined with good resolution b y a positron annihilation experiment, where the angular

correlation of the annihilation quanta is measured (ACAR).  The limitation of this method
is that the EMD is weighed b y the positron wave function, so that certain features are

emphasized and some others suppressed.   The results of ACAR and (
g
,e
g
) experiments

on graphite and fullerene have been compared recently [3].  Positron annihilation occurs

preferentiall y with
p
-electrons, and because of the p-character of these electrons, the

EMD has an apparent double-hump shape in the p

1x
p

1y

-plane (p

1z

 is along the c-axis).

This artifact is not seen in the EMD determined from the (
g
,e
g
) experiment, because in

Compton scattering all electrons are on the same footing.  A comparison between

graphite and fullerene indicates that the electrons are more delocalized in the spherical

shell-like structure of the fullerene than in the la yered structure of graphite.

The above results show that the (
g
,e
g
) method has a great potential in studies of electronic

ground state in solids, and in many wa ys it is a unique spectroscop y.  On the other hand,

the present-da y limitations are obvious: low count rates and insufficient momentum

resolution.  Radiation from a ver y long undulator at a high-energy linear accelerator ma y

remove these limitations, as discussed in the last section of this paper.

3.  Magnetic Compton scattering

 Magnetic Compton scattering is a new method to study magnetization distributions in

ferro- and ferrimagnets.  The electromagnetic field interacts with the magnetic moment of

the electron, and it has been shown both theoreticall y and experimentally that the small

change in the scattering cross section is due to the spin moment only.  On the other hand,

in neutron scattering the contribution of the total magnetic moment is observed, so that

combination of these results with those from x-ra y scattering makes it possible to

separate and full y describe the magnetization distributions.

Most of the recent developments in magnetic Compton scattering have taken place at the

High Energy Beamline of the ESRF, where sufficient monochromatic flux of circularl y

polarized radiation is available at energies of few hundred keV.  Theor y of inelastic

magnetic scattering has been reviewed recentl y, and the cross section was verified up to

1 MeV [8].  In addition to the Klein- Nishina cross section there is a term of the form,

                                                  ( d

                                                                s
                                                                          /d

                                                                                       W
                                                                                                    )

                                                                                                         M

                                                                                                                    = (r

e

2

/2)(q

2

/q

1

)

2

 [( cos

Q
 - 1) P

c

 S. ( q

1
cos

Q
 + q

2

)/ mc], (8)

where r

                                                  e

                                                        is the classical electron radius, P

c

 the degree of circular polarization, and S  the

Stokes parameter for the spin polarization of the electron.  It is seen that the sign of the

magnetic contribution to the scattering cross section can be changed b y reversing P

c

 or S .

The magnetic Compton profile due to uncompensated electron spins is defined analogous

to the Compton profile J

C

 due to charge scattering,

                                                  J

                                                        M

                                                                  (p

                                                                                1z

                                                                                           ) =

                                                                                                                  òò

 [
r

-

( p

1

) -
r

¯

( p

1

)] dp

1x
dp

1y

, (9)

i.e. as the projection of the spin-EMD on the scattering vector.  The integral over J

M

 is

normalized to the number of unpaired electrons of the scattering unit (atom, molecule,
unit cell), and this in turn is scaled against the integral over J

C

, which is the total number

of electrons in the scattering unit.  The magnetic Compton profile is a small fraction of

the total profile, a few percent at most, but nevertheless, it provides detailed information

about the distribution of spin magnetization, particularl y when profiles corresponding to

many cr ystallographic directions are measured.

Almost all of the magnetic Compton profiles have been measured using an energy-

dispersive Ge detector.  The momentum resolution is about 0.35 a.u. under ideal

conditions, and this sets an upper limit for the count rate that can be handled without

degrading resolution.  The total count rate is boosted b y an order of magnitude with the

use of the 13-element detector, so that magnetic effects can be studied on 0.1% level.

The momentum resolution is sufficient for studies where magnetization is due to local

moments corresponding to different atomic orbitals.  The contributions of individual

atoms can be separated, as demonstrated in several cases [9].  However, it is evident that

the scope of magnetic Compton scattering studies can be widened enormousl y, if the

resolution can be improved to reveal band structures, and fast detectors can be used.

4.  Compton scattering with high energy undulator radiation

It is obvious that a highly collimated and intense undulator beam in the energy regime of

a few hundred keV will open up man y new applications for magnetic and coincidence

Compton scattering.  Discussion about these possibilities is based on published

calculations of the brilliance of the SASE-FEL sources.   It seems likely that the SASE

process does not work for x-ra y energies higher than a few tens of  keV, so that the

question becomes that of optimizing a normal undulator source for the particle energies

and beam parameters available at high energy linear accelerators.

For most inelastic scattering experiments the relevant quantity is the spectral flux on the

sample, so that integration over the source size and beam divergence is needed.  The

common feature of the proposed linear colliders is that the average beam current is much

less than in the circular accelerators built for production of synchrotron radiation.  For

instance, at TES LA the average current is about 100 microamperes, i.e. three orders of

magnitude less than at the ESRF or other 3
rd
 generation sources.  This loss in spectral

brightness can be compensated at high photon energies when the fundamental undulator

energy is at 200 keV, sa y.  Even more important is the availabilit y of intense circularl y

polarized radiation at high photon energies.  So far, the sources of circularl y polarized

photons have been as ymmetrical or elliptical wigglers, and phase-plates that split a

linearly polarized beam in two components with 90 degree phase-shift.  None of these

solutions is very efficient at ver y high photon energies.  It is also important that there are

3 ver y different time scales in the bunch structure of the high-energy linear colliders,

which will allow different gating in the scattering experiments.

A specific undulator construction is studied to give a concrete idea of the prospects of

Compton scattering studies at 4
th
 generation s ynchrotron radiation laboratories.  The
design parameters are based on the bunch structure, emittance, and electron energy given

in the design report of the TES LA facility [10].  A few undulators for production of high-

energy radiation are described in that report, but here we present results for an optimized

helical undulator, where the fundamental energy is 200 keV.  The design is based on a

small gap and undulator period, with values that are still feasible technically.  The

undulator parameters and calculated performance are summarized in Table 1.  For

comparison, brightness and flux in the central cone are given for the undulator at the 12

GeV storage ring PETRA.  It is seen that the flux from the TES LA source is less than that

from the PETRA undulator, but there are other features that make the present suggestion

ver y attractive.

Within the central cone, which is actually a ring in the case of a helical undulator, the

beam is fully circularly polarized under ideal conditions.  For the undulator  specified in

Table 1, the diameter of the cone is about 0.4 mm at 100 m from the source for the

fundamental energy of 200 keV, when the emittance  effects are ignored, and the total flux

is 1.87x10

                                                                     13
                                                                                  ph /sec/0.1% BW for the average current of 0.1 mA .  The total power of the

beam is 1.0 kW, but only a small fraction is absorbed in an y optical element, because the

dominant interaction is Compton scattering.  For instance, the energy absorption

coefficient for Si is 0.08/cm for energies between 100 keV and 1 MeV, so that only 8 W

is absorbed in a 1 mm thick monochromator cr ystal.  It has been demonstrated that

efficient monochromators  of optimized bandwidths can be realized b y bent Si  cr ystals

[11], and in the present case 10

13
 photons in a 0.1% band can be focused on a line that is

a few microns wide.  Focusing in the other direction can be effected b y a bent multila yer.

The beam described above can be used for probing local properties of materials , e.g.

magnetization due to electron spins in layered structures.  At the same time, the small

active volume of the sample makes it possible to use high-resolution cr ystal

spectrometers based on the Rowland circle geometr y, e.g. a scanning spectrometer with a

Laue-t ype anal yz er cr ystal.  Under ideal conditions, a momentum resolution better than

0.05 a.u. is achieved, and from a ^thick~ sample a typical count rate is 10

4
 to 10

5
 cps at

the Compton peak.   Fast and efficient scintillation detectors can be used, which removes

the count rate limitations of Ge detectors.  This opens a wa y to stud y the band structure of

electron spin distributions.

The 3-level time structure of the TES LA facilit y offers unique possibilities for scattering

experiments.  First, the 93 nsec interval between the 80 fsec bunches is long enough for

gating the electron and photon detectors.  This makes coincidence measurements ver y

simple.  It can be extrapolated from the present-day experiments that the count rate from

a la yer corresponding to the free mean path of the recoil electron is about 10

2
 cps.   There

are about 10

                                                                                  5
                                                                                         bunches/sec, so that the scattered photon and electron from a given bunch

come from the same event with high probability.  The coincidence rate ma y be too low to

allow the use of a high-resolution cr ystal spectrometer, but the Ge detector can be

replaced b y a bolometer, which is well suited for measuring low count rates and has an

energy resolution better than 0.1 % .  Second, scattering from molecules at excited states

is possible at least in principle, when laser pulses comparable with the 80 fsec bunch

duration are focused on the sample.  Third, the slow repetition rate of 5 Hz makes it
possible to use a pulsed magnet to deliver a magnetic field of several tens of Teslas

during the 1 msec long bunch train.  This opens the wa y for studies of new classes of

magnetic materials b y Compton scattering, particularl y when small volumes can be

probed.

I summar y, undulator radiation with the fundamental energy in the 200 keV regime offers

new possibilities for inelastic scattering studies.  The flux from a TES LA undulator is

comparable with that from the PETRA undulator, but the brightness is three orders of

magnitude larger, and the useful spectral range begins at energies where the spectrum at

PETRA is falling off rapidly.  These properties make possible the use of optimal x-ray

optical elements, so that ver y a high flux density at the sample position is achieved.

Probably the most important feature of the TES LA source is the 3-level time structure of

the beam, which allows probing of short-living excitations on one side and application of

relativel y slow pulsed fields on the other.  The present article discusses onl y the Compton

scattering experiments, but it is evident that other fields of high energy x-ra y scattering,

such as nuclear scattering, will become possible when undulator radiation is available at

energies reaching several MeV.

Table 1 :  Parameters and properties of a helical undulator designed for the TES LA

               Facilit y.  For comparison, flux and brightness values for the PETRA undulator

               are given ( Has ylab Annual Report, 1995).

                                                     TES LA PETRA

Undulator type helical planar

Length (m) ˘ period (mm) 30  -  30

Gap (mm) 8 16

Field (T)  - K

                                                                                          x

                                                                                               / K

                                                                                                                y

0.51 ˘ 1.5/1.5

Electron energy ( GeV) 45.4 12

Current ( mA) 0.1 60

Flux at 200 keV 1.87x10

13
 3x10

13
  ph/sec/0.1% BW

Brightness 1x10

19
 1x10

16
  ph/sec/ mrad

2
/0.1% BW

Total power (kW) 1.0 7.0

References

1.    F.F. Kurp, A.E. Werner, J.R. Schneider, Th. Tschentscher, P. Suortti and F. Bell:

         Nucl . Instrum . Methods B 122, 269 (1997).

2.    C. Metz, Th. Tschentscher, P. Suortti, A.S. Kheifets, D.R. Lun, T. Sattler,

         J.R. Schneider and F. Bell: Phys. Rev. B 59, 10512 (1999).

3.    C. Metz, Th. Tschentscher, P. Suortti, A.S. Kheifets, D.R. Lun, T. Sattler,

         J.R. Schneider and F. Bell: J. Phys: Condens. Matter 11, 3933 (1999).

4.    H. Sakurai, F. Itoh, M. Ozaki, M. Ito, H. Kawata and H. Kishimoto (unpublished).

5.    P. Eisenberger and P. Platzman :  Phys. Rev. A 2, 415 (1970).

6.    A.J. Rollason and M.B.J. Woolf :  J. Phys.: Condens. Matter 7, 7939 (1995).

7.    S. Canney, A. Kheifets, M. Vos and E. Weigold :  J. Electron Spectrosc. Relat .

         Phenom . 88-91, 247 (1998).

8.    J.E. McCarthy, M.J. Cooper, V. Honkimaki, Th. Tschentscher, P. Suortti,

         S. Gardelis, K. Hamalainen, S. Manninen and D.N. Timms :  Nucl . Instrum .

         Methods A 401, 463 (1997).

9.    A. Yaouanc, P. Dalmas de Reotier, J.P. Sanchez, Th. Tschentscher and P. Lej a y:

         Phys. Rev. B 57, R681 (1998).

10.  R. Brinkmann, G. Materlik, J. Rossbach and A. Wagner:  ^Conceptual Design

         of a 500 GeV e

+
e

-
 Linear Collider with Integrated X-ra y Laser Facility~, Vol. II,

         Chapter 5 (1997).

11.  U. Lienert, C. Schulze, V. Honkimaki, Th. Tschentscher, S. Garbe, O. Hignette,

                             A.  Horsewell, M. Lingham, N.B. Thomson, H.F. Poulsen and E. Ziegler:

                             J. S ynchrotron Rad. 5, 226 (1998).