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The triply differential cross section for Compton scattering from atomic electrons is obtained numerically in
a full relativistic second-ordeB-matrix calculation based on the independent particle approximation. We
compare our results with the results of more approximate approaches. Special attention is paid to the validity
of the impulse approximatiofiA), which has often been used for calculating the doubly differential cross
section even when the photon momentum trankfes similar to the average momentum, of the bound
electron, which is ionizedand IA is found to be fairly accurate even in such circumstand&'e here show
that, on the contrary, IA calculations of tifless averagedriply differential cross section are quite inaccurate
for |K|~pa.y, €ven near the peak in the triply differential cross sectigimere the free kinematics for scattering
from an initial free electron at rest are satisfied and where |A should work the Wéstconclude that electron
momentum distribution determination through the Compton profile, using the doubly differential cross section,
is more accurate at lower energies than direct determination through the measurement of the triply differential
cross section at the same energy. In addition, viewing the total cross section for double ionization in Compton
scattering as another observable less averaged than the doubly differential cross section in single ionization, we
estimate that IA predictions of the total cross section for double ionization in Compton scattering from Helium
are adequate above about 50 k¢81050-294{®8)07604-5

PACS numbd(s): 32.80.Cy

. INTRODUCTION |K1|=pay. Our discussion of TDCS, within this region, fo-
cuses mainly on the kinematical regi¢choice of outgoing
We study the triply differential cross sectighDCS) for photon energy and angles and electron angiésse to that
Compton scattering from atomic electrons using full relativ-of free particle kinematics for an initial electron at rest. In
istic second-orderS-matrix (SM) numerical calculations this kinematical region the momentum transfer to the nucleus
within the independent particle approximatigiPA). Our is small and the Compton scattering spectrloy Compton
study corresponds to the situation in which polarized or unspectrum we generally mean TDCS or DDCS as a function
polarized incident photons are scattered off an electron in af scattered photon energy for fixed anglésatures a peak.
specified subshell of an unpolarized atom. In our work weWe call this the Compton peak regiofThis should be dis-
have summed over outgoing photon polarizations and outgdinguished from the resonant Compton peak, which is gov-
ing electron spin directions. erned by a different Compton scattering mechanism and is
The underlying formalism and numerical code are extenpositioned in a different kinematical regio.he position of
sions of previous worf1-8] on Compton scattering. Our the Compton peak in TDCS can approximately be deter-
approach in this paper is based on the framework of Bgf. mined by considering Compton scattering from a free elec-
where the doubly differential cross sectiDCS) is calcu- tron at rest. There, for a given photon scattering angle, the
lated, developing a suitable code, within second-order QEDutgoing electron angle is fixed by energy and momentum
S-matrix theory, for Compton scattering from bound elec-conservation. For such a choice of outgoing electron angle,
trons within IPA. We here reformulate the theory and extendn the case of Compton scattering from bound electrons
the code to the case of the observation of the complete kinewhere all outgoing electron angles are kinematically al-
matics for Compton scattering from bound electrons, i.e., fotowed, we use the term “free kinematics.”
the calculation of TDCS. In discussing the Compton peak region we pay particular
In beginning a more systematic study of TDCS for vari- attention to the validity of the impulse approximatiéii )
ous photon energies, atomic states and atomic systems, vapproach in treating TDCS for Compton scattering. IA has
limit our discussion here mostly to the region of incident been widely used in discussing DDCS in Compton scattering
photon energy in which the total cross section for Comptorf10]. The generally accepted criteria for the validity of IA for
scattering[9] is comparable to or dominates that for the Compton scattering is that the photon momentum trarisfer
photoeffect as a mechanism of ionization of a given subshelimust be much larger than the average momenpyrof the
For incident photon momentuky, and average bound elec- bound electron, which is ionizedK|>p,,. However, IA
tron momentump,, this region is roughly determined by has also been used for the DDCS even whén- p,,, and it
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has been found to be fairly accurate even in such circumHamiltonian, which, in Coulomb gauge, contains two terms:
stances. We here show that, to the contrary, IA calculationa “p-A” term and an “A?” term. The “p-A” approxima-
of the (less averagegdTDCS are quite inaccurate fdK|  tion (only the “p-A” interaction term is takehhas been
~Pav, €ven near the peak in the TDQ®here the impulse employed in treating Compton spectra in thg|<p,, re-
approximation should work the be$tL1]. However, we also  gjon [17-19, where the contribution of the A%” term is
confirm that, by increasing the incident photon enefgy-  negligible. It has also been used in treating the infrared di-
responding to momentik,|>p,,) and allowing larger mo- yergent part of the spectrum for higher incident photon mo-
mentum transfers, the impulse approximation results, in thenenta, where an approach through the low-energy theorem
region wherglK|>p,,, approach ours for TDCEL2]. (LET) is also availabld5,20].

In addition to the Compton peak region, we also discuss For higher incident photon energielk (|~ p,,) the kine-
to some extent the other two regions of the Compton spegmatical region corresponding to the kinematics for photon
trum, the infrared divergent and the resonant regions, domiscattering from a free electron at rest becomes accessible and
nated by mechanisms that require relatively large momenturghe “A2” interaction becomes important, giving a Compton
transfers to the nucleyand cannot occur for free electrons  gcattering mechanism that is also applicable for free elec-
~ We compare our results with experiments. Recently, Coyqons[21]. This mechanism becomes significant wHé
incidence measurements of the scattered photon and ejected, ~ and it dominates the region of the spectrum in the
electron in Compton scattering have been repof&j14.  yicinity of the energy corresponding to scattering from a free
In these experiments the photon momentum transfers argectron at rest, which is specified by the Compton frequency
much larger than the average momentum of bound electrong .—,  /[1+ (w,/m)(1—cos#é)] for scattering of the pho-
involved in scatteringbinding effects are not very impor- (4 through angle. In the region neam. the DDCS Comp-

tany. We demonstrate that, for these photon momentumyn gpectrum exhibits a peak, which is sometimes described
transfers, the IA approach for TDCS is quite accurate. We{zz_zq within the so-called ‘A2 approximation (only the
are aware of only one other reported measurement of the 52+ jnteraction term is take) often in order to test the

eje(;ted .electron in c_oinpidence with the scat_tered photon, ifyore approximate IA approach. We will primarily consider
a situation where binding effects are very import@B$l, s dominant kinematical region in our discussion of TDCS.
which was performed 30 years ago. We _dlscuss this case t00. The most widely used approximation for the Compton
However, Iqrge error bars prevent meanlngfql comparison ofhpcs has been the impulse approximatioh). IA is rela-

our calculations with the reported results. It is reasonable t(ﬁvely simple to use(it utilizes the atomic potential only
expect that today's experimental techniques should allown o9k the momentum distribution in the initial electron
more precise measurements and we hope that our work Williaig and it is quite accuratéat the level of DDC$in the
stimulate new measurements of Compton scattering TDCS ifycident photon energy region where Compton scattering is
the region where electron binding effects are important. ~ comparable to or dominates the photoeffect as a photoioniza-

In recent years 1A has also been employed for calculatingjon mechanism. Its validity is not restricted to the nonrela-
cross sections for double ionization in Compton scattering;yistic region (unlike the “A2" approximation and its ac-

[16]. Viewing the double ionization Compton scatterjng 'total curacy increases with increasing photon energy.
cross section as another Compton observable which is also the ysual picture of IA is that the bound electron is

less averaged than the DDCS in single ionization, we clarifyyeatad as a momentum distribution of free electrons and out-

the adequacy of its 1A descrlpt|on.. oing electrons are viewed as free. In fact Eisenberger and
In the next section we describe some feat.ures (_)f th latzman 27] have shown that the nonrelativistic IA results
Compt.on spectrl_Jm _needed fqr our subsequent dllscussmn _aﬂgir DDCS can be derived, using theA?" approximation for
then discuss utilization of IA in Compton scattering and Cri- e jnteraction of radiation with matter, without treating the
teria for its validity. In Sec. Ill we present our formalism for ;itia| and final states as free. The interaction of an electron
the full SM approach. and describe the tests of the code that Rith the external fieldatomic potentigl in the initial state
based on the formalism. In Sec. IV we compare the COMpUy 4 the same interaction in the final state approximately can-

tational results from the code with the results of more ap.q| out. when DDCS is considered at high photon energies
proximate approaches and with existing experimental datg, g,ch a way as to allow the usual interpretation of 1A in

We discuss the validity of the more approximate approachegerms of free electrons. This extended validity of IA does not
paying particular attention to the IA approach in treating, )y for TDCS. A relativistic expression for IA has been

TDCS. given by Eisenberger and Reg2B] and by Ribberforg29]
using a relativistic expression for Compton scattering from a
Il IMPULSE APPROXIMATION EOR COMPTON free-electron d|str|bu§|onp(p) [30]. With this e}pproach,
SCATTERING based on the usual picture of IA, one can obtain an expres-

sion for TDCS in 1A, not performing the integration over the
Generally we may distinguish three regions of the Comp-outgoing electron angld81].

ton spectruni5], which correspond to different mechanisms  Utilizing IA to describe the scattering process, Compton
for Compton scattering by a bound electron. These(&ye scattering experiments have long been used to provide infor-
the infrared divergent regiori2) the resonant region, ari@) mation on the electron momentum densitEMD) of
the Compton peak region. A full second ord&matrix IPA  (mostly) valence electrongl0,32. In these experiments the
approach, unlike more approximate approaches, is applicabl2DCS are measured and interpreted in terms of the so-called
in all three regions of the spectrum. Most simpler approache€ompton profile[10], which is a two-dimensional integral
are based on the nonrelativistic photon-electron interactiomver EMD. Complete information about EMD can be ob-
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tained by employing reconstruction techniques] to a
large number of measured Compton profiles. An alternative
approach has been utilizdd 3,14 in which the scattered
photon and the ejected electron are detected simultaneously.
Then in IA there is no integration over EMD and therefore
no need for a reconstruction. In such triply differential cross
section(TDCS measurement information about the three-
dimensional EMD is obtained directly. It should be noted
that in both types of experimentge., in measurements of
DDCS or TDCS, the validity of the IA is essential for the
simple interpretation of the experimental cross sections in
terms of EMD.

IA for DDCS is restricted to the region of the Compton
peak(quasifree kinematigs The generally accepted criteria  FIG. 1. Scattering geometry used here. The scattering plane is
for the validity of IA in that region is that the photon mo- defined by the incoming and scattered photon directigns. the
mentum transfeik must be much larger than the averagephoton scattering angle angl is the angle between the vector of
momentum p,, of the bound electron which is ionized incoming photon linear polarization and the scattering plane. The

>

PR P ——

[10,26,34, anglesd and ¢ are outgoing electron angles.
Pav energies identifies the subshell from which the scattering oc-
m< 1. @D curred.

The Compton matrix element may be written as
However, IA has been used in the Compton peak region for
the DDCS even whefK |~ p,,, and it has been found to be
fairly accurate even in such circumstan¢gs,36. Hence, in
the case of DDCS, we may use the criterion

M=M,+M,. (©)

Following [5], the absorption-firsM , and emission-firsM
amplitudes are expresséith unitsz=c=1) as
pav

—=1, (2

K| Ma,e=47mifdBY@(y)Y'Az,l(y)F(y,na,e), 4

if the peak region is discussed. Here we will reconsider thgyhere A, and A, represent incoming and scattered photon
validity of criteria Eq.(1) and Eq.(2) for IA when discussing states,,=E;+ w, for M, and 7,=E; — w, for M, o, is

the peak region of Compton spectra. We will show that i”incident ANt | .

. L , is scattered photon energy, aBgl is energy
the. case of TDCS Eq(2) is not a good criterion fo.r the of the bound electron. In Eq4) the spinor functionF is
validity of IA, but rather the generally accepted criterion Eq. yofined as

(1) must be used.

— 3
IIl. FORMALISM AND NUMERICAL APPROACH F(Y, 7a,e) = f d*xS™(y. X, 7a,6) ¥-A1AX) 1(X). ()
FOR SM CALCULATION

) ) ) F satisfies the inhomogeneous Dirac equation in the external
The formalism and code for performing calculations of (atomid potentialV for propagator energy:

the triply differential cross section for Compton scattering
from bound atomic electrons are an extension of pr(_evious [y-p+m+ y°V(|y|)—y°77]F(y, 7)=y-A(Y)¥(y). (6)
work [4—8] on DDCS, based on the second-or@&matrix
element in QED in Furry’s picture. The method is relativistic In these expressions the indices 1 and 2 refer to variables
and it includes the external relativistic atomic field, within associated respectively with the incident and with the scat-
the IPA, in all orders. In the IPA all electrons see a commortered photon, and similarly with the initial bound and final
self-consistent central potential and electron-electron corresontinuum electron. The electron wave functiofs i, are
lation effects are neglected. solutions of the Dirac equation in the potentigl andS**is

Our approach allows for calculation of scattering fromthe electron propagator in the same field.
electrons of any subshell in an atom, described within the In our calculations we use a realistic spherically symmet-
IPA, over the whole spectrum of scattered photon energiesic atomic potential generated by the nucleus and atomic
Thus far we have concentrated on the cases in which thelectrons, namely, the self-consistent screened Dirac-Fock-
incident photons are linearly polarized, or unpolarized, theSlater atomic potential, with a Latter tail. For this purpose,
bound electrons are unoriented and no polarization of th¢he code of Lieberman, Cromer, and Walj&7] is em-
scattered photons or spin state of the outgoing electron igloyed. However, when comparing with calculations em-
detected. This corresponds to the situations that have begahoying a hydrogenic atomic model, the Coulombic potential
investigated experimentally. From an experimental point ofs used. For test purposes, when comparing with analytic
view, our present calculation corresponds to a scattering sitlexpressions in Born approximation, the potentidhas been
ation in which both outgoing patrticles, i.e., the scattered phoset to zero in portions of the calculation.
ton and the ejected electron, are detected in coincidence, as After decomposition of the electron wave functions into
shown in Fig. 1. The sum of outgoing photon and electrorpartial waves, and multipole expansion of the photon field, as
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C, K, o, =2.94 keV I
6 =60°% ©=60° ¢ =180° -

in [5], we factorize the amplitudell, and M, into angular
parts and radial integrals. The radial integrals, which contain
the whole dynamics of the Compton process, are the same as
given by Eqs(A16) of [5]. In our calculations they are cal-
culated using the previous code, and their numerical accu-
racy is on the same level as was estimatefbin

From these factorized amplitudes an expression for TDCS
can be obtained in closed forf38] through the algebra of
3-j, 6-j and 94 coefficients, for example, when the intrin-
sic states(polarizations and spinsof all particles are
summed and averaged. Using such a form we could generate
a code for TDCS. However, in general, a large number of
angular momenta are required. To achieve adequate conver-
gence it is preferable if numerical computation starts from
the factorized matrix element E¢4), rather than the cross
section. The cross section for scattering polarized and unpo- FiG. 2. Triply differential cross section for the scattering of 2.94
larized incident photons from unoriented bound electrons ikev photons from &-shell electron of carbon into 60° for electron
then obtained by numerical squaring of the matrix elementangles9=60° ande=180°. The cross sections are obtained from
with numerical summation and average of the resulting crossonrelativistic “A%” approximation (triangles, presentS-matrix
sections over the spin polarizations of final and initial statesIPA calculations(x), the impulse approximatioiidashed-dotted
A similar numerical approach was used[B8] for calculat- line), results obtained from photoeffect cross sections using the
ing triply differential electron bremsstrahlung cross sectionslow-energy theorentsquares and the results of the nonrelativistic
For special cases, when only a small number of partial wave$p-A” calculations (circles.
and multipoles is required for results to converge, we have
performed the calculations both ways, and in matching retand we obtain, as shown subsequently, good agreement be-
sults we have tested the kinematical structure of the code. tween code results for TDCS and low-energy theofeHiT)

We have further tested the code in a variety of wd{s:  predictions.
As an additional test of the kinematical structure of the
TDCS code we performed comparisons with the Born ap-
proximation for scattering fronK-shell electrons, which is
given analytically[40]. By Born approximation we mean In [5] a wide and systematic investigation of the Compton
that we set the potentidl to zero in the code when solving scattering DDCS was presented, and the results of the rela-
both the inhomogeneous Dirac equation and the homogaivistic S-matrix IPA calculation were compared with the
neous Dirac equation for the outgoing electron, keepihg results from more approximate methods. Here, we extend the
only in calculating the initial bound state. Our numerical discussion to the TDCS. We have examined the region of
results have been compared with the analytical expressionicident photon energies between tens of eV for H and 662
In the rangez=1—92, and for the energy range from 2.5 to keV for Au, studying more systematically the case of scat-
279 keV, we always found agreement within 0.1% betweernering from aK-shell electron. We have also examined ex-
the numerical results from the code and the analytical examples of scattering from higher shells of medium- and high-
pression(2) By numerically integrating the TDCS over out- Z elements in order to study resonant and peak regions. We
going electron angles the DDCS is obtained. In this way wepresent illustrative results obtained with our code together
tested the TDCS code against the results of the DDCS codevith the corresponding results of the various simpler meth-
In the entire range oZ and energy, agreement was alwaysods widely used in Compton calculations, in Figs. 2—4,
on the level of the errors of the numerical integrati(8).We
also tested the code in cases where simpler approximations - —
are expected to be accurate. In the regime where incident e (aiz‘_.
photon momentum is much smaller thpg, (but the photon _ 0 =120% '
has enough energy to eject the electron from the skl N{ § < 20° <p=i180°
tested our code by comparing its results with the results of 5 °®T T ]
the nonrelativistic ‘b-A” dipole approximation[17—-19. In ;’N '
mb
el

dPo/dn,da,de [rZ/m]

o,[keV]

IV. RESULTS AND DISCUSSION

0.4

the high but nonrelativistic energy regime, and for laywe o2

tested our code against theA?’ approximation [22,26.

The results of these tests show excellent agreement between
the code results for the TDCS and the results of these more 02
approximate approaches in the region where these approxi-
mations are expected to be highly accurate. This is in agree-
ment with the results of the similar tests performed4tb]

for DDCS. (4) In another test, for high incident photon en-
ergies with low outgoing photon energiéhis is a region FIG. 3. Same as Fig. 2 except for scattering of 279.11-keV
where the dipole p-A” approximation should not be accu- photons from &K-shell electron of lead intga) 120° for 9= 20°
rate, because retardation and relativistic effects are impornd ¢=180°, (b) 0° for $=90° ande=180°.

r0.1
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0.6 T T T 1.0 T T

w,=25keV (a)| |/ 0p=150keV (b)] s} ©=25keV (a){ | o =125keV (b)
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FIG. 4. Triply differential cross sections for the scattering of k1 6. Triply differential cross section per electron for the scat-
279.11-keV photons from K-shell electron of lead as a function of tering of linearly polarized 2.5- and 12.5-keV photons from an

the outgoing electron angl@y). Energies {,), angles(6) of the
scattered photon, and anglesof the outgoing electron are indi-
cated in the panels.

N1-shell electron of copper. Incident photon polarization is in the
scattering plane¢=0°), thephoton scattering anglé=140° and
outgoing electron angles af®=19° ande=180°. The cross sec-
tions are obtained from the impulse approximatidashed-dotted

showing representative caseskfshell Compton TDCS of line) and presens-matrix IPA calculationg x).

low-, intermediate-, and hig&- elements for|kq|<pa (Z

=6) and for|ky|~pa, (Z=29,82) We also discuss the ex- equate description of the infrared divergent region forZall
ist_ing experimental data, in comparison With our calculation_sand all incident photon energi¢$3) In addition, we discuss
(Figs. 5-7 and we make some suggestions for new experithe consequences of the failure of the IA approach in the
ments in Compton scattering. |K|~pay region of the TDCS for the treatment of double

For the TDCS we can expect additional differences bejgnization in Compton scattering at low incident photon en-
tween the SM results and more approximate approaches, @gies.

comparison to the situation in DDCS. We pay particular at- | Fig. 2 we show the TDCS for the scattering of 2.94-
tention to these circumstances. We find #iatin the Comp-  kev photons from thé&-shell electrons of carbon for a pho-
ton peak region for TDCS and fqu,,/|K|<1 the IA ap-  ton scattering angle of 60°. The angles of the outgoing elec-
proach in treating TDCS is incorrect unlegs,/|K|<1, tron are chosen to be3=60° and ¢=180°, which
unlike for DDCS cases where 1A is good even fog,/|[K|  correspond to the outgoing electron angles for free kinemat-
~1. We do find that in the regiofk,|=p,,, the “A*” ap-  ics (as defined in the IntroductionThe incident energy is
proximation(unlike 1A) generally reproduces TDCS reason- |arge compared to the binding energy, but the Compton peak
ably well in comparison with our SM results, as in the DDCSjg outside the kinematically allowed region for all scattering
case.(2) For largeZ and relatively large incident photon angles. The figure represents an example in which both the
energies the dipole - A” dipole approximation is much «p.A" and “ A2” terms of the interaction Hamiltonian con-
less accurate in describing both the infrared divergent angipyte significantly through most of the spectrum. It illus-

resonant regions of the TDCS than for DDCS, due to thgrates our findings, in agreement with the DDCS studisin
importance of retardation(The LET approach gives an ad-

30

T T T 6; 0= 900 (a) - 0= 600 (b) <420
0=180° ()1 3 2570=24% 0=180°  |=37%0¢=180°
—*—5M (18°) Jos 2 ] A
- |A (18°) - +15

n
(=]
sl

AA A

—+— SM (90°) 7\
7 |A (90%)A
A

-
«
NP

dPofda,de, [ r,Zm]

-
o
P PR

4
4

d®s/deda,dp, [ 10 2° cm? /keV]

[=]
2
dPofda,da,de [ r,2m]

o
st

= N S b9 200 300 400 500
30 40 50 Ee [keV]

o, [keV.
2 el FIG. 7. Triply differential cross section for the scattering of
FIG. 5. Scattering of 59.32-keV photons fronKashell electron  662-keV photons from &-shell electron of gold as a function of
of Cu into 140°. The cross sections are obtained uSkngatrix IPA outgoing electron kinetic energy. The cross sections are obtained
calculations and 1A(a) Doubly differential cross sectiottb) triply from the impulse approximatiofdashed-dotted lineand present
differential cross section for two choices of outgoing electronS-matrix IPA calculationg<). The histogram represents the experi-
anglesd=18° and?¥=90° with the samep=180°. mental results of15].
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that the low photon energy part of the spectr@imfrared  ment between IA calculations and experimental results mea-
divergence is well described by the low-energy theorem, sured in the region where, in agreement with the criterion
and that for a lowZ element and low incident photon mo- Eq. (2), p,/|K|~0.7. Here we examine this case, calculat-
mentum (k.| <pa,,, Where a relatively small number of par- ing both DDCS and TDCS using IA and also our SM code.
tial waves contributesthe “p-A” dipole approximation This is an example of the situation in which there is a good
gives a good description of the soft photon part of the specagreement among experiment, IA predictions, and SM calcu-
trum (as it is adequate for the total cross section for theations for DDCS in the region wherp,/|K|~1, as we
photoeffect, integrated over anglgtl]). While, in general, illustrate in Fig. %a) for the photon scattering anglé
when the electron can be considered nonrelativistic=140°. In contrast, we find that IA is poor in treating TDCS
the “A?” term will describe well the high-energy part of the in comparison with SM calculations, as shown in Fi¢)5
spectrum, in this case the contribution of the-A” termis  We show results for two choices of outgoing electron angles,
not negligible. From the figure it can be observed that 1Aone choice being made according to free kinematics for an
gives a poor description of the high-energy part of the specelectron at rest§=18°). We find that, in general, for angles
trum, which is to be expected since in this casg/|k,| close to those corresponding to free kinematics for scattering
>1. from free electrons at rest, the IA overestimates TDCS in the
Our results in the infrared divergent region and now alsgpeak region, while for angles differing much from free kine-
in the peak region are further illustrated in Figs. 3 and 4. Inmatics it underestimates the TDCS. By integrating the 1A
Fig. 3 we show the scattering of 279-keV photons from aTDCS over outgoing electron angles these discrepancies av-
K-shell electron in lead. The Compton peak is visible for theerage, resulting in a quite accurate IA description of DDCS.
backscattering anglgshe outgoing electron angles are cho-  Recently experimentsl 3,14 measuring TDCS were per-
sen according to free kinematjcén the case 0H=120° we formed by scattering high-energy photons;{100 keV)
havep,,/|K|~1 near the peak. The IA gives predictions that from weakly bound electrons in solid state targets. This was
are higher than the SM results by more than factor of 2.5, asot a scattering from a specified subshell. The main contri-
can be seen from Fig.(8. The nonrelativistic ‘A%” ap- butions to the differential cross section were from valence
proximation agrees reasonably well with the SM results aklectrons, but the contribution of some inner shells, because
these relatively large photon energies. The soft photon regioaf the finite energy resolutioftypically several hundred eV
is well described by LETwhich includes retardatigndif- [13]), was also included. The purpose of such experimental

fering much from the results obtained in the dipolp-A” studies is to obtain information about EMD directly from
approximation, as is illustrated for forward photon scatteringTDCS measurements through employment of IA, as dis-
angles in Fig. &). cussed in the Introduction. The employment of such high

In order to illuminate further the differences between SMphoton energie@nuch higher than one would need for IA to
results and more approximate approaches, we study tHee valid, for Compton profile measuremeéntsas partly mo-
TDCS (for the same case as in Fig) 8s a function of out- tivated by the fact that electrons produced in Compton scat-
going electron angle¥ for a fixed outgoing photon energy tering have mostly small energies. These electrons exhibit
and angle. We show results for outgoing photon energies ahultiple scattering in relatively thick targets, which intro-
25 keV (soft photon regionin Fig. 4@ and for 150 keV  duces error in determining outgoing electron angles in the
(near the Compton peak regioin Fig. 4b). In the soft Compton process. The problem is reduced with higher pho-
photon region(region of infrared divergengehe dipole ap- ton energies yielding higher-energy electrons and less mul-
proximation predicts that most electrons are ejected in théiple scattering. Our study here confirms that for these rela-
direction perpendicular to the direction of the incident pho-tively high photon energies one has achieved validity of IA
ton, with a distribution symmetrical abowt=90°, as can be for TDCS. Although we cannot run such a high-energy case
seen from Fig. &). However, at these large energies thefor so weakly bound electronbecause we need too many
retardation effectghigher multipole effectscause peaking multipoles for convergengewe may demonstrate, perform-
in the forward direction, in accord with a similar effect in the ing calculations at lower photon energies, that agreement
photoeffect for large photon energiptl]. We observe that with IA is already achieved. Our investigation indicates that
LET predictions(which are obtained, using the low-energy we can use IA for TDCS, near the peak region, with an error
theorem, from the photoeffect differential cross section caldess than about 5%, if the ratim,,/|K| is less than about 0.1.
culated within a full IPA approadh unlike dipole predic- We illustrate this in Fig. 6, where we show the cross
tions, are in good agreement with SM results. At scatteregections for scattering of 2.5- and 12.5-keV phot¢pslar-
photon energies near the Compton peak the TDCS is fairljzed in the scattering plahdrom the N1 shell electron of
well described by the A2” approximation, while IA(for the  copper, calculated using IA and our code. For the bound
chosen electron angle) overestimates the TDCS for all state wave function we use the same self-consistent wave
electron angles}. However, for some other electron angles function in both IA and in the code calculations. The electron
IA underestimates TDCS. By integrating the IA result for angles are chosen according to free kinematics. The differ-
TDCS over outgoing electron angles the DDCS in A is ob-ences between IA and code calculations are smaller as pho-
tained, and it fairly well describes the behavior of DDCSton energy increases, and for the highest shown energy they
near the Compton peak for this case, as was showh]in are around 7%. For this particular shell the binding energy is

We now turn to comparison with experiment. Recently,several eV(in the self-consistent modebnd the criterion
an absolute measurement of DDCS Irshell electrons of  pg,/|K|=0.1 is fulfilled at about 15 keV for this case. How-
copper[36] was performed for several scattering angles usever, if M-shell electrons, with binding energies of some
ing 59.32-keV photons. The authors find very good agreehundred eV, are included, as would be required if an energy
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resolution of several hundred eV is assumed, higher photowalidity of IA in treating another Compton scattering observ-
energies(60—70 keV are required in order to achieve the able that is also less averaged than single ionization DDCS.
same accuracy of IA. We conclude that for hard incident!A has also been employed for calculating cross sections for
photons(as used if13]) the IA is reliable. double ionization in Compton scatterif@6], a subject of
We have mentioned the earliest experiment measuringonsiderable recent experimental and theoretical investiga-
TDCS for Compton scattering of which we are awaté. t?on [_43], p_articularly of the_ratio of double to single ion_iza-
Photons of 662 keV were scattered from tehell of gold, ~ tion in helium. There, as in the case of TDCS for single
and results of an absolute measurement were reported fé@nization treated here, it had been hoped that a similar re-
photon scattering angles of 90° and 60°. The outgoing elecgion of validity would apply as in DDCS. But, again, the
tron angles were chosen from free kinematics in scatteringomparison of IA calculations with experimerjtet, 45 and
from an electron at rest. The ratio pf,/|K| for these cases Other calculation$46] indicates that larger energies are re-
is 0.35(for 90°) and 0.45(for 60°) for outgoing photon en- duired for the IA treatment to be accurate, much larger-
ergies near the peak. This is a situation in which IA worksProximately an order of magnituii¢han one would expect
very well for DDCS and poorly for TDCS, as discussed from the single ionization DDCS case. We may understand
above. We present results for TDCS for this case as a fundhis from our TDCS considerations. In the derivation of IA
tion of outgoing electron energy in Fig. 7, both in IA and in for double ionization explicit use of the plane-wave approxi-
our S-matrix calculation. Although the discrepancies be-mation for the fast outgoing electrons is made, similar to
tween IA and ourS-matrix calculations are 50%—70% near 1PCS, and unlike in DDCS. We may, evidently, view the
the peak, both results are consistent with the experiment&jouble ionization Compton total cross section as a more dif-
data because of the large experimental uncertaifizls ferential observable than DDCS for smglt_a |on|zat|on, as is
The development of experimental techniques in the las@SC TDCS. Although IA is fairly accurate in calculating the
30 years, since the experimgrits] was performed, should total cross section for smgl_e-|on|z_a_t|on Compton scattering
make it possible to measure TDCS more accurately for casd8" He even at lower energi¢é7], it is adequate for single
where p,,/|K| is not very small. Such experiments should ionization DDCS at about 5-6 keVexcept for forward
involve relatively large photon energidés order to have angles Wher(_e thg contribution to the total cross section is
large electron energies and so avoid large contributions ofMal). In estimating the accuracy of IA for calculating the
multiple electron scatteringand largeZ (in order to have doqble ionization total_cr_oss section, we require that_the cri-
pay/|K|~1). In such circumstances IA is poor for calculat- teria for '_I'DC_S be satisfied for most angles. Assqml_ng 'Fhat
ing TDCS, although it predicts DDCS very well, and a morethe contribution of forward angles to the double ionization

accurate approactsuch as our SM approacs required. total cross section is as important as in the single ionization
The dipole “p-A" approximation shows noticeable dis- case leads to the expectation that IA for the total cross sec-

agreement with SM calculation of TDCS in the infrared di- tion for double ionization in Compton scattering from helium

vergent and resonant regions, as we have already illustratdg @dequate above about 50 keV.
for the infrared divergent region. This discrepancy strongly
depends on outgoing electron angles. This behavior for soft
final photons can be explained by observing that in dipole
approximation the electrons are then described as ejected The theory of the triply differential cross section for
dominantly in the direction of incident photon polarization Compton scattering has been developed in the framework of
(orthogonal to the direction of the incident photon, as in thea relativistic second-orde8-matrix element calculation, as-
description of photoeffect in dipole approximatjorHow-  suming IPA for the atomic electrons. The theory is based on
ever, for high photon energigand for allZ) higher multi-  the general framework df5], and the calculation is devel-
poles(and retardationcontribute significantly, so as to give oped as an extension of the previous DDCS code. The triply
forward peaking. We observe a similar failure of the-A” differential cross sections have been obtained and compared
dipole approximation in the resonant region of TDCS. How-with the results of widely used simpler approximate methods
ever, we should remember that resonant Compton scatterirand with existing experimental data. We confirm most con-
is pronounced when the incident photon energy is close talusions that followed from the analysis of the DDCS.
the K-shell binding energy, and therefore relatively large de-However, there are important circumstances of considerable
viations from the dipole approximation may be expecteddisagreement with more approximate methods, in particular
only for highZ atoms.(In our SM approach the widths of with IA, which are not seen in the DDCS. Here we fou(:
the bound states are zero, and so in our model the resonanaesich larger disagreement between SM calculation and di-
appear as singularities, behaving ps,— (E;—E,)] 2, pole “p-A” approximation in the infrared divergent region
whereE; andE, are electron binding energjesThe dipole  of the TDCS for relatively large incident photon energies and
approximation predicts that electrons are ejected dominantlin the resonant region for largeé and(2) large discrepancies
in the direction perpendicular to the incident photon beambetween the IA approach and SM results in the region where
Our calculations for the resonant region show this directiorp,,/|K|=<1 (but not yet<1). We find that for TDCS the
is shifted somewhat toward forward angles. For examplecriterion for the validity of 1A is an order of magnitude
studying theK-L resonance in the case of lead, using pho-greater than for DDCS. This stronger criterion agrees with
tons of 100-120 keV, we find that electrons are ejectedhe fundamental assumptions in deriving IA. From the ex-
dominantly into angles of about 77°. perimental point of view this means that, for a given photon
It is interesting to note that we may apply our conclusionsenergy and for a particular atomic system, we can expect
about the validity of IA in TDCS to clarify the probable validity in TDCS of IA for valence electrons, in situations

V. CONCLUSIONS
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when it will not be valid for core electrons, even when it is DDCS, based on our single ionization TDCS study we esti-
valid for both valence and core electrons in DDCS. Themate that the IA total cross section for double ionization in
EMD determination through the Compton profilehich is  Compton scattering from helium is adequate above about 50
obtained from Compton DDQSs more accurate at lower keV.
energies than direct determination through measurement of
the TDCS at the same energy.
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