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Contribution of bound-electron pair production to the dispersion relation for Delbru ck scattering
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In photon-atom scattering the customary partitioning of the elastic scattering amplitude into Rayleigh and
Delbrick amplitudes(as well as nuclear amplitudei the single-electron formalism involves summations
over complete sets of intermediate electron states in the atomic potential. This leads to the Rayleigh amplitude
which is usually compared with experiment. However, another consequence of the partition is that the total
cross section for bound-electron pair-production into all bound states, regardless of occupation, is included in
the optical theorem for the imaginary part of the forward Detkramplitude. The corresponding real part of
the forward Delbrak amplitude can be obtained through the use of a dispersion relation. We show that for
Z=92 the inclusion of the bound-electron pair-production cross section leads to a contribution to the real part
of forward Delbrick amplitude, which can be as much-a42% of the Born approximation result, for photon
energies near the pair-production threshold. This bound-electron pair-production contribution is therefore com-
parable in magnitude to the corrections due to Coulomb and screening effects in the ordinary pair-production
cross sectiorelectron in continuum The net correction to Born approximation is small well below threshold,
significant well above thresholfiS1050-2947®9)07310-2

PACS numbds): 32.80.Cy

[. INTRODUCTION angle Delbrgk scattering takes us away from the situations
of present experimental interest, it still serves as a useful
Coulomb and screening effects in Delbkuscattering, the  check for a future more general calculation.
scattering of light by an electromagnetic field, are a subject Rohrlich and Gluckster3] calculated the forward Del-
of ongoing theoretical interest. Experimental results forbrick scattering amplitude in the Born approximation by us-
(large-anglg scattering from highz atomic targets at 1.33 ing the optical theorem to relate the imaginary part of the
MeV [1,2] appear to be in agreement with theory if the avail-amplitude to the total cross section for pair production
able Born approximation resulf8—5] are used to describe (evaluated in the Born approximatiprand using a disper-
the Delbrick amplitude (they are not in agreement if the sion relation to then obtain the real paithey also derived
Delbrick amplitude is neglected altogetheHowever, re- the same result for the forward Dellmiu scattering ampli-
sults at 2.754 MeV are not in agreement with theory evertude by evaluating the corresponding Feynman graphs.
when the Delbrok amplitude is included in the Born ap-  One can proceed to include effects beyond the Born ap-
proximation, and it has been argued this indicates the imporproximation by replacing the results for the pair-production
tance of Coulomb effects in the Dellwki amplitude there cross section in the Born approximation with better estimates
[6,7]. for the pair-production cross section, including Coulomb and
There is still no complet&matrix calculation of the Del- screening effects. This directly gives the imaginary part of
bruck scattering amplitude, including effects beyond Bornthe forward Delbrak amplitude, including Coulomb and
approximation, though analogoSsmatrix calculations have screening effects, and the dispersion relation gives the real
been done numerically for other processes, such as Rayleigiart. Solberget al. [20] obtained the corrections to the Born
scattering 8—10], Compton scatterin§l1], and bremsstrah- result for the forward Delbrk amplitude due to Coulomb
lung [12], A formalism has been givefl3], (based on the and screening effects in the ordindslectron in continuum
formalism of Wichmann and Kro[l14] for vacuum polariza- pair-production total cross section using this procedure
tion), and some limited numerical results and partial calcu{though, as will be discussed, their screening corrections
lations have been reportg¢d5] within this formalism. This were not accurate for photon energies near the pair-
calculation is complicated both numerically and in principle, production threshold
since the amplitude describing this process is divergent and However, the Born approximation completely neglects
requires performingexternal-field renormalization(There  bound-electron pair production, which should also be consid-
are calculations which involve limiting approximations, e.g.,ered. Furthermore, given the usual partitioning of the elastic-
assumptions of small angles and high enerfiés17.) For  scattering amplitudésee next sectionone should consider
a detailed discussion of the current situation we refer thehe total cross section for bound-electron pair production into
reader to the recent review artidl&8], which builds on an all bound states, regardless of occupatiand not just the
earlier review[19]. physically accessible unoccupied bound staté§e will
For forward-angle Delbrk scattering one can use the show that these corrections can be comparable with the cor-
optical theorem(in an expansion in the fine-structure con- rections due to Coulomb and screening effects in ordinary
stanta) and a dispersion relation to obtain the scatteringpair production in the energy regime around the pair-
amplitude from knowledge of the lower-order total cross secproduction threshold and below, while they are becoming
tions for pair production. Though a discussion of forward-unimportant at higher energies.
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In Sec. Il the elastic amplitude is partitioned into Rayleigh )
and Delbrek amplitudes in the single-electron formalism, ImMRy=—-—
describing elastic scattering off the bound atomic electrons
and off virtual electron-positron pairs, respectively, togethef,nere o is the photon energyr"E is the photoeffect total
with amplitudes describing elastic scattering off the nucleusCross section for the bound sta:ecrEB” is the total cross
The optlca_l theorem and dispersion re_latlon are written .forsection for upward bound-bound transitions starting from the
each amplitude separately, corresponding to this part|t|0n|ngc.)ound stater o287 is the total cross section for downward
In Sec. Il numerical results are given for the contribution of on .
the bound-electron pair-production total cross section to thg %‘;E‘?‘bound transitions startln_g from thg bound statend
forward Delbrick amplitude in the case of scattering from n 'S the bound-electron pair-production total cross sec-

. : oo o tion with the electron being created in the bound statds
neutral ground-state uraniunZ €92). This contribution is : . ; .
9 €92) rglscussed in10] the subtraction of the bound-electron pair-

production cross section in Eql), needed in the single-

electron formalism for a complete set of intermediate states,

is necessary in order that the real part of the Rayleigh am-

plitude, defined through the dispersion relation, will have a

Il. PARTITIONING OF THE ELASTIC SCATTERING finite high-energy limit. To get the total Rayleigh amplitude
AMPLITUDE one sums over all occupied bound states

) _ In this partitioning scheme the optical theorem written for
The total amplitude for coherent elastic photon-atom scatthe Delbrick amplitude is

tering is traditionally partitioned into Rayleigh, Dellnky

and nuclear amplitudes, which can be thought of as describ- ®

ing scattering off the atomic bound electrons, off virtual Im DIR(UPPJF o®FP), 2
electron-positron pairs in the atomic field, and off the

nucleus, respectively. In going to a single-_electron formglism,\,here oPP is the ordinary(electron in continuum pair-
[21], one has written the Rayleigh amplitude for a giveNproduction total cross section, and®PP is the bound-
bound state as a sum over all possible intermediate stat€gjectron pair-production total cross section, summed over
including other occupied bound states and negative energyyoquction into all bound states, regardless of occupation. In
states. By writing the Rayleigh amplitude in such a way oné;ymming to get the total coherent amplitude, for which we
has defined a partitioning scheme for the Rayleigh amplivan again write the optical theorem for the imaginary part
tude, and for consistency the same partltl_onlng _schem_e muﬁthat being just the sum of E4L), summed over all occupied
be used for the Delbok amplitude. This in particular im-  oynd states, and of Eq.(2)] we see that the contribution of
plies that the Delbrek amplitude must be written so as t0 the total bound-electron pair-production cross section for

include the influence of all virtual electron-positron pairs, 5roquction into theoccupied bound states cancels, as it
even when the electron is created in an occupied bound staig,q|d.

of the atomic potential. Currei@matrix predictions for Ray-
leigh scatterind 10] use this partitioningwhich is regarded
as attractive since the ability to sum over all intermediate
states in closed form allows one to solve the inhomogeneous We write the forward Delbrek amplitude D=D(w, 8
wave equation for a perturbed orbital instead of explicitly =0) in terms of a Born ternd®°™, a correction term due to
constructing the Green’s function as a summation over th€oulomb and screening effects in the ordinéejectron in
states. continuum pair-production cross sectiohDPP, and a cor-

This partitioning scheme implies that there will be un- rection term due to the inclusion of the bound-electron pair-
physical spurious transitions present in the separate partproduction cross sectioADBPP,

tioned amplitudes, which violate the Pauli principle. Of
course such spurious transitions must cancel when the parti- D(w,0=0)=DB°"+ ADPP+ADBPP, (3)
tioned amplitudes are added to obtain the total coherent am-
plitude, on which the physical observables depend. It is welNote that the Born term can be obtained from the ordinary
known that such a phenomena occurs in the individual Raypair-production cross section in the Born approximation
leigh amplitudes defined for each of the bound electrons fofgiven by[22], and in terms of simple expansions by Maxi-
the case of multielectron atoms and ions. The Rayleigh ammon[23]). It can also be obtained directly through the evalu-
plitude for one of the occupied bound statesvill contain  ation of the appropriate lowest-order Feynman grdghs|.
spurious resonances corresponding to virtual transitions to The correctionsADPP to the Born result obtained by us-
another occupied bound state Similarly, the Rayleigh am- ing the ordinary pair-production cross section, but including
plitude for the occupied bound statewill contain spurious Coulomb and screening effects, have been investigated by
resonances corresponding to virtual transitions to the occusolberget al. [20], who gave separately the corrections due
pied bound stater. In summing to get the total Rayleigh to Coulomb and screening effects. This was based on previ-
amplitude the spurious resonances corresponding to transdus work on the Coulomf24,25 and screenin§26,27] cor-
tions between occupied states cancel. rections to ordinary pair production. While the Coulomb cor-
Now, write the optical theorem involving the single- rections reported in these works are valid throughout the
particle partitioned Rayleigh amplitude for one of the occu-threshold regime, the screening correcti@nssed on screen-
pied bound states [21] as ing corrections to the Born term and shifted Coulomb values

PE BBT BBT— BPP
477C(0-n +oy +_0-n —0p ), ()]

ing effects in the ordinary pair-production cross section.
Conclusions are presented in Sec. IV.

I1l. NUMERICAL RESULTS AND DISCUSSION
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to account for screening corrections to the Coulomb jerm 10? — T —

are not valid for low photon energies close to the pair- & | 7
production threshold ¢<2.5 mc® for Z=92) [26]. Since 101 5.906 MeV -

the threshold region is our region of interest, we will use the
pair-production tabulation of Hubbedit al. [28] to calculate

the total correction due to Coulomb and screening effects in
ordinary pair production for comparison with our results for
corrections due to the bound-electron pair-production cross
section. At low photon energies, near the pair production
threshold, the tabulation of Hubbeit al.[28] uses screening

—_
1

10" 1

1 0-2 - // -

forward Delbriick amplitude (r,)

: , 108 | 1
corrections based on the numerical work of Tseng and Pratt i
[29,30, which are then matched to the screening corrections 104 L L
of @Qverbb[26,27] so as to accurately account for screening 05 1 10 100

throughout the threshold regime. The Coulomb corrections

photon energy (MeV)

[24,25 are also included, as are radiative correctiB8is32
which are small €1% or less.
We consider the correctiohDBPP, defined as the correc-

tion to the forward amplitude due to bound-electron pair pro-,

FIG. 1. Real and imaginary parts of the full forward Deltku
amplitudeD for Z=92, including corrections due to Coulomb and
screening effects in ordinary pair production, and due to bound-
electron pair production, in terms of the classical electron radjus

duction into all bound states. The imaginary part of the corrhe threshold for production into tHé shell (0.906 MeV) is indi-

rection is given directly by

O]
Im ADBPPZR(UBPP),

4
where oBPP= gBPP(w) is the total cross section for bound-
electron pair production with production into all bound
states, regardless of occupation. The real part of the corre
tion is obtained by use of the dispersion relation

O'BPP((D,)

2 o0
ReADBPP:w—z Pf do’,
2w 2mc27EK w/z—wz

©)

cated, below which the imaginary amplitude vanishes.

around and below the pair production threshold, with a
crossover near 7 MeV. The lowest-lying threshold for
(bound-electronpair production is shown, 0.906 MeV, cor-
responding to production into th€ shell. Below 0.906 MeV
the imaginary amplitude vanishg®ote that without the in-

C-

Clusion of corrections due to bound-electron pair production
the imaginary Delbrck amplitude vanishes below 1.022
MeV, the threshold for ordinary pair production.

In Figs. 2 and 3 we show the real and imaginary parts
respectively of the correctionsDBPP andADPP, expressed
as fractions of the corresponding real or imaginary parts of

where P indicates that the principal value of the integrakhe full forward Delbriek amplitudeD. The net correction

should be taken. Note the lower limit of the integral is
2mc®—Ey rather than tnc?, whereEy is the binding en-
ergy of theK shell (68" vanishes for photon energies lower
than 2nc—Ey).

due to beyond-Born-approximation effects, being the sum of
these, is also shown. At high energies, well above threshold,
the correctiorADBPP becomes unimportant, and our results
are in general agreement with those[20], where only the

Though the bound-electron pair-production cross sectioorrectionADPF was considered.

E uctl : Below 7 MeV it is effects in the real amplitude that will
bound states, it is well known that production into the innermost affect the scattering cross section. Figure 2 shows that

to be used in Eqsi4) and (5) includes production into all

shells dominates, as in the case of bound-electron pair anni-
hilation and photoeffect at the same enerdig3—35. We
have calculated explicitly the bound-electron pair-production
cross sections for production into the and L shells. Our
results for theK and L shell taken separately exhibit the
expectedL to K shell ratio of ~0.18 (above thelL-shell
threshold seen in photoeffect cross sections for the saime
at similar energief35]. In [35] the ratio of the_-shell photo-
effect cross section to the sum of thd and higher-shell
photoeffect cross sections is given fde=92 as 3.105 at
1.332 MeV and as 3.090 at 0.662 MeV, quite insensitive to
energy. Therefore we approximate the effect of bound-
electron pair production into thiel and higher shells by as-
suming a ratio of 0.06 to thK-shell result.

In Fig. 1 we show the real and imaginary parts of the
forward Delbrick amplitudeD, given in terms of the classi-

0.1 2 L T T T UL T T T L

Re ADBP? [Re D i

2 0.08 ¢ /Re ]

5 Re ADPP [ Re D -rwremeee: |

§ 0.04 net correction  ------eeeeeees i
5] B Z=92

< 0.00 ;

2 -0.041 T -

E alll :E. .\"\\ 1

2 0.08} i x107! ]

L q \:

0.2 L d o L

05 1 10 100

photon energy (MeV)

( terr FIG. 2. Real part of the correctionsD®"P and ADPP for Z

cal electron radius,, for photon energies in the range 0.5— —g2, given as a fraction of the corresponding real part of the full
100 MeV. This result includes both corrections due to Couforward Delbrick amplitudeD. The net correction, being the sum
lomb and screening effects in ordinary pair production, ancf these, is also shown. The fraction RBPP/ReD and the net
corrections due to bound-electron pair-production. We seeorrection are shown with a multiplicative factor of T0above 2.2
that the real amplitude dominates the imaginary amplitudeveV, so as fit on the scale used.
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1.2 T T T T T T tude vanishes from 1.022 MeV\ordinary pair-production
9 gl OS08MeV  ADEP I D 1 threshold down to 0.906 MeMthreshold for production into
£ | I ADPP [ T D weoremerenee the K shell for Z=92). Consequently InDBP?/ImD=1
o 081 net correction - 1 below 1.022 MeV as bound-electron pair production is then
g 06 . responsible for the entire contribution of the imaginary for-
g 04l zZ=92 | ward Delbrick amplitude. The correction IvDPP becomes
£ comparable with InADBPP above threshold and dominates
g 0.2 ] by 10 MeV.
é 0.0 =
% ozl I Loy e IV. CONCLUSIONS
Y o L We have considered the corrections due to the inclusion
05 1 10 100 of the bound-electron pair-production cross sect{ioom-
photon energy (MeV) pletely neglected in the Born approximatjain the optical

theorem for the imaginary part of the forward Delbkiscat-

FIG. 3. Imaginary part of the correctioasD ®”” and ADPP for . . X . . . .
_ : . R tering amplitude. The real part is obtained via a dispersion
Z=92, given as a fraction of the corresponding imaginary part of

the full forward Delbrek amplitudeD. The net correction, being relatlon. The u?uaclj S|_ngI(|a.-eIe;:]tronhpartltlon|ng c_)f tf}e egastlcd-
the sum of these, is also shown. The thresholds for production intgcatterlng amplitude implies that the cross section for bound-

theK shell (0.906 Me\} and ordinary pair productiofL.022 Me\) electron pair production intq all bound sta(dm_ath occupied
are indicated. and unoccupiedshould be included. Numerical results for

the correction to the real part of the forward Delkuam-
plitude due to bound-electron pair production indicate a cor-
rection as large as=12% of the Born approximation result
in the region just above the pair-production threshglthe
real part of the forward Delbak amplitude dominates in this
regime) Thus, these effects are comparable in this regime
with the corrections due to Coulomb and screening effects in
the ordinary(electron in continuum pair-production cross
section (they become unimportant at higher energiesd
both need to be considered for energies near and below the
pair-production threshold. The net correction to Born ap-
‘proximation is small well below threshold and significant
well above threshold.

below 2 MeV the correction R&DEPP is comparable with
ReADPP, and both need to be considered. ReBPP ac-
counts for as much as 11% of the real forward Delbak
amplitude in the threshold region. At low energies the cor-
rections RADBPP and ReADPP cancel each other, so that
the Born result is accurate at the 1% leyilough the Del-
bruck amplitude is unimportant at low energie#t some-
what higher energies ReDPP is dominant, and the net cor-
rection to Born approximation is significant. It is interesting
that qualitatively similar features are found in the experimen
tal large-angle scattering resul{®ut note that in forward
scattering RADEBPP is the dominant and significant correc-
tion around 1.3 Me\,.

The primary effect of the correction IfDBPP on the
imaginary part of the forward Delbck amplitude is to shift This work was supported in part by the National Science
the threshold below which the imaginary part of the ampli-Foundation under Grant No. PHY-9601752.
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