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INTRODUCTION 

Delbrtick (D) scattering [2] is the elastic scattering of photons in the static 

Coulomb field of atomic nuclei via virtual electron-positron pairs. It is one of the four 

elastic scattering mechanisms of photon-atom interaction. The other three are Rayleigh 

(R) scattering by the bound atomic electrons, nuclear Thomson (T) scattering by the 

nuclear charge distribution and nuclear resonance (N) scattering via the giant dipole 

resonances. 

Of these processes, Delbriick scattering has been a subject of continued 

investigations as one of the fundamental reactions of elastic photon-atom interaction. D 

scattering is one of the few nonlinear processes of Quantum electrodynamics (QED) 

which can be precisely measured by experiment and therefore it offers a direct access to 

vacuum polarization [8] in the presence of strong electric fields. This provides a test of 

the reliability of the perturbative nature of QED at higher orders in fine structure 

constant Other nonlinear QED processes which are a direct consequence of vacuum 

polarization and hence closely related to the Delbrtick scattering are light-light scattering, 

photon splitting or coalescence of photons. D scattering may also serve as gauge

invariant tests of the QED electron propagator since its Feynman diagrams contain closed 

electron loops. 

In nuclear physics, experiments involving elastic scattering of photons by nuclei 

are performed in which attempts are made to extract the information on nuclear structure 

and mesonic and nucleon internal degrees of freedom [9]. In such experiments 

contribution of Delbrtick scattering to the elastic scattering considerably modifies the 
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differential cross section. Therefore, precise predictions for Delbrtick scattering 

amplitudes may be required for valid interpretation of data of such experiments. 

In recent years some interesting results involving Delbriick scattering are being 

reported. The possibility of photon emission in collisions of ultra-relativistic heavy nuclei 

(Z1Zr--+Z1Z2y) via the virtual Delbriick scattering sub-process [16, 17] can be 

investigated experimentally at RHIC or LHC collider. In another work modification of 

Delbrtick scattering by the application of intense laser field has been investigated [12], 

such a situation is likely to exist in pulsars. Applications of Delbrtick scattering in the 

field of high-energy astrophysics such as the possibility of observing Delbrtick-scattered 

y-rays from objects like a gamma ray burst or pulsar is being investigated and its 

preliminary findings have been reported in chapter five of this thesis. 

The four different mechanisms of elastic scattering, namely, R, T, Nand D, cannot 

be distinguished physically. Experimentally, one can measure the elastic differential 

scattering cross section which can also be theoretically estimated provided the scattering 

amplitudes of each of the mechanisms are known accurately. The amplitudes of these 

competing elastic scattering processes are dependent on incident photon energy ( m ), the 

atomic number of the target atom (Z) and the scattering angle ( 8). For example, R 

scattering dominates at photon energies m::::;; 1 MeV, most of the angles and heavy nuclei. 

Contribution of R scattering to the elastic scattering cross section is negligible for 

energies m;:.::: 6 MeV and(};:.::: 20°. TheN scattering is important at energies in the 4-25 

MeV domain. T amplitudes take simple forms when the nucleus is treated as a single free 

particle and are well known. Generally, R, N and D amplitudes are complex, while T 

amplitudes are real. The imaginary part of D amplitudes is zero at energies below the 

electron-positron pair production threshold, while the real part is negligible at ultra

relativistic energies m >> m, m being the rest mass of electron and we choose 1i = c = 1. 

D scattering becomes important at m > 10 MeV although its presence can be detected 

even at low energies (up to 0.9 MeV). The elastic scattering is almost dominated by D 

scattering at m > 100 MeV. Thus, we see that, in spite of the experimental incapability to 

isolate these four mechanisms, by properly selecting m, (}and Z, it is possible to 
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minimize one or more effects. For example, R and N scatterings leave a window on the 

energy scale between about 2 and 4 MeV. 

Experimental investigation of Delbri.ick scattering has been a subject of continued 

interest since its discovery by Max Delbri.ick in 1933. Experimentally, D scattering cross 

sections for various energies and scattering angles have been measured. Results by 

Jarlskog et al. [79] or Schumacher et al. [92] are some of the important landmarks in the 

annals of experimental investigation of Delbrtick scattering. But, on the theoretical side, 

the prediction of Delbrtick scattering amplitudes for an arbitrary angle of scattering and 

photon energy is not yet available. Being a QED-problem, a general solution of Delbri.ick 

scattering problem, in principle, is obtainable. However, the calculation becomes 

intractable for an arbiirary angle of scattering and photon energy. Therefore, ali the 

theoretical results have been obtained by making certain approximations and hence the 

predictions are limited to special regions. The theoretical results of Delbrtick scattering 

for high photon energies (OJ>> m) and small scattering angles have been obtained by 

Cheng and Wu [ 41, 42] and Milstein et al. [32, 33]. The calculations in [ 41, 42] and [32, 

33] are based on two different approaches but they yield similar numerical results. The 

other important theoretical breakthrough includes the lowest-order Born approximation 

calculation by Papatzacos and Mork [49], generally valid at low energies (of the order of 

few MeV) and all scattering angles. Results for high-energy large-angle regime have 

been obtained by Milstein et al. [ 45, 46] but their accuracy has not been experimentally 

established completely. The exact amplitudes for forward scattering due to Rohrlich and 

Gluckstern [30] are one of the earliest calculations of Delbrtick scattering. 

The lowest-order Born approximation calculation of Delbrtick amplitudes[49] and 

the S-matrix Rayleigh amplitudes[63-67] have been used to identify the contribution of 

Delbrtick scattering to the experimentally measured elastic scattering cross sections at 

low photons energies (0.9 to 11 MeV). Investigation at these energies was due to the 

sustained and coordinated efforts made by theorists and experimentalist. 

The agreement between the measurement and the theory was, by and large, good 

in the low energy range. However, it was noticed that the predictions were somewhat 

smaller than the experimental values in the whole angular range from 30° to 90° and this 
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difference went up to a factor 1.7 for lead at 2.754 MeV. Similar behavior was observed 

in the entire few MeV range and for Z ~ 50. Additions of the so called Coulomb 

correction terms (of order~ (Za)4
) to the lowest order Delbriick amplitudes were found to 

be remove the disagreement with most of the experimental data in the energy range 2-11 

MeV. Exact QED-calculation of Coulomb correction terms being a difficult task, their 

tentative estimates have been made by analyzing the dependence of measured elastic 

scattering cross sections on the atomic number, photon-energy and scattering angle. 

Reliability of such estimate depends on the accuracy with which other elastic scattering 

amplitudes (namely, the amplitudes of Rayleigh, nuclear Thomson and nuclear resonance 

scatterings) are known theoretically. Interferences from nuclear resonance scattering at 

energies between 7 to 20 MeV are known to make the process of disentanglement of 

Coulomb corrected D amplitudes and the nuclear resonance scattering amplitudes from 

the experimental data difficult. 

At energies near pair-production threshold, atomic Rayleigh scattering is the 

dominant contributor to the elastic scattering. It has been extensively investigated from 

theoretical, computational and experimental point of view. The main interest behind 

those systematic investigations of Rayleigh scattering was the experimental observation 

of the real part of the Delbriick scattering. The S-matrix amplitudes [63-67] are 

considered as one of the best predictions of Rayleigh scattering made so far. Their 

validity at these energies is beyond doubt [96]. The S-matrix Rayleigh amplitudes 

together with the real part of the lowest-order D amplitudes have been used to detect the 

Delbriick scattering up to energies as low as 0.889 MeV. 

The adequacy of the lowest-order Born approximation calculation of Delbriick 

amplitudes at energies near and below the pair production threshold (Photon energy ~ 

1.33 MeV), particularly by high atomic number scatterers, has been a subject of concern 

for quite some time. Issues related to the question whether the higher-order corrections 

(Coulomb corrections) are needed to the Born approximation results [49] at these 

energies are to be addressed. A somewhat similar situation has been observed [ 137, 140] 

in the energy dependence of photoeffect cross sections, where the Born approximation 

energy dependence is corrected, in addition to a Stobbe factor, by further terms (but in 
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the predicted scaling pattern [ 151] in terms of a modified pattern. In the theoretical side, 

it has been shown for the first time that the Delbrtick scattering phenomenon can be 

applied to some astrophysical situations where high energy y-ray photons interact with a 

dense molecular cloud such as in a gamma-ray burst. 

The present thesis consists of jive chapters and the contents of each chapter are 

briefly described below. 

The first chapter is a review on the theoretical and experimental developments of 

Delbrtick scattering (DS) in particular and those of elastic scattering of y-ray photon in 

general. The theoretical aspects are discussed through Sec. 1.1 to 1.3 and the experimental 

investigations carried out at different y-ray energies have been discussed at the later half 

of this chapter (Sec. 1.4 ). 

In Sec.l.l the DS has been introduced as a non-linear QED phenomenon and its 

importance vis-a-vis other nonlinear effects like light-light scattering, photon splitting 

and photon coalescence have been highlighted. All the major theoretical results of DS 

have been discussed in Sec.1.2. Starting from the classic results of Rohrlich and 

Gluckstern [30] for forward scattering amplitudes, the approaches and results of other 

approximate theories have been presented in it. The theories of DS for high photon 

energies and small scattering angles, int.ermediate energies and moderately large angles 

and low energies and all angles have been discussed in Sec.1.2.1, 1.2.2 and 1.2.3 

respectively. The Sec.l.2.1 contains the Green function results of Milstein et al. [32, 33] 

and the Feynman-QED results of Cheng and Wu [41,42] , which are based on the 

quasiclassical and impact factor approximation respectively. Sec.l.2.2 refers to the high

energy large-angle results of Milstein et al. [45, 46]. The lowest-order Born

approximation results of Papatzacos and Mork [49], which are useful for estimating 

Delbriick amplitudes in the low-energy all-angles regime, have been briefly outlined in 

Sec.1.2.3. This section also mentions some of the other theoretical works, particularly 

those applicable to the low-energy regime [47, 48, 50-55]. 

The predictions of other (R, T and N) elastic scattering processes and the 

importance of their accuracies in the experimental investigation of DS have been 
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explained in Sec.l.3. The form factor and S-matrix formalisms of Rayleigh scattering, the 

most dominant contributor to the elastic scattering at photon energies around 1 MeV, are 

presented in Sec. 1.3.1 while nuclear Thomson and nuclear resonance scatterings are 

briefly mentioned in Sec.l.3.2 and 1.3.3 respectively. 

The last part of this chapter, i.e., Sec.1.4, deals with different aspects of 

experimental studies of DS and the results of some of the important experiments. 

Information regarding the sources of y-rays, detectors, targets etc., which have been used 

in past experiments conducted at different energies and angles are given through 

Sec. 1.4.1.1 to 1.4.1.3. The experimental results and their comparisons with the theories 

are outlined in Sec.l.4.2. The high-energy small-angle experiments are discussed in Sec. 

1.4.2. l and it includes the results of Jarlskog et al. [79], which is considered as the first 

clear observation of Delbriick scattering. The low-energy all-angle measurements are 

discussed in Sec. 1.4.2.2. Beginning with the measurements of Schumacher et al. [92], in 

which the first definite observation of the real part of Delbrlick scattering was made, most 

of the other results of this regime are included in this section. The role of S-matrix 

Rayleigh amplitudes in identifying the D component of elastic scattering at very low 

energies has also been outlined in this section. Sec. 1.4.2.2.1 includes the results 

involving the Coulomb correction effect with respect to the lowest-order Born

approximation Delbrlick amplitudes, which were mostly carried out by the Gottingen 

group [100-103, 106-113]. The experimental results of large-angle intermediate-energy 

regime have been discussed in Sec.1.4.2.3. 

A summary of this chapter has been presented in Sec. 1.5 in which some important 

facts and figures about the present status of DS are discussed. 

The second chapter carries a detail account of the measurements of total photon

atom cross sections (attenuation coefficients) including the procedure followed and the 

results obtained. The second half of this chapter also includes the results obtained by 

using the indirect method of finding the experimental values of photoelectric cross 

sections. 
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The theoretical predictions of attenuation coefficients in the form of tabulation 

prepared by Hubbell et al [117] is one of the most widely used data on attenuation and it 

also provides references to most of the concerned theoretical works. Currently two such 

tabulations, which are frequently used in recent works relating to attenuation coefficients, 

XCOM [119-121] and FFAST [122], are available in NIST websites. Although the 

overall agreement between these predictions and the measurements are good there exists 

some discrepancy between the XCOM and FFAST predictions for high Z elements [123]. 

The estimation of elastic scattering cross section from the experimental data is dependent 

on the value of attenuation coefficient chosen. Thus, an accurate value of attenuation 

coefficient of the scatterer is needed for the experimental observation of Delbriick 

scattering. Therefore, the values of attenuation coefficients of the scatterers used in the 

elastic scattering measurements were precisely measured through a series of narrow beam 

experiments. Also, experimental data of photoelectric absorption cross sections for few 

elements near pair production threshold have also been derived from the measured values 

of total cross sections. 

Sec. 2.1 introduces the various processes contributing to the attenuation of 

photons in matter. After mentioning the basic criteria of a 'good geometry' in Sec. 2.2, 

the different measures taken for the establishment of the experimental arrangement have 

been summarized through Sec.2.3.l to 2.3.5. The experimental method and the 

measurements are outlined in Sec.2.4. Evaluation of errors is presented in Sec.2.5. The 

procedure and the estimation of photoelectric cross sections have been discussed in 

Sec.2.6. Discussions on the result have been made in Sec.2.7. 

The third chapter deals with the experimental observation of DS at 1.115 MeV 

using the high purity germanium (HPGe) detector. Differential cross sections of elastic 

scattering from 99.9995 %pure materials (lead and tungsten) at scattering angles ranging 

from 30° to 135° have been measured. The experimental results are compared with the 

theoretical predictions including Delbrtick amplitudes calculated with the lowest-order 

Born approximation, the S-matrix Rayleigh amplitudes and the nuclear Thomson 

scattering amplitudes. The measurements are also compared with the form factor 

predictions of elastic scattering. 
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The chapter begins with an introduction in Sec.3.1. The fundamental requirements 

in the design of the experimental set up are enumerated in Sec. 3.2.The various steps 

taken to minimize the sources of errors and the precautions taken for checking any 

deviation from 'good geometry' are discussed through Sec. 3.3.1 to 3.3.4. 

The experimental method and the measurements are presented in Sec.3.4. The 

procedure of acquiring scattered and background spectrum and the method of data 

reduction have been enumerated in Sec. 3.4.1. The major sources of errors and 

uncertainties and their possible corrections and estimations have been highlighted in 

Sec.3.4.2. The procedure of obtaining the theoretical results in different formalisms has 

been explained in Sec.3.5. Experimental results are described in Sec.3.6 and a discussion 

on the subject has been made in Sec.3.7. 

In the fourth chapter of the thesis the scaling behavior of the Delbrtick scattering 

cross sections has been discussed. The Delbrtick scattering amplitudes have been 

predicted to scale in the form oi-1 f (B) for fixed scattering angle() when m >> m 

and b.>> m, where b.(= 2msin(8/2)) is the momentum transfer [143]. Such scaling 

behavior of DS was predicted by Cheng, Tsai and Zhu in the paper [143] in which they 

were actually attempting exact calculation of the lowest-order Delbrtick amplitude 

without approximations. 

In the present work it has been shown that the available experimental data in the 

energy range between 140 MeV to 7.11 GeV do not exhibit scaling behavior. At 

relatively lower energies scaling is, however, noticed to a certain extent but in a slightly 

modified manner than what Cheng et al. [143] had originally prescribed. 

The subject has been introduced in Sec. 4.1. The theoretical aspects related to the 

predicted scaling law have been described in Sec. 4.2. Analysis of the experimental data 

in the energy range between 140 MeV to 7.11 GeV have been carried out in Sec. 4.3. 

Since the high-energy (;?:1 00 MeV) elastic scattering of photons are mostly dominated by 

Delbriick scattering the experimental values of differential cross sections can be directly 

used in testing the proposed formula. The data were not found to obey the predicted law 
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in a strict sense. In Sec. 4.3.1 an attempt has been made to remove the deviations by using 

a modified formula. Finally, in Sec.4.4 a discussion on the results of the analysis has been 

presented. The probable reasons for such non-observation of scaling feature are also 

explored in this section. 

The fifth chapter deals with the astrophysical applications of Delbriick scattering. 

Examples of astrophysical scenarios where high energy y-rays interact with an 

environment containing atomic or molecular dust are plenty in nature. For example, the 

gamma rays emitted by a GRB are bound to undergo scatterings in the regions having 

dense gaseous clouds of their host galaxies [149]. Similar situation may prevail in a 

pulsar too. The elastic scattering of high energy gamma rays by the atomic nuclei present 

in the dense cloud is solely determined by the Delbriick amplitudes at energies ~ 100 

MeV. In this chapter the elastic scattering of energetic y-rays from the dust of a GRB is 

investigated and it has been shown for the ultra-relativistic y-rays that the flux 

corresponding to the Delbriick scattering is many times more than that due to the 

Compton scattering in the regions of small angle of scattering. Those y-rays, which are 

scattered in the almost forward directions, correspond to the delay time of few 

milliseconds to few seconds of the GRB. 

After introducing the subject in Sec. 5.1 the relevance of elastic and hence 

Delbriick scattering of high energy gamma radiation with the concerned environment of 

an astrophysical object has been explained. In Sec.5.2 the Delbriick scattering has been 

compared with Compton scattering in the context of a GRB dust. In Sec. 5.3, expressions 

for y-ray flux of dust scattered radiation from GRB have been enumerated. Issues related 

to their detectability have been given in Sec. 5.4. 
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Chapter 1 

A REVIEW OF DELBRUCK SCATTERING 

Ll. Delbrilck scattering as a non-linear QED phenomenon 

Quantum electrodynamics (QED) is the quantum field theory of electrodynamics 

describing all phenomena involving electromagnetic interactions. The impressive 

predictive power and the remarkable agreement of all the predictions of QED with 

experiments remain an inspiration for theories of other interactions too. Basically 

constructed from Maxwell's classical theory of electrodynamics incorporating relativistic 

quantum mechanics, QED generally describes the electromagnetic scattering amplitudes 

as a perturbative expansion in powers of the fine structure constant a(= e2/hc""' l/137). 

QED can predict several reactions such as pair production and annihilation which have 

no counterpart in classical physics. More interestingly QED admits nonlinear processes 

like scattering of photons by photons [1 ]. As Maxwell's electrodynamics is a linear 

theory obeying the principle of superposition, the scattering of a photon by a photon or by 

an electrostatic field in empty space is simply not possible in it. The root of the non

classical nonlinear effects in QED is vacuum polarization, a consequence of QED. 
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Classically, vacuum constitutes a trivial nothingness but in QED vacuum has 

certain rich structure. Due to fluctuation of an external fermion field, inserted into a 

vacuum, virtual particle-antiparticle pairs are created. The pairs act as dipoles and so the 

vacuum becomes polarized. The polarizability of vacuum is in some ways analogous to 

that of an inhomogeneous dielectric. The vacuum polarization is dominated by the 

lightest charged particles (electrons) and the separation distance between the electron 

pairs cannot exceed the Compton wavelength of electron due to the uncertainty principle. 

The phenomenon of vacuum polarization leads to a modification of Coulomb's 1/r law at 

distances smaller than the electron's Compton wavelength leading to a phenomenological 

departure from the linearity of Maxwell's equations. 

The vacuum polarization has several implications on atomic spectroscopy as well 

as on scattering processes which have no classical counterparts. As mentioned already, in 

QED a photon can give rise to an electron-positron pair in the presence of a strong 

enough electric field out of vacuum, so possibilities are opened up for new non-classical 

"scattering channels" where outgoing states are different than the elementary one. For 

instance the virtual charged particle pair so created can interact with another photon 

thereby leading to the light scattering by light. On the other hand if the virtual charged 

particle pair interacts with the external t1eld, the so called Delbriick scattering [2] may 

occur in which subsequent annihilation of the virtual pair gives the overall effect of the 

scattering of a photon by an external potential. Other nonlinear processes of QED include 

photon splitting (the primary photon is split into two photons by interaction with the 

static Coulomb field of the target nuclei) [1, 3-5, 79], Coalescence of photons [5], 

Multiphoton Compton scattering [6], Unruh effect [7] and so on. 

Among the different nonlinear scattering events admissible in QED, scattering of 

light by light has drawn particular interest for long time as the phenomenon presumably 

is an extreme form of simple vacuum polarization but till now a direct experimental 

detection of the phenomenon with real photon has not been possible because of the 

extremely small cross section and the difficulty of producing dense targets in laboratory. 

The elastic scattering of photon with Coulomb field of nuclei (Delbrtick scattering) and 

splitting of photons on nuclei have been experimentally observed and investigated. 
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Out of all the nonlinear processes of QED the Delbrtick scattering was the first 

proposed one and it is also the oldest one to be detected experimentally. In 1933 

Delbrtick [2] had introduced this new kind of elastic scattering of photon in order to 

explain an excess count of elastically scattered photons of 2.615 MeV from lead and iron 

in an experiment carried out by Meitner and Koster [2]. Delbriick proposed that the 

unaccounted for part of the elastic scattering counts could be explained by means of 

Dirac -sea. It was argued that the Delbriick scattering could be viewed as a kind of 

Rayleigh scattering by the negative- energy electrons of Dirac (positrons). Delbrtick 

scattering has to be elastic since there are no free states into which negative-energy 

electrons can recoil. Delbrtick's proposal was considered seriously as, by that time, 

Dirac's theory was already a big success after the discovery of positrons by Anderson. A 

few months later (in the same year) Halpern [ 1] had proposed photon splitting and 

photon-photon scattering. The relationship of these non-linear QED phenomena can be 

assessed by looking at the corresponding Feynman diagrams in Fig.l.l. Of these 

processes Delbriick scattering is the most investigated one as it can be precisely tested in 

an experiment. 

Fig.l.l. Feynman diagrams for (a) photon-photon scattering, (b) photon splitting, (c) photons coalescence 
and (d) Delbriick scattering. Here 'X' stands for external electromagnetic field. 

Being an electromagnetic reaction Delbriick scattering should be, in principle, 

fully explained by QED. But even after seventy-five years of its discovery, there is no 

general theoretical solution of Delbriick scattering problem for arbitrary photon-energies 
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3and scattering-angles and it remains a challenge to the physics-community, although a 

fair understanding of the phenomenon has been achieved so far. An early general review 

on the topic was due to Papatzacos and Mork [8] in 1975. Subsequent review works by 

Milstein and Schumacher [9] in 1994 and by Schumacher [ 1 0] in 1999 cover the most of 

the important activities on the topic both in theory and in experimental front till mid 

nineties. Taking the progress of this field over the last decade (for instance [11-17]) into 

consideration, a brief description of the theoretical frameworks of Delbriick scattering 

and a summary of the current status of experimental detection of the effect would be 

presented in this chapter. 

1.2. Theoretical aspects of Delbriick scattering 

In Delbriick scattering an incident photon is assumed to get converted into a pair 

of electron and positron in the Coulomb field of the scattering nucleus, and then interact 

with the nucleus via virtual photons and again recombine to form the final photon having 

the same energy as that of the incident photon. The external field, by which the virtual 

charged particle pair is deflected, is provided by the Coulomb field of the nucleus and it 

must remain static for the scattering to be elastic. When the incident photon energy is 

very small compared to the rest mass of the nucleus, the nuclear recoil is negligible and 

the Coulomb field of the nucleus can be assumed to be static. 

Although the first breakthrough in both the theoretical as well as experimental 

investigation of Delbrtick scattering came in the early seventies, several theorists and 

experimentalists made numerous attempts to investigate the effect right after its discovery 

in 1933. The contributions of those early workers [18-30] to this field greatly helped in 

the general understanding and continuous development of the subject and are well 

documented in (8]. In the present review the discussions are limited to the results which 

are relevant as on today without emphasizing on the chronological development of the 

subject. 
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Certain general ideas about the nature of Delbrtick scattering were obtained on the 

basis of simple physical arguments. For example, a rough estimate of the Delbrtick 

scattering cross section can be made through the following simple approach. The 

requirement of gauge invariance demands that as co~ 0 (we choose the units in which 

li = c = 1 unless otherwise stated and therefore the energy of incident photon = m) the 

scattering amplitude should contain products of the 4-momenta of the initial photon and 

the final photon. The scattering involves second and higher order QED processes and is 

due to external Coulomb field of the nucleus with charge Ze (Z being the atomic number 

of the scattering atom and e the electronic charge). So at the zero-th level the scattering 

amplitude is expected to include external field in second order. Therefore, one may 

conclude that for small photon energies (m << m) the scattering cross section would be 

(L 1) 

where m is the rest mass of an electron and ~~ is the classical electron radius. Some 

information about the scattering cross section can be extntcted by the applications of the 

optical theorem and dispersion relation. It is well known that the absorption of photons is 

inevitably related to a corresponding scattering process. The photoabsorption by the 

electrons of an atom is connected to Rayleigh scattering, the photoabsorption by the 

nucleus is connected to nuclear resonance scattering and the photoabsorption through e +

e- pair production in the Coulomb field of the nucleus is related to Delbrtick scattering. 

Thus the forward Delbriick scattering amplitude can be estimated from the pair 

production cross section exploiting the optical theorem and dispersion relation [29]. At 

photon energy rJJ the imaginary part of forward elastic DelbrUck scattering amplitudes 

A 0 (m, fJ = 0) is related to the total pair-production cross sections (J'PP (m) through the 

optical theorem 

(1.2) 

The real part of the scattering amplitude can be determined from the imaginary part 

through dispersion relation 
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D oi = 1 O'pp (of) 
ReA ( m,O) = --2 fdm ,2 2 • 

21C 2m (OJ - OJ ) 
(1.3) 

The expression of cross section for pair production <JPP by a photon in the field of a 

nucleus can be estimated using Born approximation calculations and then inserting that 

into eqns.( 1.2) and ( 1.3) one can obtain in the ultra relativistic limit ( ro >>m) [30] 

D 7 ( )2 m( 2m 109) lmA (m,O) = 
9

1C Za rem log m -
42 

(1.4) 

D ( )2 ( 7 OJ 9) ReA (mO) = Za r ----
' e 18m 4 

(1.5) 

Note that the real part of the magnitude does not contain any large logarithmic term 

unlike the expression of the imaginary part The sum of the squares gives the total 

forward cross section for the DelbrUck scattering in the limit ro>>2m 

(1.6) 

In the non-relativistic case (ro<<m) 

( l.7) 

( )

2 
D 73 2 OJ ReA (m 0) = -- (Za) r --

' 2304 e ,m 
( 1.8) 

and near pair production threshold (w -2m) 

(1.9) 

Rohrlich and Gluckstern [30] also evaluated the corresponding Feynman graphs and 

obtained the similar results. The above expressions for forward scattering are very useful 

in the sense that they offer a first check to any new result derived in a rigorous manner. 

The modern approaches of computing Delbruck scattering cross section are based 

on Feynman propagator method. Essentially the scattering amplitudes are obtained by 
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summing the Feynman diagrams with an arbitrary number of photons exchanged with a 

Coulomb center. Feynman diagrams representing Delbri.ick scattering are shown in 

Fig.l.2 where only the graphs having even number of vertices are considered as Fury's 

theorem [31] forbids closed fermion loops with an odd number of vertices. The first 

X 

+ X X + + 
X 

Fig.L2. Feynman diagrams for Delbri.ick scattering. Here 'X' symbolizes the interaction of the virtual 

particles with the Coulomb field of the nucleus via a virtual photon. 

diagram of the schematic expansion shown in the right hand side of Fig.l.2 does not 

contribute to the scattering amplitude, since it represents the self energy of a free photon. 

The second diagram of the series in Fig.1.2, in which two virtual photons are exchanged 

X X 

Fig.l.3. This figure illustrates that the lowest order Delbrtick amplitude is of order a( aZ)2
• 
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with the nucleus, represents the lowest order Delbriick scattering and is of order a( f1Z)2
. It 

is straightforward to estimate the order of each term in Fig.l.2 as can be seen from an 

illustration in Fig.1.3 where the lowest order reaction is considered. The next higher

order terms will be of order a(a.Z)4
, a(a.Z)6 and so on. 

The second term of Fig.l.2 representing the lowest-order scattering process, 

actually consists of three permutations which are depicted in Fig.1.4. Similarly, all the 

possible permutations of the higher order graphs should also be taken into account when 

one intends to evaluate the higher order terms. The scattering amplitudes corresponding 

to the four-cornered loops, as given in Fig.l.4, are related to the rank-four vacuum 

polarization tensor TI wM. Due to vacuum polarization the free photon propagator is 

modified since the covariant photon can virtually disintegrate into an electron-positron 

pair for a certain fraction of time which is quantified by vacuum polarization tensoL 

Amplitudes of other related non-linear effects of QED like photon-photon scattering, 

photon-splitting etc. are also calculated from this general tensor. In case of Delbriick 

scattering, the vacuum polarization tensor n JlVM specializes to IT J1V 44 as there is no 

energy transfer between the photon and the nucleus. 

k 

Fig.l.4.The three permutations of Feynman diagram for the lowest order Delbrtick scattering. 
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The vacuum polarization tensor n .uvA<Tis defined through Green function (GilvA.cr) of the 

Dirac equation in the external Coulomb field of nucleus as 

n ,uvl.a = G pda (k, k', q)- G f.lvAU (0,0,0) ( 1.1 0) 

where 

(1.11) 

and 

/ ~ ... _, 1 \ 

T~,M(k,k',q)=fd'pTrlra-. _l __ Yv. !, -rA.. ~ Yu. __ I_ J 
· ty.p+m ty.(p-k)+m ty.(p-k -q)+m q.(p-k)+m 

( 1.12) 

Here k and k' are four momenta of the incident and scattered photon respectively, p and 

q are the variable four momenta of the virtual loop-particle and the virtual photon 

respectively (see Fig.1.4). The term Gf.lvla consists of three T.uvA.a terms (see eqn.(l.ll)) 

corresponding to the three diagrams of Fig.1.4. Although each of these T.uvA.a terms 

diverges logarithmically for large values of p, the divergences cancel inGf.lvM. However, 

Gpvla is not gauge-invariant. The gauge-invariant vacuum polarization tensor npvM is 

obtained in eqn.( 1.10) by a subtraction procedure. Then one can write the lowest-order 

Delbrtick scattering amplitude as 

(1.13) 

where Ell(k) and Ev(k) are the linear polarization vectors of the incoming and outgoing 

photons respectively, and X is the momentum transfer, X= k- k'. 
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The Delbriick scattering amplitude A0 as defined through eqns.(l.l0-1.13) is, in 

principle, calculable for arbitrary photon-energy and scattering angle. However, the 

procedure is so tedious and complicated that an exact solution useful for practical 

purposes has not been realized as yet. 

The lowest order Delbriick scattering amplitude, in which only two photons are 

considered to be exchanged with the nucleus, is of order a(Za) 2
• If, more generally, 2n 

photons are exchanged with the nucleus, then the A0 is of order a(Za) 2
" for n=l, 2, 3. 

For heavy nuclei, higher powers of Za are not negligible, as such all the higher order 

Feynman diagrams should also be summed up in order to make accurate prediction of A0
• 

In other words, effects of multi-photon exchange should be included in the lowest order 

results. Such correction to the lowest order amplitude is called Coulomb correction. 

Alternatively the Delbrtick scattering scenario can be described through transition 

(T) matrix and using the quasiclassical Green function of the Dirac equation in a 

Coulomb field of nucleus. The basic methodology of treating the problem is to solve the 

Dirac equation in presence of external Coulomb field in terms of Green function and then 

construct the transition amplitude. If an incoming photon of four-momenta k (=CO, k) and 

polarization four-vector EJ.L(k) produce a pair of virtual electron-positron pair at the point 

x which (the virtual pair) annihilate to an outgoing photon of four-momenta k (=ro, k') 

and polarization four-vector Ev(k) at the point x', then the corresponding transition 

amplitude is 

AD = 2ia fd 3x d 3x' exp(i (k.x- k'.x')] 

x fdzt dz2 O(m-z1 +z2 )Tr~vEv(k)G(x,x'lz2 )[r"c.u(k')]*G(x',xlz,)] (1.14) 

Owing to the complexity of the calculations, all the theories of Delbriick 

scattering developed so far have their own ranges of validity. We mention below the 

predictions generally valid at three regions; (1) high energies and small angles, (2) 
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intermediate energies and moderately large angles and (3) low energies and all angles. 

The detail of validity and correctness of these theoretical predictions are elaborated in the 

sections containing experimental results. 

1.2.1. Theories for high energies and small angles 

The theory for this regime based on the quasiclassical treatment was developed by 

Milstein et al. [32, 33], which yields A0 correct to all orders in Za at high energies and 

small angles. Starting from eqn.( 1.14) and arguing that in the complex plane z, of which 

the real axis varies from -oo to +oo, the Green function G(x, x' I z) has simple poles in the 

interval -m to + m corresponding to discrete spectrum and has the cuts from -oo to-m 

and from m to = corresponding to the continuous spectrum, they have tactfully deformed 

the countours of the integration. It can be noted that form>> m the contribution of the 

discrete spectrum can be ignored. Writing the <5-function of eqn. (1.14) as 

( 1.15) 

and using the analytic properties of G (X, x' I z) [34], the A 0 for m >> m can be written as 

A
0 = ~ fd 3 x d 3x' exp[i(k.x-k'.x')] JJ dz1 dz 2 

m m 

[ 

Yv£v (k) 0 G(X, x' I ) (Yp£ 11 (k')) * G(x', X I Z1 ) 
X Tr --

W-z1 -z2 +iO 

_ Yv£v (k)o G(x, x'l Z2 ) (Y11 £ 11 (~'))" G(x', X l-z1 )J 
OJ+ Z1 + Z2 -tO 

(1.16) 

where o G(c) = G(£ + iO)- G(£- iO) is the discontinuity of the Green function. Arguing 

in terms of basic concepts Milstein et al. have shown that the angular momentum l of the 

particles created in the loop is l - OJ/ L1 >> 1 [9] and that the dominant contribution to the 

amplitude is made within the region m2 /OJ<< L1 << OJ.Then, they make quasi-classical 
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approximation by replacing the summation over lin the expansion of 8 G by an 

integration. The asymptotic forms of amplitudes for OJ >> ~ >> m are 

(1.17) 

o 4i 2am z 2 [ , • ] A+_ "" 37z a 1-(Za)lmljl(l-rZa) ( 1.18) 

where At =(A:+ +A:_) , A~ =(A~ -A~), the subscript +1- denote the polarization 

state and lfl is the logarithmic derivative of the gamma function( lfi(X) = d { ln r(x)} I dx) 

and If/'= dlfl / dx. The forward scattering amplitude (eqn.(l.4)) is reproduced naturally in 

this approach. 

The first theoretical calculations of Delbriick scattering based on Feynman QED 

and valid at high photon energies and small scattering angles were due to Cheng and Wu 

[35-42]. Initially they obtained, working in impact factor approximation which is valid in 

the limit of high-energy, results [35, 36] for the lowest order Delbriick amplitude in the 

two different regions of momentum transfer, namely (m 2 /OJ<< A<< m) and 

(m <<A<< m) In their subsequent works [37-42] Cheng and Wu, considered the effects 

of multiphoton exchange (Coulomb corrections). In impact factor approximation the pair 

of high energy particles created "see" the static Coulomb potential Lorentz contracted 

into a thin slab. Then, they apply non-covariant perturbation theory to this physical 

picture to obtain Coulomb corrected scattering amplitude [38-391. Following this method 

they calculated A 0 close to the forward direction (~ << m) correct to all orders in Za 

but only to the lowest order in a [41] 

0 . ? m [ 7 { ( 2m) 1 09 1 . } ~J 1J 2 -~ AL 11 -4ta(Za)--2 - ln- ----tJr+y+Relfl(l+iZa) + 4 dx dy(l-y) 2 

m 9 m 42 2 
1 0 

X jdjJ{y + iXm
2 
/[jJ(l- /J)flm)r{(2- /)[-fx-2 + x-4 jJ(1- /J)(x 2

- 2x + 2)] + y 2 jJ(l- jJ)X-4 l] 
( 1.19) 
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where -( +) is used when the photon is linearly polarized perpendicular (parallel) to the 

scattering plane, lf/ is defined in eqn.(l.18), x, y and ~are independent variables and r 

is Euler's constant, numerically equal to 0.57722. In [41], they have also shown that their 

procedure could reproduce the forward scattering amplitude given by Rohrlich and 

Gluckstern (eqns.1.4 and 1.5). For large momentum transfer(m >> d >> m), the fourfold 

integration involving the Feynman parameters can be done analytically and the 

amplitudes are given by [42] 

(1.20) 

whereas, in the limit ,1 >> m2 
/ m the amplitudes are calculated numerically from the 

fourfold integration [42] 

S . l I l l/2 {- '} v . m - mh 1rZa , 1- z 
A_l_,

11 
= -4l 2 a(Za) 2 

( ) Jdx fda fdz J dz cos Zaln-,-
m ~rZa o o o o z ( 1.21) 

x [J (x, o-, z, z'; A)+ g 11_ .L (x, z)h(x, a, z, z'; ,1)] 

In eqn. (1.2l),f and hare rational functions of their arguments as given by Cheng and 

Wu [42] and g
11 
= 1- Sz(l- z)x(l- x), g.L = L 

The high-energy and small-angle predictions based on the above two approaches 

[41, 42] and [32, 33] yield the similar results and are in fair agreement with experiments 

[69, 11]. 

Some simple analytic expressions for high-energy small-angle Delbriick 

scattering amplitudes have also been reported [13, 43]. In [13] results have been obtained 

for the momentum transfer A<< m in the frame of the quasiclassical operator method and 

it is the generalization of the method developed by the authors for consideration of the 
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Landau-Pomeranchuk-Migdal effect [44], whereas in [43] semiclassical Green's function 

of the Dirac equation in the Coulomb field has been used to find the similar result. These 

amplitudes agree with those obtained in earlier calculations, but the structure of the 

expressions is much simpler than that of previously known representations, which makes 

numerical calculations much easier. 

1.2.2. Theories for intermediate energies and moderately large angles 

This regime has so far been found to be difficult to study analytically. So, simple 

expressions of Delbrtick amplitude are not available in this region. Milstein and 

Shaisuitanov [45] estimated Delbriick scattering amplitude based on the relativistic 

electron green function in a Coulomb fietd [34] at intermediate energies (50-I 00 MeV) 

and valid at moderately large angles. The amplitude is calculated exactly in Za at 

OJ >> m and 8 - 1 but neglecting the electron mass as compared to m and il and the 

expressions obtained are quite complex [45, 46]. An interesting feature predicted for this 

energy range is that the Delbriick scattering amplitude exhibits scaling behavior in the 

form f ( 8) I OJ, where sin(() /2) = ill 2m. A detail investigation of the scaling behavior of 

Delbrtick scattering has been separately described in chapter 4. 

1.2.3. Theories for low energies and all angles 

Papatzacos and Mork [49], using conventional Feynman techniques and gauge 

invariance, obtained expressions for real and imaginary parts of Delbrtick amplitude in 

the lowest order Born approximation. Following the approach described in eqns.( l.l 0-

1.13) they obtained results, which could reproduce not only the expressions of forward 

scattering amplitudes (eqns.l.4 and 1.5) given by Rohrlich and Gluckstern [30] but also 

the low-energy (m << m) results (eqns.l.22-1.23) of Costantini [5]. 

( )

2 
D D 2 73 lV 2 B A = A = (Za) r -- - cos -
++ -- e 2304 m 2 ' 

(1.22) 
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AD -AD - (Z )2 5 (01) 2 

• 2 8 - - a r -- - sm -. 
+- -+ e 256 m 2 

( 1.23) 

In [49], numerical results for Delbriick scattering amplitude at photon energies 1.33, 7.9, 

9.0, 10.83, 15.1, and 87 MeV have been presented. As expected by the authors [49] 

themselves their predictions, being a lowest-order calculation, require higher order 

corrections (Coulomb correction). An adequate theoretical prediction of Coulomb 

correction for all angles in this regime has not been achieved though some numerical 

results have been reported by Scherdin et al.[50], based on theirS-matrix treatment [51]. 

Results do exist for forward angle based on the optical theorem [52, 53] but it is not clear 

how to extend these to finite angles, which are amenable to experiment. Calculation of 

Coulomb corrections based on relativistic green function of electron but for OJ<< m has 

been reported [14]. Based on their earlier works on Delbriick scattering [25] De Tollis et 

al. made considerable progress in obtaining simpler expressions for the lowest-order 

Delbriick amplitudes [47, 48]. The results of De Tollis et al. [47] are in agreement with 

those of Papatzacos and Mork [49]. A major collection of numerical data for Delbriick 

scattering amplitude was done by Falkenberg et al. [54]. This was used by Hubbell and 

Bergstrom [55] in their comparison of the Delbriick contribution to scattering with that of 

other photon atom processes. The paper [55] also includes an extensive bibliography. 

Therefore, in the few MeV range the Delbri.ick amplitudes are generally treated in lowest

order Born approximation [49]. 

Amongst the other developments in theoretical side of the low energy regime, a 

new calculation by Di Piazza and Milstein [ 12] seems to be of experimental interest. 

They investigated the Delbriick scattering from a Coulomb field in the presence of a laser 

field by treating the Coulomb field in lowest-order Born approximation and the laser field 

in the exact parameters of the field having arbitrary strength, spectral content, and 

polarization. They found [12] that the behavior of the differential cross-section of the 

process, particularly the angular distribution, differs substantially from that for Delbri.ick 

scattering in a pure Coulomb field. It is reported that the cross section of the process can 

enhance in the presence of a laser field for realistic laser parameters. 
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1.3. Scattering amplitudes of other elastic scatterings 

Among the nonlinear processes admissible by QED, Delbriick scattering is 

relatively easier to detect as it can be investigated experimentally by measuring the 

elastic scattering cross section of photons by high Z scatterers. However, one major 

difficulty for clear observations of the process is the interference of other elastic 

processes of photon-atom interactions. Note that Delbriick scattering (D) is just one of the 

four elastic processes of photon-atom interactions. Other processes are: Rayleigh 

scattering by the bound atomic electrons (R), nuclear Thomson scattering by the nucleus 

(T), and nuclear resonance scattering by the giant dipole resonance (N). Experimentally, 

it is not possible to distinguish any of the mechanisms individually. The elastic 

differential scattering cross-section is measured experimentally and then compared with 

the theoretical predictions obtained by summing coherently the amplitudes of different 

elastic processes as shown in eqn. ( 1.24). 

da = IAI2 
dQ '' 

(1.24) 

In (1.24), the scattering amplitude A is partitioned into a coherent sum, 

( 1.25) 

with R, T, N, and D denoting Rayleigh, Nuclear Thomson, Nuclear resonance, and 

Delbriick effects respectively. In general the partitioned amplitudes AR, AN, and A 0 are 

complex, while the Thomson scattering amplitude AT is purely real. Thus for the 

investigation of Delbriick scattering phenomenon one needs to have accurate prediction 

of other processes, namely, R, T and N. This need has encouraged several theorist and 

experimentalists for the last seven decades to study the elastic photon-atom interactions. 

Before presenting brief descriptions of R, T and N scatterings in the following sub

sections, we note that the amplitude A can be expressed either in terms of linear 

polarization amplitudes ( A
11

, A l_ ) or circular polarization amplitudes ( A++, A+-). The 

unpolarized elastic differential scattering cross-section is then given by 
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( 1.26) 

1.3.1. Rayleigh scattering amplitudes 

Rayleigh scattering is the most dominant contributor to the elastic scattering at 

photon energies around 1 MeV and below although its presence is seen up to about 6 

MeV. A precise prediction of Rayleigh scattering is essential for the study of Delbriick 

scattering in the low-energy region. The simplest way of finding Rayleigh scattering 

amplitude is based on the form factor approximation, which is valid when the momentum 

transferred to the atom by the scattered photon n~ << me , the binding energy of electron 

T << mc 2 and photon energy nm >> T [56]. Note that the constants nand c have been 

restored in this section only. The atomic form factor is defined [57] as the matrix element 

z 
f(~,Z) = L ( '¥" iexp(iX · F,, ))\f,J, ( 1.27) 

n=l 

where \f" is the ground-state wave function of the atom and rn is the radius vector from 

the nucleus to the nth electron. For a spherically symmetric atom the form factor can be 

expressed as 

f(~,Z) = 4JC f p(r) ~in(~r) r 2 dr 
o (£\ r) 

Where p(r) is the total charge distribution normalized such that 

= 

4Jr fp(r) r 1 dr = 1 
0 

( 1.28) 

(1.29) 

Calculations of f (~. Z) depend on the knowledge of the atomic wave functions. Values 

of atomic form factor f (£\, Z) have been obtained in several atomic models. 

1 U MAY 2013 250 
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Numerical methods for evaluating Rayleigh amplitudes in heavy atoms, within 

the framework of external field quantum electrodynamics and in a relativistic self

consistent central potential, were developed by Brown et al. [58-60] and Johnson and 

Feiock [61]. Rayleigh amplitudes were calculated by Comille and Chapdelaine [62] for 

the K electrons of mercury at 2.616 MeV, using second-order perturbation theory. 

Following the method of Brown et al., Johnson and Cheng [63] calculated the Rayleigh 

amplitudes for the K shells of heavy atoms (Z=30 to 82) and for low energy y-rays (0.1-1 

MeV). The second-orderS-matrix method of calculating Rayleigh amplitudes was further 

developed by the Pittsburgh group [64-66]. Following the treatment adopted by Kissel 

[64] the accurate S-matrix Rayleigh amplitudes of lead (Z=82) for 12 photon energies of 

experimental interests (22.1-2750 keV) and 8 scattering angles (0° -180°) have been 

calculated by Kissel et al. [66]. It is based on numerical evaluation of the relativistic 

second order S-matrix element independent particle approximation, using relativistic 

self consistent central field wave functions [67]. The lowest-order QED-diagrams 

representing Rayleigh scattering are shown in Fig. L5. 

' ;--------< 

(a) Absorption first (b) Emission first 

Fig.1.5.Feynman diagrams representing lowest-order Rayleigh scattering. 

In S-matrix method, one is essentially evaluating 

A,~= re mc2 L ct(nl A* I p) (pi Aln) + (nl AI p) (pi A* In)] 
p Jl En -E" +lim E" -E" -lim 

(1.30) 
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The summation and the integration are done over a complete set (bound and continuum) 

of intermediate states p. The operators A (A*) represent absorption (emission) of a photon 

of energy lim. The total Rayleigh amplitude A R is obtained by summing over all the 

atomic electrons n, that is, A R = "" A R • The S-matrix method is so far the most accurate L..Jn n 

way of obtaining the Rayleigh amplitudes. 

The elastic scattering cross sections computed on the basis of form factor 

approximation by using different wave functions are found to vary from each other. The 

nonrelativistic Hartree-Fock form factors [68] provide a better prediction than the 

relativistic Dirac-Hartree-Fock-Slater (DHFS) form factors [69] for heavy atoms. When 

compared with the S-matrix Rayleigh amplitudes the form factor amplitudes calculated 

using DHFS wave functions are found to differ by small amounts for lighter elements (for 

example, 0.5 % and 0.1 % for K and L shells respectively of aluminum) but the 

differences are large for heavy atoms (for example, 20 %, 5 % and 2 %forK, Land M 

shells respectively of lead). 

The numerical accuracy of S-matrix Rayleigh amplitudes are better than l % and 

the overall the agreement between experiment and theoretical prediction based on S

matrix Rayleigh amplitudes is within 3%. In spite of being the best available method, the 

direct numerical S-matrix method is not useful in calculating the Rayleigh amplitudes 

from the outer shells of heavy atoms as it consumes large amounts of computer time. 

Moreover, at higher photon energies the accuracy of the codes is found to deteriorate. 

The modified form factor (MFF) approximation is used for estimating outer electron 

Rayleigh amplitudes of heavy atoms in which T >> m. Franz had defined the modified 

form factor gi(~) as 

(1.31) 

Where P; is the charge distribution, Ei the total energy of the ith electron, and V(r) is 

the potential energy of a charge eat position r due to the nucleus and the other atomic 
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electrons. The issues related to the validity of form factors in different approximations 

can be found in [70] 

Kissel and Pratt [56] have prescribed S-matrix method for inner shell amplitudes 

and the following equations for estimating outer electron R-amplitudes corresponding to 

the ith subshell: 

O'PE 
Im Al = _i _ [lm Ainner ] 

'II PE 'li ' 
()inner 

( 1.32) 

where aPE is the photoelectric cross section. Following this approach, Kane et [67] 

have tabulated elastic crof f~ction of selected elements for low energy y-ray (0.0595-

1.332 MeV). Ll 
i.r!.%'f 

The S-matrix method is found to yield poor predictions for low-Z elements [71 ]. 

A so called "composite" approach [72] of finding Rayleigh amplitudes involving non-· 

local exchange and electron-correlations correction to the S-matrix method has been 

suggested. Agreement between the measurements [71, 73] and the predictions of the 

composite method is fairly good. 

A database on Rayleigh scattering of low energy y-ray is also available [74]. For review 

works on Rayleigh scattering one can refer [56, 67, 143]. 

1.3.2. Nuclear Thomson Scattering 

The nuclear Thomson scattering is elastic scattering of photons by nuclear charge 

distribution. This phenomenon is relatively simple and its amplitudes are well known. 

Treating the nucleus as a single point-like free particle of charge Ze and mass M, we may 

write the Thomson scattering amplitude as 

(1.33) 
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1.3.3. Nuclear Resonance Scattering 

In the energy region between 5 and 30 MeV, the resonances in nuclear photo 

absorption (giant dipole resonance (GDR} region) becomes important and the 

corresponding scattering process become visible. A semi-empirical expression for nuclear 

resonances scattering amplitudes can be given by superposition of "Lorentzian lines" 

[75,76] 

~~ =A~CosB ( 1.34) 

where v = 1 for spherical nuclei and 2 for deformed nuclei. In eqn. ( 1.34) the GDR 

parameters a , width r and resonance energy E are determined by experiments. 
v v v 

1.4. Experimental Investigation 

1.4.1. Introduction 

The contribution offourelastic scattering amplitudes, namely, AR, AT AN, and A 0 

to the total differential elastic scattering cross-section varies with photon energy ( ro ), 

atomic number (Z) of the scatterer, and scattering angle (9). The four different elastic 

processes cannot be distinguished experimentally. In a scattering experiment one 

essentially measures the total number of scattered photon of particular energy within a 

solid angle per unit of time for an incident flux of mono-energetic radiation from which 

one estimates da/ dQ., the elastic differential scattering cross-section. So, in principle, 

experimental investigation of any one of these four processes is possible if the other three 
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processes are accurately known. In spite of this difficulty, knowledge about the general 

behavior of the four amplitudes can provide "window" to an experimentalist. Let us 

mention some of these properties here. A R dominates for ro :5 1 MeV, most angles and 

heavy nuclei. For energies ro ~ 6 MeV and e ~ 20° the amplitude AR is negligible. AT is 

well known and becomes important at ro ~ 1 MeV, e > 60 ° and light elements. In the 

energy region between 5 MeV and 30 MeV, A0 and AN are of comparable magnitudes. 

Outside this region AN can be neglected. For ro > 100 MeV, A:::::A0
. 

The selection of ro, Z and e for an experimental observation of elastic photon

atom processes is guided by, beside the main motivation of the experiment, the general 

behavior of elastic amplitudes. For example, low-energy photons (few MeV) are used to 

investigate the real part of Delbriick scattering whereas high-energy photons are suitable 

for its imaginary part. 

The content of this section is as follows. Through Sec. 1.4.1.1 to 1.4. 1.3 a concise 

description of detectors, sources and scatterers used in different experiments have been 

outlined. In Sec. 1.4.2 important experiments and their results are presented. 

1.4.1.1. Detectors 

Different generations of detectors, ranging from G.M. counter [2] to the latest 

high purity semiconductor detectors, have been used in the long pursuit of the study of 

Delbrtick scattering. The efficiency and energy resolution are the basic concerns of a 

detector. An ideal detector should not only detect scattered photons but it must also have 

sufficient energy resolution so that an elastically scattered photon is distinct from 

inelastically scattered ones. 

Nal (Tl) detector is characterized by relatively better efficiency ( for example the 

photopeak detection efficiency of a 5 em. diameter cylindrical Nai (Tl) detector of 5 em. 

height is about 10 % at 1.332 MeV ) but poor energy resolution (full width at half 

maximum increases to 75 keY at 1.332 MeV from 5 keY at 14.4 keV ). High resolution 

semiconductor detectors such as Ge (Li) became commercially available since 1960s. 
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Large volume high purity germanium (HPGe) detector (Resolution: about 2 keV at 1.33 

MeV) are in use since 1980s. Because of low atomic numbers (Z=14 for Si and Z=32 for 

Ge) the detection efficiency of semiconductor detectors diminishes with increasing 

photon energy. As such, Nal (Tl) detectors are still in use at energies of the order of 20 

MeV. The Si (Li) detector is preferred over germanium detectors at X-ray energy regime 

[77]. HPGe detector need not be kept at liquid nitrogen temperature throughout as in the 

case of lithium drifted detectors. However, during an experiment, HPGe detector must be 

operated at liquid nitrogen temperature. 

In most of the semiconductor detectors operating at liquid nitrogen temperature, 

preamplifier is incorporated as part of the cryostat package to achieve minimum 

electronic noise. The design of preamplifiers is constrained by two conflicting criteria: 

( l) low-noise output ;( 2) high counting rate capability. The output signals coming from 

preamplifier have to be amplified, shaped suitably and then processed with the help of a 

multichannel pulse height analyzer. The full width at half maximum (Mplwtopeak )
2 of the 

detector photopeak can be written as 

( 1.35) 

The first term of the right-hand side, (M n ) 2 represents inherent statistical fluctuation in 

the number of charge carriers created and is given by (Mn) 2 = (2.35) 2 F em where F is 

the Fano factor, e is the energy necessary to create one electron-hole pair, and ro is the 

photon energy. The second term (Mx )2 arises due to incomplete charge collection and is 

most significant in detectors of large volume and low average electric field. Ideally, 

charge collection would be complete if the field is infinite. Its magnitude can be 

estimated experimentally by carrying out a series of FWHM measurements as the applied 

voltage is varied. The third factor(M E )
2 represents the broadening effects of all 

electronic components following the detector. This can also be estimated by a simple 

experiment [77].The spectroscopic amplifier not only amplifies the preamplifier output, 

but also acts as a signal processor. The inbuilt differentiator acts as a base-line restorer, 

clipping slow or defective pulses. Precise trailing edge cancellation is ensured by a 
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pole/zero adjustment. The stability of the gain of the amplifiers becomes important for 

high resolution experiment and low event-rate scattering processes. 

The high-energy small-angle measurements have been done with different 

arrangements for detecting scattered photons. For example, a Cerenkov counter of a 

single crystal of thallous chloride coupled with a photomultiplier tube [78], magnetic pair 

spectrometer [79], electromagnetic calorimeter based on liquid krypton [11] etc. have 

been used. 

1.4.1.2. Sources 

Sources such as radioactive isotopes, bremsstrahlung beams from electron 

accelerators with filtering and/or tagging facilities, radiation from electron synchrotrons, 

y-rays produced from in-beam (n, y) reactions etc. have been used. Reactor or accelerator 

produced radioisotopes are the usual source for energies up to the order of few MeV. 

Fission products, such as 137Cs (661.6 keV), are also used as sources. They-rays of 4.3-

l 1.4 MeV energy produced by (n, y) reactions have been used in the study of Delbrtick 

scattering [80]. Bremsstrahlung radiation having energies between I to 7 GeV was 

produced at DESY (Hamburg) electron synchrotron [79]. Bremsstrahlung radiation 

sources are found to possess spread in energy [81 ]. With the development of tagged 

photon beams, the energy spread has been reduced [82]. Use of monochromator [83] 

further reduces the spread. The y-rays in the energy range from 20 to 100 MeV were 

produced using tagged photon technique [78]. High energy photons produced via 

backward Compton scattering of low energy laser photons by high energy electrons have 

been used in [ 11]. 

1.4.1.3. Scatterers 

Most of the experiments involving Delbriick scattering is carried out with solid 

scatterer. Choice of a target is subjected to two conflicting requirements: (1) to have a 
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large number of scattering points, in order to get reasonable scattering events; (2) to have 

very small dimensions so that angular spread, multiple scattering and bremsstrahlung 

radiation produced by secondary electrons in the target are reduced. Thin scatterers, 

mostly solids, are used so that f.L t ( ( 1, where f.L is the attenuation coefficient and t is the 

target thickness. It is suggested [67] that in order to get reasonable counting rates with 

sources of moderate intensity ( ~ 1 Ci), !lt may be chosen as large as 0.4. To achieve high 

counting rates and small angular spread using thin scatterers, targets having the shape of 

a surface of revolution about the source-detector axis have been used [84-86]< As the 

cross section for Delbrtick scattering goes as (aZ)4
, a high Z target is favorable. 

1.4 .. 2. Experimental results 

In the following sections are presented the results of some important experiments 

performed so far and their comparison with the relevant theoretical prediction(s) have 

been made. This section has also been classified into three ranges depending upon 

photon energy and angle of scattering as in the case of theory part: High energy and 

small angle, Low energy and all angles, and Intermediate energy and moderately large 

angles. 

1.4.2.1. High-energy small-angle experiments 

The high-energy elastic scattering of photons by atoms is largely dominated by 

the imaginary part of Delbrtick scattering amplitude. Such high-energy photons are 

usually produced by bremsstrahlung in electron synchrotron. 

The first definite observation of Delbrtick scattering was reported by Jarlskog et 

al. [79] at a precise high-energy experiment. The scattering cross sections of Cu, Ag, Au 

and U were measured at energies between 1 and 7 GeV and scattering angles between 1 

and 3 mrad. A well collimated bremsstrahlung beam from the DESY electron 

synchrotron was used in the experiment. The incoming photon beam had a 

bremsstrahlung energy spectrum of maximum values Eo which could be set at 1, 2, 4, and 



26 

7.3 Ge V. Scattered photons were detected by a pair spectrometer. Elaborate care was 

taken to eliminate background. The experimental error at lower L1 (L1-2MeV/c) was -8% 

and it went up to about 20% at L1 =19.6 MeV/c. The findings of [79] were in good 

agreement with the theoretical prediction of [ 42] as shown in Fig.1.6. In the earlier 

experiment [78] at an energy of about 87 MeV and between scattering angles of 1 and 5 

mrad the Delbriick effect was clearly detected but the cross section measured in [78] 

could not be used to discriminate between the predictions by Bethe and Rohrlich [26] 

and Cheng and Wu [35,36]. 
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Fig.1.6. High-energy small-angle measurements of Delbrtick scattering cross sections. Circles denote cross 

sections for uranium and triangles denote the same for bismuth germanate (Bi4Ge30!2). In this figure 

dajdt has been plotted against L'. whereda/dt=(tr/oi)(da/dO.) and t=L12
. The solid lines 

describe the theoretical predictions. The data are taken from [79] and [ ll]. 
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Few other experiments [87, 88] conducted prior to [79], in the small angle region, had 

also demonstrated the presence of imaginary Delbriick amplitude. 

In a pioneering experiment Akhmadaliev et al [ 11] measured Delbriick scattering 

cross sections at photon energies 140-450 MeV and at angles between 2.6 and 16.6 mrad 

using tagged backscattered Compton photon. They used a detector (electromagnetic 

calorimeter) having a resolution of 2.4%~ E(GeV) . The experimental error is found to 

increase from 6% at 11 =l.OlMeV/c to 34% at 11 =3.87 MeV/c. The measurement was in 

agreement with theoretical predictions of [32, 33] although [42] also yields the same 

result (see the upper curve of Fig.l.6). They have also reported first experimental 

observation of photon splitting in [11]. The photon splitting in Coulomb field has also 

been observed in the above experiment [89]. 

1.4.2.2. Low energy experiments 

From the analyticity properties of the scattering amplitudes, it is well known that 

the real Delbriick amplitude must be present as a corollary of the imaginary amplitude. 

For m < 2m Delbri.ick amplitude is purely real and up to a few MeV the real part is 

significant. Detection of real part posed as an interesting issue and the measurements at 

energies of a few MeV were performed for many decades. 

Before the calculation of real part [28] was published, the discrepancy between 

the measurements at 2.62 MeV [90] and theoretical prediction excluding Delbrtick 

amplitude was taken as evidence for the existence of Delbri.ick scattering. Inclusion of 

Delbriick amplitudes from [28] in the sum of other elastic amplitudes did not remove the 

discrepancies. Later, Hardie et al. [91] pointed out that possible reasons for that 

discrepancy could have been inaccurate calculations or systematic errors in the 

experiments or both. The discrepancy, then, could not be taken as an evidence for the 

existence of Delbrtick scattering. Later it was claimed [47, 49] that the dispersion relation 

used in [28] to calculate the real part at an arbitrary angle was inadequate because of the 

nature of its singularities. 
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The early definite evidence for the existence of the real part of the Delbrlick 

amplitude was reported by Schumacher et al. [92]. They used 2.754 MeV photons from 

Na-24 source (prepared by bombarding aluminum with deuterons in the internal beam of 

Gottingen synchro-cyclotron) and a 76-cm3 Ge (Li) detector having a resolution of 2.1 

keV at 1.33 MeV. 

The choice of photon energy in the above experiment was favorable for the 

detection of the real part of Delbrlick scattering amplitude since at 2.754 MeV the real 

part is larger than the imaginary part and also the contributions of Rayleigh and Nuclear 

resonance scattering to the elastic scattering are negligibly smalL 

At large scattering angles the number of elastic-events is less and at intermediate 

angles the dependence of cross section with angle is more. In accordance with these facts 

they made experimental set-ups so that (l) at large angles (8=75-120°) they minimized 

background by means of heavy shielding and (2) at intermediate angles they minimized 

angular spread by optimizing source-target and target-detector distances. 

The agreement between the measurements of [92] and the theoretical predictions 

including Delbrlick amplitudes calculated by Papatzacos and Mork [49] and the Rayleigh 

amplitudes given by Cornille and Chapdelaine [62] was, by and large, good. However, 

they also noticed that the theoretical predictions were somewhat smaller than the 

experimental values in the whole angular range from 30° to 90° as shown in the 

lowermost curve of Fig. L7 and this difference went up to a factor 1.7 [93]. This 

departure of the measurements with the theoretical prediction based on the lowest-order 

Born-approximation Delbrlick amplitudes of [49] was thought to be due the non

inclusion of higher-order Feynman diagrams (Coulomb corrections). The contributions 

from higher order diagrams, particularly for high-Z scatterers, may not be negligible (See 

Sec. 1.4.2.2.1 for Coulomb correction). 

The findings of other experiments using Ge (Li) detector, performed before the 

Gottingen group experiment [92], at energies around 1 MeV [91 ,94,95] were 

inconclusive as far as Delbrtick scattering part is concerned. For some time there 
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appeared to be a substantial discrepancy between theory and the experiments for high-Z 

elements at this energy range. 

Fig.l.7. Elastic differential cross sections at different photon energies for uranium (Z=92) targets. The solid 

lines include R, T, N and lowest order D-amplitude; the dashed lines are without D-amplitudes [I 0]. 

After the availability of S-matrix Rayleigh amplitudes calculated by Kissel and 

Pratt [65] most of the discrepancies between theory and the experiments for high-Z 

elements in the MeV range disappeared. Using the predictions of [65] for Rayleigh 

amplitudes and that of [49] for Delbrtick amplitudes, Basavaraju et al. [95] and 
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Muckenheim and Schumacher [96] clearly found the evidence of real part of Delbriick 

amplitudes at 1.17 and 1.33 MeV at high-Z. In [95], the elastic scattering cross sections 

of lead, tantalum and molybdenum for angles between 30° and 115° were measured using 

a Ge (Li) detector having active volume 10 cm3 and resolution of about 5 keV at 1.33 

MeV. In [96], aGe (Li) detector of active volume75 cm3 and having resolution of about 2 

keV at 1.33 MeV, were used to measure the cross sections of uranium at energies 

between 0.1 and 1.5 MeV in which Delbrtick scattering have been observed at energies as 

low as 0.889 MeV, that is well below pair production threshold (see Fig.l.7).The 

experimental error in these measurements was 6 to 10 % at 15° and about 3% at 120°. 

The agreement between experiment and theoretical prediction based on S-matrix 

Rayleigh amplitudes is within 3% [96]. 

In [66] it has been shown that there were a factor of two errors at back angles in 

the widely used Rayleigh amplitudes calculation for the K-shell of mercury at energy of 

2.56 mc2 given by Brown et al. [61], and this important observation removed the 

discrepancy between theory and the experiments. It is now well known that the old 

measurements done by Dixon and Story [94 J and Hardie et al. [91, 97] and even older 

results obtained by Standing and Jovanovich [98] and Basavaraju et al. [99] using Nai 

detector are in good agreements with the theoretical prediction [67]. This implies that 

these early experiments were sufficiently accurate but their evidence for Delbriick-part 

was clouded by the inaccurate prediction of Rayleigh amplitudes. 

In the energy range between 4 and 12 MeV the Nuclear Resonance Fluorescence 

due to the excitation of individual nuclear levels is found to compete with other coherent 

elastic scattering processes making it difficult [ 1 00-102] to study Delbriick scattering in 

the nuclei with low density of nuclear states. At energies between 8.5 and 11.4 MeV, it is 

found that not only Coulomb corrections to the lowest-order Delbrtick amplitudes are 

needed but also the corrections to the scaling factor for the giant dipole resonance 

photoabsorption cross sections are necessary [103]. The dominance of nuclear resonance 

contribution at the above energy ranges were reported in [104, 105]. 
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1.4.2.2.1. Coulomb correction 

In the lowest-order Born approximation calculation of Delbriick amplitudes, the 

contributions of the higher ordered Feynman diagrams (six-cornered loops and beyond in 

Fig.l.l) are neglected owing to mathematical complexity. Making a Coulomb correction 

to the lowest-order Born approximation calculation is quantitatively equivalent to the 

inclusion of higher loops in calculation the Delbriick amplitudes. But, owing to the 

unavailability of such higher-order calculations, the Coulomb corrections are usually 

estimated from the experimental data using certain ansatz. 

As mentioned earlier the observation at 2.754 MeV [93] that the theoretical 

prediction based on the lowest-order Born approximation was smaller than the 

experimental values up to a factor L7 was an indication towards the need for Coulomb 

correction. The investigation of Coulomb effect at 2.754 MeV was carried out 

extensively by Rullhusen et al. [ 103, 106-11 0], Schumacher et al. [93, 111 ], Schumacher 
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corrected lowest-order D amplitudes for 9 = 60° and E=2.754 MeV are represented by triangular points. 

The circular points represent the similar differences without including Coulomb corrections in theoretical 

predictions. The experimental results are from [109,113]. 
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and Rullhusen [112], and Kasten et.al. [113]. At 2.754 MeV and higher energies, 

modification of lowest-order Born-approximation Delbriick amplitudes due to Coulomb 

correction have been found to be large [108]. Due to unavailability of Coulomb 

correction predictions they tried to identify its effect by measuring Z dependence of the 

differential cross section. It was found that the Coulomb correction term being of the 

order of a(Za)4 is sufficient [111]. Estimation of Coulomb corrections has been done by 

using the ansatz A"c = (Za) 4 g(E)j(B) (103] where a good fit of experimental data was 

obtained by taking the function g(E) = 15.17 MeV-1 
- O.llMeV-3 (E + 6.0MeV)2

• The 

predictions including the Coulomb corrected terms obtained via the above procedure 

were found to match well, within the error limits, with the experimental results whereas 

the lo\vest order predictions \Vithout including Coulo1nb corrections deviate, distinctly, 

away from measured values as illustrated in Fig.l.8. 

The validity of Coulomb correction effect of the order a(Za)4 at different angles 

and for different Z have been shown in Fig.l.9. At 9 MeV it was found [ 103] that for Z 

between 73 and 92 the discrepancy between the lowest-order Born-approximation 

predictions and the experiments could be removed by empirically introducing a set of 

additional amplitudes with a common factor of the order a(Za)4 but there exist interfering 

components from the giant dipole excitation of the nucleus. Using general properties of 

scattering amplitudes, tentative estimates of Coulomb correction terms for energies 1-4 

MeV were made [113] and the curve so generated matched well with the experimental 

result for U=92 and E=2.754 MeV as shown in Fig.1.9. 

At medium and large angles and with targets of Z ~50, AT and A 0 are larger than 

A R and AN and the imaginary A 0 are smaller than its real part, the Coulomb corrections 

are small and therefore, the predicted lowest-order Born approximation amplitudes have 

been found to be sufficient [109] within 5%. 

Experiments at energies close to the pair-production threshold were performed 

with two motives: (I) whether Delbriick scattering is visible, and (2) if so, whether 

Coulomb correction is needed. At these energies Delbriick scattering have been clearly 
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observed and these results [15, 95, 96, 114] also show that the lowest-order Born 

approximation amplitudes are sufficient. 
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Fig.l.9. Experimental elastic differential scattering cross section for Z=50 to Z=92 and E=2.754 MeV 

compared with theoretical predictions. The dash- line for each Z include R, N, lowest-order D scattering 

and whereas the solid-line is same as the dash-line but includes also the Coulomb correction effect. 

Experimental data are taken from [113]. 

1.4.2.3. Intermediate energy experiments 

An experiment, in the energy range between 25 and 100 MeV and at moderately 

large angles, using Bremsstrahlung tagged quasi-monochromatic photons has been 

carried out at MAMI A (Germany) [46, 115, 116]. The experimental data is compared 
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with lowest-order Born-approximation calculation and small-angle high-energy 

predictions as shown in Fig.l.l 0. The disagreement between the theoretical and 

experimental results is not unexpected as the lowest-order Born-approximation 

calculation and the small-angle high-energy approximation for prediction of Delbriick 

amplitudes are not valid at higher energies (contribution from Coulomb corrections 

becomes important) and large angles respectively. The prediction of the large-angle high

energy approximation based on the calculation [45, 46, 54] has also been compared with 

the experimental data in Fig.l.l 0 and the agreement between the theory and experiment 

is not satisfactory as may be noticed from the figure. However, a definite conclusion on 

the stated mismatch could not be ascertained owing to limited quality of the data 

(experimental error ~ 30 % ). At 20° the theoretical prediction of the large-angle high

energy approximation suggests better agreement with experimental data [I 16], 
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Fig.l.10. Comparison of experimental differential scattering cross section at 8 = 1511 (Z=82) [116] with 

predictions. Solid curve: including Delbriick scattering calculated in large-angle high-energy approximation 

[46]; dashed curve: calculating Delbrtick scattering in the lowest-order Born approximation; dotted curve 

[49]: calculating Delbriick scattering in the high-energy small-angle approximation [42]. 
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The presence of Delbriick scattering is, however, clearly established in this energy 

range irrespective of the large errors in the data. At these energies the elastic scattering 

from nucleus is very sensitive to electromagnetic polarizability of the bound nucleon and 

as such it makes the theoretical prediction of elastic scattering more complicated. In other 

words, comparison of theoretically predicted Delbriick amplitudes with the experimental 

results could not yield definite conclusion in this range as yet. A better understanding of 

all the important interfering effects leading to total elastic scattering is needed. At the 

same time improved experiments are needed to examine the theoretical predictions 

properly. 

1.5. Discussion 

Experimentally, Delbriick scattering has been investigated covering a wide range 

of gamma-ray energies (1-1000 MeV) over the last eight decades. Both, the real as well 

as the imaginary parts of Delbrtick amplitudes have been experimentally detected. On the 

theoretical side, even though a reasonable understanding of the Delbriick scattering has 

been achieved so far, there is still no general solution of Delbriick scattering problem for 

arbitrary photon-energies and scattering-angles. All the theories developed so far have 

their own ranges of validity. Of these, the theories which are reasonably established 

include the results for forward scattering [30] and the high-energy small-angle 

(OJ>> m, !l << m) regime [32, 33, 41, 42]. 

The calculations of Delbriick amplitude based on the lowest-order Born 

approximation [49] are found to be valid at lower energies ( m ~ 1.33 MeV) and all 

scattering angles [15, 157]. For larger photon energies (OJ> 1.33 MeV), Coulomb 

correction terms are to be added to the Born approximation amplitudes [1 03, 113]. Thus a 

general theoretical prediction of Coulomb correction terms are needed until a more 

general treatment of Delbriick scattering problem valid in this energy regime becomes 

available. 
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In spite of all these difficulties the scattering phenomenon has been intensely 

studied both theoretically and experimentally as it offers, besides its applications in other 

fields, an attractive opportunity to test the non-linear and non-perturbative regime of 

quantum electrodynamics. 

The Nuclear Resonance Fluorescence due to the excitation of individual nuclear 

levels, in the energy range between 5 and 15 MeV, is found to compete with other 

coherent elastic scattering processes. As the contribution of nuclear resonance scattering 

to the elastic scattering in this energy range is significant, its accurate calculation is 

possible provided the GDR parameters are precisely determined. A fine tuning of GDR 

parameters and Coulomb correction estimates can be achieved by means of future 

exoeriments in ener!Iv range of 5-40 MeV r 11 Ol. 
..l,_ "-'"" (,....' ..._ -~ 

In the energy range between 20 and 100 MeV, the present experimental results 

suffer from large uncertainties and thus the predictions of the large-angle high-energy 

approximation [45, 46, 54] could not be verified at the desired level. Experiments with 

better accuracies are needed at this energy range for proper testing of the theoretical 

predictions. The study of elastic scattering in this energy range is of great interest in 

connection to the question of equality of electromagnetic polarizability of nucleons in 

free space and in nuclear matter [10]. 

It is worth mentioning here that in recent years some new possibilities of 

measuring Delbrtick effect have been emerging, such as Delbrtick scattering in a 

Coulomb field in the presence of an external electromagnetic field. Quantum 

electrodynamics in strong external field is a topic of considerable interest as such a 

situation is supposed to exist in reality on pulsar atmosphere as well as near the surface of 

heavy nuclei. In the laboratory a similar situation may be created with the application of 

intense laser field [ 12]. Another interesting possibility is the photon emission in collisions 

of ultra-relativistic heavy nuclei (Z1Z2 --+Z1Z2 y) via the virtual Delbrtick scattering sub

process [ 16, 17]. The total contribution of virtual Delbrtick scattering to the cross section 

of the photon emission process could be considerably larger than those for ordinary tree

level nuclear bremsstrahlung in the considered photon energy range m <OJ< my, where 

y is the Lorentz factor of the nucleus [ 17]. This provides an attractive opening to 
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investigate the phenomenon experimentally at a future/ongoing ultra-relativistic heavy 

nuclei collision experiment such as the RHIC collider or the LHC collider. 



Chapter 2 

MEASUREMENTS OF 

AND 

TOTAL PHOTON-ATOM 

ABSORPTION CROSS PHOTOELECTRIC 

SECTIONS NEAR PAIR PRODUCTION 

THRESHOLD 

2.1. Introduction 

The interaction of photons with matter represents one of the most varied classes 

of phenomena. A photon can interact with an atom in a number of ways. The most 

important interactions leading to the attenuation of a low-energy y-ray beam are: (1) 

Rayleigh (coherent) scattering by bound atomic electrons, (2) Compton (incoherent) 

scattering by atomic electrons, (3) photoelectric absorption by atoms and (4) pair 

production in nuclear and (5) pair production in electron fields. Other interactions such as 

nuclear Thomson and nuclear resonance scattering by the nucleus, Delbriick scattering by 

the Coulomb field of the nucleus, double-Compton scattering and photonuclear reactions 

produce negligible effects at energies near the pair production threshold and below. The 

total photon cross section per atom ()
101 

is, therefore, obtained by summing the cross 

sections for the processes (1) to (5) 
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(2.1) 

where acoh, aincoh, r, K
11 

and Ke are the cross sections of the processes (1) to (5) 

respectively. 

An extensive range of experiments on the measurement of y-ray attenuation 

coefficients covering a wide range of photon-energies and for almost all the elements of 

periodic table, have been reported so far. For survey of experiments carried out till 1995 

one can refer the bibliography of Hubbell et al. [ 117]. Not many experiments have been 

performed recently except for low-Z materials or at absorption edges. 

Predictions of processes (1) to (5) have been summed up to prepare tabulations of 

attenuation coefficients for all elements and most of the photon energies. The tabulation 

prepared by Hubbell et al [118] is one of the most widely used data and it also provides 

references to most of the concerned theoretical works. The online databases such as 

XCOM [119, 120], XAAMDI [121] and FFAST [122], which are frequently used in 

current works relating to attenuation coefficients, are available in NIST (National 

Institute of Standards and Technology) website. The XCOM [119] provides total cross 

section of elements (Z=l to 92) along with the cross sections of the individual processes 

(1) to (5) for photon energies ranging from 1 keV to 100 GeV. In XAAMDI one can also 

find attenuation coefficients of 48 compounds and mixtures of radiological interests 

besides those of elements for energies ranging from 1 keV to 20 MeV. The formalisms 

adopted in XCOM and XAAMDI are similar. The tabulations in FFAST include X-ray 

cross sections for energies through 2 to 433 keV. The theoretical and computational 

considerations adopted in FFAST are slightly different from those in XCOM, which can 

be seen [119, 120, 122]. 

The overall agreement between the predictions and the measurements of 

attenuation coefficients are good [117]. However, there exists some discrepancy between 

the XCOM and FFAST predictions for high Z elements. For Z lying between 60 and 82 

the discrepancies being 15-50 % near absorption edges and 2-5 % throughout the high 

energy range [ 123]. The fractional difference, between the predictions of FF AST and 
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XCOM, in photoelectric cross sections varies between 2-5 % in the energy range 0.15-

0.30 MeV for most of the elements. It is more (about 5-10 %) at the higher energies (0.3-

0.433 MeV). The fractional difference in total cross section is about 2-5 % for higher-Z 

elements (Z - 70 to 90) and for energies 0.1-0.4 MeV. It becomes more (5-10 %) for 

energies greater than 0.4 MeV. For example the differences in the values of attenuation 

coefficient (total cross section) for Z = 26, 50, 74 and 82 in the energy scale 0.2-0.433 

MeV from the two databases can be seen in Fig.2. 1, where a good agreement is observed 

only for Z=26. It is worthwhile to mention here that the XCOM values are larger than the 

FF AST ones for tin, tungsten and lead in this energy range. 

J 

Fig.2.l. The theoretical predictions of attenuation coefficients (total cross sections). The solid and the 

dashed line represent the XCOM and FFAST values respectively. 

Most of the earlier measurements were made with low resolution detectors like 

Nal. With the improvement in detector technology high resolution detectors with ever 

increasing efficiencies are available. As such, it is natural to repeat the attenuation 

coefficient measurement at all possible energies and for different materials using the 

latest technologies and adopting accurate methods. In a recent experiment in the energy 
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range 38-50 keV [123] the measured values of gold (Z = 79) were found to lie midway 

between the XCOM and FFAST values. At these energies XCOM and FFAST differ by 

about4%. 

The accuracy of the value of attenuation coefficient of the scatterer has a direct 

impact on the accuracy of the measured value of elastic scattering cross section and hence 

on the observation of Delbri.ick scattering. Therefore, the values of attenuation 

coefficients of the scatterers used in the elastic scattering measurements were, precisely 

measured through a series of narrow beam experiments. Going a step further, 

measurements for few other targets and energies have also been made in an attempt to 

measure the photoelectric absorption cross sections of the targets. 

2.2. Basic Criteria of a 'good geometry' for the experimental 

arrangement 

In an experiment measuring attenuation coefficient or the total photon-atom cross 

section, one should be detecting only the un-deviated beam after the transmission of y-ray 

beam through the absorber. The exponential nature of attenuation suggests that the 

photons interact via 'single' collision. These facts require that: 

(a) the photons scattered by the absorber at a non-zero angle of scattering, however small 

the angle of scattering may be, must not be detected. In other words, the transmitted beam 

reaching the detector should consist only of un-deviated photons which come out from 

absorber without undergoing any type of interaction, and 

(b) the photons suffering multiple scattering in the absorber should not be detected. 

2.3. Experimental arrangements 

Establishment of an experimental setup for detecting the attenuated beam of y

rays in the forward direction, after transmission through an absorber, is well known and 
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straightforward. Deviations from the ideal good geometry lead to uncertainty in the 

measurements. For the sake of completeness, the various steps taken to fulfill the basic 

criteria mentioned in Sec. 1.2 and to minimize the uncertainty in the measurements have 

been discussed below. 

2.3.1. Collimation of incident and the transmitted y-ray beam and 

precaution against small angle scattering 

In the experimental setup shown in Fig.2.2, the incident and the transmitted beam 

have been suitably collimated so as to reduce the number of photons reaching the detector 

which are scattered at very small angles. They-ray source S was placed in a lead block B1 

having 10-cm-deep conical bore. The block B1 was then shielded on the sides and back 

by a minimum of 20-cm lead blocks. Collimator C1 is a 23 em thick iron block having a 

II ~ 
Pb Fe 

Fig.2.2. Schematic diagram showing the experimental arrangement used for the measurement of attenuation 

coefficients. 
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collimating bore of exit aperture 0.4 ern. Collimators C2 to C5, each 15-crn-thick iron 

block, produced a narrow beam collimation after transmission through the attenuator A. 

Collimators C2 to C4 have gradually increasing exit aperture, 1.6 ern. being the exit 

aperture of C4 . C5 has a uniform cylindrical bore of diameter 2.2 ern. It prevents photons 

scattered in the shields and in the environs from reaching the detector D. These movable 

blocks were mounted on a rigid bench of iron and the optical alignment of the axis of 

bores was performed using a light source. The source to absorber and the absorber to 

detector distances were varied so as to reduce the value of the maximum angle of 

scattering 8
0 

(see Fig. 2.3) up to which the scattered photons can enter the detector but at 

the same time maintaining the solid angle subtended by the absorber at the centre of the 

detector at a lower possible value. 

s 

A 

Fig.2.3. Diagram showing the maximum angle of scattering in the narrow beam collimation. 

Keeping the source to detector distance fixed at 180 ern. we varied the positions of the 

absorber and the movable iron blocks so that the absorber was always in front of block C2 

whose entry aperture was 0.5 ern. From Fig. 2.3 one can see that 
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8 ""(DA 12) + (DA 12) and 
() d d 

l 2 

(2.2) 

where D A ( = 0.5 em) is the diameter of the absorber exposed to the incident gamma 

radiation and W
0 

is the maximum solid angle subtended by the absorber at the centre of 

the detector. Table 2.1 shows the variation of these angles Bo and W
0 

with the distances 

Table 2.1. 

Variation of Maximum angle of scattering (}" and J\!laximum solid angle of the 

scattering-cone w 
() 

~----1:ourc~--- ~l Absoro:--t: Maximum angle Maximum soli~ 
of scattering eo , angle of the 

I Geometry absorber detector of the scattered scattering-cone {J)() 

I No distance d[ distance dz photon from absorber to the 

(em) (em) (minutes) I centre of detector 

(sr) 
f-------- ----------- +---

1 40 140 27.6 w.o x w-6 I 

2 55 125 22.5 12.6 X 10~6 

3 70 110 20 16.2 x w-6 
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Finally, we optimized an arrangement for which eo = 22.5' and the solid angle subtended 

by attenuator at the position of the detector was 12.6 x 10-6 sr. Smaller values of the solid 

angle W
0 

is desirable for the set up as we wish to minimize the number of coherently or 

incoherently scattered photons from reaching the detector. Thus, in this geometry no 

photon scattered in the absorber at an angle greater than 22.5' could reach the detector. 

Similar experimental arrangements were adopted in [ 124] 

2.3.2. Precaution against multiple scattering 

If the thickness of the absorber is large, a significant number of multiply scattered 

photons from the absorber may reach the detector even when the primary incident beam 

is narrowly collimated. In order to reduce the number of such photons very thin absorbers 

are used. It has been observed that if the thickness (t) of the absorber is greater than one 

mean free path, multiple scattering could affect the measured value of attenuation 

coefficient (~). Deterioration of the resolution of a detector with the increase in absorber 

thickness beyond lht [1251 is attributed not only to multiple scattering but also to 

bremsstrahlung from photoelectrons and Compton electrons produced in the target. In 

other investigations [126] on the effect of finite absorber dimension on y-ray attenuation 

measurement it has been found that the effect is minimized if thin absorbers with f1 t « 1 

are used. The change in full width at half maximum (FHWM) of the photo-peak, when 

an absorber with thickness t ( t > 11 f1) is placed in the path of the incident beam, shows 

the presence of multiple scattering. Absorbers having small thicknesses are to be chosen 

for which the FWHM of the photo-peak does not changed in the above process. 

2.3.3. Requirements in the detector system 

A coaxial high-purity germanium detector (HPGe) was procured from "Oxford 

Instruments", USA for the present set of measurements. The crystal characteristics were: 

diameter 57.7 mm; length 57 mm; hole-diameter 10.2 mm; hole-length 44.3 mm; 

germanium dead layer thickness, 600 ~m (see Fig.2.4). The relative efficiency of the 

detector as measured by the manufacturer was 39.8%. The FHWM at 1.33 MeV was 1.77 
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keY and the peak to Compton ratio was 67.1. A "Tenelec" spectroscopic amplifier was 

used with 12 I.!S Gaussian peaking time. The amplified pulses were fed to the input of 

"Tenelec PCA3" pulse height analyzer fitted into an ISA slot of a Pentium-based 

computer. A high-quality "Assayer" data analysis software was used to control, acquire, 

store the spectrum in a binary data file and finally analyze the data. Further details of the 

detector are given in Sec. 3.3.3 of chapter 3. 

II 
57.7 mm [ __ _ 

1+-------·---+1 
44.3 mm 

57mm 

(a) 

I 10.2 mm 
p+ contact 

n+ contact 

(b) 

Fig.2.4. Schematic diagram showing (a) the HPGe crystal dimensions and (b) the fundamental biasing. 

2.3.4. Gamma ray sources used in the measurements 

A 200 mCi 65Zn source (half-life = 243.8 days), procured from the Bhabha 

Atomic Research Center, Mumbai, India, was used as source of 1.115-MeV mono

energetic y-ray photons. The source was encapsulated in a stainless steel capsule of 

dimension 1.0 em diameter and 1.1 em length whereas its active size was approximately 

4mm. diameter x 3mm long. A weak 65Zn reference source (20!.!C) was used in various 
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adjustment works like study of the drifting of photo-peak with respect to channel number 

as a function of time, calibration of energy channels and so on. Multiple-energy 

calibration of the whole window were performed with 137 Cs (Photon energy, m = 0.662 

MeV) and 6°Co (m = 1.173 and 1.332 MeV). The strength of 6°Co source was 

approximately 10 mCi. 

2.3.5. Absorbers used in the measurements 

Solid tungsten and lead absorbers in the form of square (5 em X 5 em) sheets and 

of thicknesses of 1.93-12.35 g/cm2 and 1.135-3.80 g/cm2, respectively, were used. 

These 99.9995 %pure absorbers were procured from "Alfa Aeser", USA. Lead absorbers 

having thicknesses higher than 3.80 g/cm2 were arranged localiy and were 99.99% pure. 

It is important that the target materials be thick enough to have a sufficient number of 

atomic targets yet be thin enough (much less than the mean free path of the photon, that 

is, t (( 1/ Jl) to avoid multiple scattering. Other absorbers used in the attenuation 

measurements, namely aluminum, iron and tin, were 99.99% pure. 

2.4. Experimental Method and Measurements 

The absorption of y-ray in matter is well known and is given by 

I= 10 exp(-,u t) (2.3) 

where ,u is the linear attenuation coefficient, I and /" are the intensities of transmitted 

and incident y-rays respectively and t, the distance of matter traversed. If t is in g/cm2 

then ,u in cm2/g will be given by 

ln(/" I I) 
,u= 

t 
(2.4) 

and the total photon cross section at
01 

is given by 

a [barn/ atom]= fl [cm
2 1 g] / 

tot I (NA I A) X w-24 
(2.5) 
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where N A is Avogadro's number and A is the atomic weight of the absorber. In terms of 

transmission ratio R (=I I I0 ) the attenuation coefficient is given by f.1 = (ln(l/ R))lt. If a 

number of transmission measurements are done for a given absorber thickness at a 

particular y-ray energy, the attenuation coefficient can be computed using the mean value 

of R and the average absorber thickness t. The standard deviation S 
11 

of the measured 

value of !l in terms of the standard deviations S 8 of Rand S, oft is given by 

(2.6) 

If a mean value of f.1 is evaluated from ll 's measured at n different thicknesses of the 

absorber, the standard deviation of the mean vaiue can be written a.'! 

(2.7) 

where S f.1, i is the standard deviation of corresponding to ith thickness of the absorber. 

2.4.1. Procedure 

As already stated the detector assembly was first tested for its stability in terms of 

drift in the photo peak and suitably calibrated. A perspex holder was used to place the 

absorber with its surface normal to the well collimated incident beam. Different 

transmitted data for the same sample were taken by exposing different portions of the 

surface so that error arising due to variation in thickness of the sample could be 

minimized. Corresponding to each acquisition of transmitted data, background counts 

were recorded for 2 to 3 hours by placing a 20 em lead block in between C4 and C5 with 

(1) the source removed from its place (Bg-1) and (2) the source present in it place (Bg-2). 

The difference between count rates Bg-1 and Bg-2 were negligible which demonstrate the 

effectiveness of the shields and the collimators in preventing any rise in background in 

actual transmitted data. For each thickness of a sample, the spectra were acquired 

successively in the following order: background count (Bg-1), direct count or the count 

without absorber (DC), transmitted count or the count with absorber (TC), and 
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background count (Bg-2). The elapsed live times of the data acquisition varied from half 

an hour to several hours. As mentioned, Bg-1 ~ Bg-2.The time normalized background 

spectrum for each observation was subtracted from the transmitted spectrum and the 

direct spectrum. Selection of the region of interest of the photo-peak was done just within 

its FWHM by using the tool "ROI' of the analyzing software "Assayer" to obtain the 

integrated count N. The transmitted count rate N' =N/elapsed live time. Similarly, the 

direct count rate N~ was obtained. Then, for each thickness the average of all N' and all 

N; were calculated as N' andN~. As the distance between the source and detector and 

other geometrical factors remain the same, I/ I o = N '/ N ~ . 

The elapsed live time for a single photo-peak varied from 30 minutes to 8 hours so that 

the statistical errors weic reduced to 0~1 to 0~3 o/o~ For each sample, measurements were 

repeated for three or more thicknesses. Also, the systematic errors arising from geometry, 

absorber, source-size and background scattering effects have been reduced to an extent 

less than the statistical error. 

2.4.2. Measurements 

(A) Effect of solid angle on the attenuation coefficient measurements 

A set of measurements of attenuation coefficient of lead at 1.115 MeV were done 

at the three different geometries (see Table 2.1.). The result showed that the influence of 

the solid angle was not significant. 

(B) Effect of thickness of the absorber on the attenuation coefficient measurements 

We carried out measurements of~ of lead at 1.115 MeV using the HPGe detector 

for various thicknesses keeping the geometry of the experimental same. As observed by 

other workers, we found that the effect of thickness on the measurements was negligible 

a long as the condition J1 t (( 1 was satisfied. The FWHM of the photo peak was found to 

increase slightly when t >> ~ . 
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(C) Attenuation coefficient Data 

The attenuation data was taken in the geometry for which the source to absorber 

distance (dl), the absorber to detector distance (d2), the maximum angle of scattering of 

the scattered photon (eo), and the maximum solid angle of the scattering-cone from 

absorber to the centre of detector ( w") were 55 em, 125 em, 22.5 minutes and 12.6 xl0-6 

sr respectively. The absorbers, mostly metals, were taken in the form of thin square sheet 

of approximate size Scm x 5 em. Three to six different thicknesses, satisfying fJ t ( ( 1 , 

were chosen for each element. The average sample thickness was determined to an 

accuracy of 0.05 %. The samples taken were 99.99 %chemically pure. Mass attenuation 

coefficients of Al, Fe, Sn, W and Pb were measured at photon energies of 1.115, 1.173 

and 1.332 MeV .. The overall accuracy in the result is of the order l %. Comparison of 

the measurements (present and earlier experimental data) with the XCOM predictions has 

been done in Table 2.2. A graphical comparison of the theoretical and the measured 

values of attenuation coefficients is presented in Fig. 2.5. 

Table 2.2 

Comparison of experimentally determined values of y-ray attenuation coefficients 

with the XCOM predictions, all values are given in cm2/g. The uncertainty in the 

last decimal place(s) is given within parenthesis 

Energy Present XCOM 
Element 

(MeV) Measurements Other Measurements values 
Ref [119] 

1.115 0.0578(2) 0.0580(29t, 0.0583(2)0 0.05822 

AI 1.173 0.0562(3) 0.0567(2)0 0.05676 

1.332 0.0530(3) 0.0531(2)b 0.05321 

I 



Table 2.2 (Continued) 

Energy Present 
Element (MeV) Measurements 

1.115 0.0565(2) 

Fe 1.173 0.0548(3) 

1.332 0.0514(3) 

l I 
I 

I 
1.115 0.0538(2) 

Sn 1.173 0.0526(2) 
t-I I '"" --- ....... I 

ol'"'\ A C*\Afl"''o'>. 

I I LUL I 

~+ 
v.v4~~~L.J 

Lll5 0.0598(1) 
l 

l 
L----- --r--w 
I_ 

1.173 0.0579(2) 
l 

I 

I 
1.332 0.0533(2) 

1.115 
I 

0.0638(1) 

Pb 1.173 0.0612(2) 

1.332 0.0554(2) 

aumesh et al., Ref [127] 

b Goswami and Chaudhuri, Ref [124] 

c Conner et al., Ref [128] 

d Hansen and Parthasaradhi, Ref [129] 

e Murti et al., Ref[l30] 

f Umesh et al., Ref [131] 

g Kane et al., Ref [132] 

Other Measurements 

0.0568(1)0 

0.0557(1)b 

0.0521(1)0 

0.05348(22)c 

0.0528(5)ct 

AAA0"7f1\ct 
V.V'"tO /"!) 

0.0603(7)e, 0.05964(28t 

0.0658(10i, 0.06324(32t 

0.0640(l)b, 0.0628(6)e 

0.0615(1)b, 0.0610(5)g 

0.0557(1)0
, 0.0553(5)g 
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XCOM 
values 

Ref [119] 

0.05671 

0.05526 

0.05181 

0.05432 

0.05277 

() ()Li Q'J L1 

0.06055 
-

0.05830 

0.05352 

0.06444 

0.06175 

0.05616 
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Fig.2.5.Measured attenuation coefficients of lead, aluminum and tin. The solid lines represent the XCOM 

predictions. 

2.5. Evaluation of uncertainties in measurements 

The total error in the measurement of attenuation coefficient of a sample at a given 

photon energy is evaluated by combining the standard deviation of the set of transmission 

ratios and the standard error of the thicknesses. Errors are evaluated following the eqns. 

(2.6) and (2.7) and are presented in Table 2.3. 

The statistical errors were reduced, to an extent much lower than the systematic 

errors, by taking large numbers of counts for each set. The systematic errors arising from 

the following were taken into consideration: 

(a) The photons scattered within the angle eo = 22.5' and detected in the detector do not 

produce any significant error in the measurement. Through a calculation involving 
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integration of Compton and Rayleigh differential scattering cross sections within the 

limits e = 0 toe= 22.5', we found that the contribution of scattering to the photo peak 

count is less than 0.3 %. 

(b) The error arising out of multiple scattering was minimized by (i) choosing very thin 

samples as discussed in previous sections (ii) performing the experiment in the narrow 

beam geometry. 

(c) The effect of energy degradation of primary photons due to Compton scattering 

within the volume of the radioactive source was not a source of error in the 

measurements as (i) the size of the source was very small (4mm. diameter x 3mm long), 

(ii) the detector had a better energy resolution (FWHM at 1.33 MeV was 1.77 keV). 

Table 2.3. 

A representative data showing the method of evaluation of results and the 

corresponding errors. Only the first significant figure in the fourth decimal place of 

the error is shown. (Absorber: lead; y-ray energy: 1.115 MeV) 

Average Mean 

absorber transmission 

thickness, t ratio, R 

I ~--~--~ 

11 = ln(l/ R) I Average 11 s J1 sp I 
t I R 

(g/cm2
) 

(em~- 7 I 

-~ 
1 1.148 0.92874 1.0767 0.0641 

2.432 0.85504 U695 0.0642 

3.821 0.78186 1.2790 0.0643 2 
0.0643 

5.578 0.69821 1.4322 0.0643 

7.811 0.60469 1.6537 0.0644 

10.12 0.52116 1.9188 0.0644 
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(d) Better energy resolution (FWHM at 1.33 MeV was 1.77 keV) of the HPGe detector 

ensured that the transmitted photo peak did not contain significant photon counts of other 

energies. 

(e) A counting system loses some counts at high counting rates due to its finite resolving 

time. In the geometry followed in the present measurements, the dead time for all the 

acquired spectrum was nearly zero. 

(f) The error due to background counts were minimized in the manner described in Sec. 

2.4.1. 

2.6. Photoelectric absorption cross sections derived from the 

measured mass attenuation coefficients 

2.6.1. Introduction 

In atomic photoabsorption an electron is ejected from an atom due to absorption 

of a photon. It is a vertex process in an external field in which the initial electron is 

discrete and the final electron state belongs to the continuum. Neglecting radiative 

corrections, the matrix element of the process (h = m = c = 1) is 

(2.8) 

where k is the momentum and e is the polarization vector of the incoming photon, If/ 8 is 

the electron wave function of the discrete (bound) state, and lj/P is the electron wave 

function of the continuum state of momentum p. The differential cross section is obtained 

from 

(2.9) 



55 

The bound wave function If/ 8 is usually chosen in the hydrogen-like form and outgoing 

wave function If/ P is taken as an appropriate solution of the Dirac equation in a pure 

Coulomb field. The details of theory of photoabsorption at high energies can be found in 

the review by Pratt et al. [133]. 

Several compilations of photoabsorption cross sections have been published. The 

tabulation by Storm and Israel [134] covering an energy range of 1 keV to 100 MeV is 

accurate within 2-3 %. Scofield [1351 carried out calculations for individual subshells for 

all atoms Z= 1 to 101 for photon energies 1 ke V to 15 MeV and these photoabsorption 

cross sections are reported to be accurate within 0.1 %. 

Hubbell et al. [118] prepared the complete tabulation by renormalizing the 

Scofield values in the energy region 1 to 1.5 MeV and they also extrapolated the Scofield 

cross sections up to 100 GeV by using an empirical formula developed by Pratt [136]. 

Photoabsorption cross sections can be found in the online database XCOM [119] which 

in the energy region 1 to 1.5 MeV is basically taken from [135]. 

Photoabsorption cross section are obtained experimentally, in the so called 

indirect method, by subtracting the cross sections of competing processes like Compton 

and Rayleigh scattering, pair production etc. from the measured total cross section. Thus, 

correctness of such measurement directly depends on the accuracy of theoretical 

predictions of competing processes. The direct method involves the determination of 

photoelectrons or x-ray intensity produced by the irradiation of the absorber with a 

known photon flux. 

Photoabsorption is important not only from physics point of view but also due to 

its wide applications in other areas of research. Of the three processes Compton 

scattering, photoabsorption and pair production involved in the attenuation of a beam of 

photons in matter, Compton scattering is the most dominating contributor at energies near 

pair production threshold. For example, the attenuation in carbon (Z=6) at these energies 

is solely due to Compton scattering. As the atomic number (Z) of absorber increases 

contribution of photoabsorption to the total cross section also increases sharply. This can 

be seen in Fig.2.6 in which theoretical values of cross sections at a fixed photon-energy 
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of 1.115 MeV have been plotted against Z. Such behavior (Z5 dependence) of 

photoabsorption is being explored in spectroscopic studies of astrophysical data, medical 

science and so on. 
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Fig.2.6. Theoretical cross sections of total (A), Compton (B) and photoabsorption (C) as a function of 

atomic number of the absorber. 

2.6.2. Results 

The measurements of photoabsorption cross sections using the HPGe detector at 

energies near the pair production threshold have been carried out for lead, tungsten and 

tin. For this an indirect method was followed in which photoabsorption cross section is 

obtained by subtracting other competing cross sections from the measured total cross 

section. The results are compared with the theoretical values of XCOM [ 119] and are 

presented in Table 2.4. The columns ( 1 ), (2) and (3) of Table 2.4 are theoretical cross 

sections [119] of Rayleigh scattering, Compton scattering and pair production 
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respectively. Column (4) is the sum of columns (1 ), (2) and (3). Experimental values of 

total cross sections, taken from the present measurements given in Table2.2, are shown in 

column (5). Theoretical cross sections [119] of photoabsorption are given in column (7). 

Table 2.4 

Measured photoabsorption cross sections near pair production threshold are 

obtained by subtracting column (4) from (5) and are depicted in column (6). All 

cross sections are expressed in barns/atom. Theoretical cross section in columns 1-3 

and 7 are taken from XCOM 

(I) (2) (3) (4) (5) (7) 

Ph t o on easure a sorp wn 

Atomic 

1 

Energy 

I 
I I [(I )+(2)+(3)] total cross 1 Theoretical 

(J'coh 
I 

(J'incoh 
I Kn 

Number (MeV) 
I I cross section I value of 1: 

I I sections [(5)-(4)] I 

~ 
I Ul5 0.8309 16.32 0.0133 17.16 21.95(3) 4.79(3) 5.013 

I 

--1-- .. 

S2 1.173 0.7525 15.91 0.0474 16.71 21.06(7) 4.39(7) 4.542 

1.332 0.5859 14.91 0.2604 15.76 19.06(7) 3.30(7) 3.564 

I 
~IS 0.6106 I 14.71 0.0104 15.33 2.93(3) 3.154 18.26(3) 

! 
74 1.173 0.5526 14.35 0.0365 14.94 17.68(6) 2.74(6) 2.856 

1.332 0.4298 13.47 0.195 14.09 16.27(6) 2.18(6) 2.243 

1.115 0.1995 9.975 0.0037 10.18 10.60(2) 0.42(2) 0.529 

50 1.173 0.1803 9.726 0.0128 9.919 10.37(4) 0.45(4) 0.481 

1.332 0.14 9.117 0.0664 9.324 9.64(4) 0.32(4) 0.381 
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The errors in the measured value of total cross sections are taken as the error of the 

derived photoabsorption cross section for a given energy and absorber (shown in the 

parentheses of column 6). 

2. 7. Discussions 

The overall accuracy of the measured values of total cross section is less than 1 

%. It is observed that the measured values of attenuation coefficients are in agreement 

with the theoretical values tabulated in XCOM [ 1 1 9]. Though the difference between the 

theory and the experiment is within 1.5 %, it is worthwhile to note that the most of the 

measured values of the total cross sections are consistently smaller than the XCOM 

predictions in this energy region (see Table 2.2). 

The difference between the experimental and the theoretical values of 

photoabsorption cross section for lead has been found to vary up to 8 %. Obviously, such 

differences, cannot be attributed to the theoretical prediction of photoabsorption cross 

section in XCOM alone, as the sum of theoretical values of other competing processes 

have been subtracted from the measured total cross sections. The low Z absorbers (Z<50) 

have not been considered for the purpose as their photoabsorption cross sections are 

negligible compared to the total cross sections ( T is merely 0.5 % of total cross section in 

case for Z=26). The experimental values of photoabsorption cross sections, as in the case 

total cross sections, are consistently smaller than the XCOM values. 



Chapter 3 

MEASUREMENTS OF DELBRUCK SCATTERING 

AT 1.115MeV 

3.1. Introduction 

The identification of the contribution of Delbriick scattering to the elastic 

scattering of gamma rays having energy about 1 MeV is usually done by comparing the 

accurately measured cross sections with the theoretical predictions including the S-matrix 

Rayleigh amplitudes [62-66] and Delbriick amplitudes calculated with the lowest-order 

Born approximation [49]. As the Delbriick amplitude is proportional to (Zai, normally, 

high-Z elements are chosen as the scatterers in such experiments. Modification of the 

theoretical value of elastic cross section due to the inclusion of Delbriick scattering, at 

these energies, is more visible at large scattering angles than at moderate angles. This is 

due to the fact that the Rayleigh and Delbriick scattering-amplitudes interfere 

constructively at large angles and destructively at moderate angles. As such, the 

measurements at these energies are usually done for large scattering angles (say, up to 

150°). In case of lead, at photon energy of about 1 MeV and large angles of scattering, the 

real Delbriick amplitude is about 10 % of the Rayleigh amplitude. From the point of view 
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of theoretical estimation of elastic cross sections at energies near 1 MeV the Rayleigh 

scattering is the predominant background since the nuclear Thomson amplitudes are well 

known and the contribution from the nuclear resonance scattering is negligible. 

The elastic scattering of photons in the X-ray and soft y-rays regimes has been 

investigated in several experiments, their surveys can be found in [67, 137, 138]. 

It is worthwhile to present a brief historical-prelude of the measurements of 

elastic scattering cross section in the Delbri.ick regime. The motivation of most of the 

earlier measurements at energies of few MeV was the detection of real part of Delbriick 

amplitude. The real part corresponds to the virtual electron-positron pairs and is related to 

vacuum polarization while the imaginary part corresponds to the real pairs and is related 

to the pair production. It was suggested by Ehlotzky and Sheppey [28] in 1964 that for 

detection of the real part the experimental accuracy should be close to 1 % and the 

Rayleigh amplitudes should be known with similar degree of accuracy. Therefore, in the 

early seventies numerous attempts were made [139] in order to understand the Rayleigh 

scattering at lower energies (0.1-0.7 MeV), where the contribution of Delbrlick scattering 

to the differential cross section is negligible. The overall agreement between these 

measurements and the calculations based on form factor approximation was about 6 % 

but for Z > 70 and 8 > 90° discrepancies up to 12 % were reported. The theoretical 

predictions including Rayleigh amplitudes of the K-shell obtained by extrapolating the 

results of Brown et al. [58-60] and the amplitudes of other shells from the form factors 

calculated in terms of relativistic HFS (Hartree-Fock-Slater) wave functions could not 

resolve the discrepancies observed in the earlier experimental data at energies near 1 

MeV. Most of these experiments remained inconclusive as far as Delbruck scattering was 

concerned. 

A definite evidence for the existence of the real part of Delbrlick scattering was 

found in the measurements at 2.754 MeV [92] when the experimental results were 

compared with theoretical estimates including the QED-Rayleigh amplitudes [62] and 

Delbriick amplitudes calculated with the lowest-order Born approximation [49]. With the 

availability of more reliable S-matrix Rayleigh amplitudes [63-66], the Delbriick 

scattering has been experimentally observed at energies near l MeV and below [96]. The 
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numerical accuracy of S-matrix Rayleigh amplitudes [64, 66] is better than 1 % and the 

overall the agreement between experiment and theoretical prediction based on S-matrix 

Rayleigh amplitudes is within 3% [96]. Details of these investigations have been outlined 

in section 1.4.2.2 of the first chapter. 
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Fig.:U. Comparison of experimental differential cross sections of elastic scattering of 2.754 photons by 

uranium with the theoretical predictions. The dashed curve includes amplitudes of Rayleigh (by S-matrix 

method), nuclear Thomson, nuclear resonance and the lowest-order Delbriick scatterings. The solid curve is 

same as the dashed curve but also includes the Coulomb correction effect. 

The agreement between the measurements and the prediction including the 

Delbrtick amplitudes calculated in the lowest-order Born approximation was, by and 

large, good. However, the lowest-order Delbrtick amplitudes were found to be 

insufficient (off by factor up to 1.7 in the angular range from 30° to 90° for uranium at 

2.754 MeV as depicted in Fig.3.l) at relatively higher energies and for scatterers having 

atomic numbers greater than 50. Additions of the so called Coulomb correction terms (of 

order - (Za)4
) to the lowest order Delbrtick amplitudes were found to remove the 
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discrepancies between the theory and the most of the experimental data at higher 

energies. Refer to section 1.4.2.2.1 of the first chapter for the details of Coulomb 

correction effect. 

Experiments have suggested that the lowest-order Delbriick amplitudes are 

sufficient at 1.33 MeV for Z = 42, 73, 82 and 92 [95, 96]. Similar behavior has been 

observed at 1.121 MeV and 0.889 MeV, but for uranium (Z = 92) only [96]. 

The motivation of the present experiment, with a HPGe detector and improved 

computer assisted data acquisition and analysis systems, using a monochromatic (65Zn, 

l.l15 MeV) photon source with high-Z target atoms (lead and tungsten), is to further 

establish (for Z other than 92) whether we can rely on the lowest-order Born 

approximation Delbriick scattering amplitudes at energies iower than 1.332 MeV. A 

somewhat similar situation has been observed [ 136, t40] in the energy dependence of 

photoeffect cross sections, where the Born approximation energy dependence is 

corrected, in addition to a Stobbe factor, by further terms (but in Za). The terms are small 

in the energy range 0.5 to 2.0 MeV but they become large at higher energies (3 MeV and 

above), in high-Z elements decreasing the cross sections by a factor of 2. Thus the results 

of the present experiment are expected to throw some light on the question of adequacy 

of the lowest-order Born approximation calculation of Delbriick amplitudes at the entire 

lower energy regime (m $ 1.33 MeV) and for most of the high-Z scatterers. 

The present work consists of precise and accurate measurement of differential 

elastic cross section of 1.115 MeV photons from high-Z scatterers (tungsten (Z=74) and 

lead (Z=82)) at intermediate and large scattering angles. The experimental results are 

compared with the theoretical scattering cross section obtained from the coherent sum of 

the S-matrix Rayleigh amplitudes, the nuclear Thomson amplitudes and the Delbriick 

amplitudes in the lowest-order Born approximation. The corresponding cross sections 

obtained from various form factor approximations have been presented for comparative 

study. 

The experiment consisted, essentially, in detecting the elastically scattered 

photons from a scatterer placed in the path of a well collimated beam of y-ray photon 
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emitted from a radioactive y-ray source kept in a properly shielded housing. A properly 

shielded detector is rotated about the target in a plane including the center of the source in 

order to cover the scattering angles ranging from 30° to 135°. 

In this chapter the details of experimental arrangement, procedure of acquiring 

and analyzing the data, determination of cross sections, sources of error and its 

minimization technique, theoretical estimation of data, experimental results and their 

accuracy limits etc. have been presented. 

3.2. Fundamental requirements in the design of ''good 

geometry" of an elastic scattering experiment 

The fundamental criteria of 'good geometry', for a given detector, in the design of 

an elastic scattering experiment are: 

( l) the number of elastically scattered photons reaching the detector should be 

maximized, 

(2) the background counts must be minimized, 

(3) the angular spread of the beam reaching the detector has to be minimized and 

(4) thin targets have to be used so that multiple scattering and bremsstrahlung radiation 

produced by secondary electrons in the target are reduced. 

3.3. Experimental arrangements 

The experimental setup for carrying out measurements at intermediate and large 

scattering angles is made in accordance with the fundamental criteria of 'good geometry' 

mentioned in section 3.2.The precautions taken for checking any deviation from 'good 
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geometry' and the various steps taken to minimize the sources of errors are described in 

the following sections. 

3.3.1. Collimation of primary y-ray beam 

The experimental set up used for the measurement of elastic differential scattering 

cross section has been depicted in Fig.3.2. A high degree of collimation of the primary 

beam of y-ray photons was obtained placing the source of photons S in a solid cylindrical 

lead block B1 having 15-cm-deep conical bore. The cylindrical block B1, having radius 

7.5 em, was then shielded on the sides and back by a minimum of 20-cm lead bricks. 

'' ! 

I 

~----~--

Fig. 3.2. Schematic diagram of the experimental arrangement used for the measurement of differential cross 

section of elastic scattering. 

These lead bricks are shown as block B2 in Fig.3.2. The y-ray source of photons S was 

kept in the rear hole of the conical bore. The exit aperture of the bore was approximately 

1.8 em. Extra shielding materials (Blocks B4 and B5) were placed in front of the detector 

in order to avoid unwanted photons heading towards the detector. The source to target 
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distance r1 was varied in such a way that a uniformly collimated beam of y-ray photons 

might strike all parts of the target. For a given strength of the source and a given 

scattering angle, the distances r1 and r2 are varied in such a way that the number of 

elastically scattered photons reaching the detector is sufficient enough to generate a 

distinct photo peak as mentioned in criteria no. (1) of section 3.2. 

3.3.2. Requirements in the targets 

Even when the primary y-ray beam is narrowly collimated a significant number of 

multiply scattered photons from the absorber may reach the detector if the thickness of 

the absorber is large. Moreover, the bremsstrahlung radiation produced by secondary 

electrons in the target might produce unnecessary background counts in the detector. 

Multiple scattering, bremsstrahlung radiation and also angular spread in the scattering 

angles can be reduced by employing thin targets. In order to reduce the number of such 

photons very thin absorbers having thickness t, so that JL t (( 1, where J1 is the 

attenuation coefficient, are used. The target can be placed either in reflection or 

transmission geometry, as shown schematically in Fig.3.3 for 90° scattering. 

a) Transmission geometry s b) Reflection geometry s 

Fig.3.3. Schematic experimental arrangements for (a) transmission geometry and (b) reflection geometry. 
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In reflection geometry the angular spread is significantly reduced and it is least when 

Sincp _ 3_ 

Sin(8- cp) r2 

(3.1) 

where 8 is the mean angle of scattering and rp is the angle between the direction of 

primary photon beam and the plane of the target. We used both reflection and 

transmission geometries for intermediate angles ( 8 < 90° ). For larger angles 

( 8 2 90°) reflection geometry was used. 

3.3.3. Requirements in the detector system 

The high resolution coaxial high-purity germanium detector (HPGe) D was 

mounted on a moveable cart. The detector was shielded on its curved sides by a 
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Fig.3.4. A typical HPGe detector within its vacuum capsule. 
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sufficiently thick cylindrical layer of lead, the block B3 of Fig.3.2. The details of the 

detector like its resolution, efficiency etc. are described in section 2.3.3 of chapter 2. A 

schematic diagram depicting the different components of the detector assembly is shown 

in Fig.3.4. The preamplifier of the detector is incorporated as part of the cryostat package, 

which was maintained at liquid nitrogen temperature in order to reduce electronic noise. 

The output signals from the preamplifier were fed to the "Tenelec" spectroscopic 

amplifier for further amplification and shaping the pulse. It was set at 12 ~s Gaussian 

peaking time. The amplified pulses were fed to the input of "Tenelec PCA3" pulse height 

analyzer fitted into an ISA slot of a Pentium-based computer. A block diagram 

representing the electronics of data acquisition system has been shown in Fig.3.5. 

Preamplifier 

I li =:J I_ Oscilloscope 

MCACard 
and PC 

PC 
Monitor 

Fig.3.5. Block diagram showing the electronics of the experimental set up. 
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3.3.4. Other Requirements 

The requirement, that the number of elastically scattered photons reaching the 

detector should be maximized, can be achieved by (i) employing y-ray source of 

reasonable strength, (ii) optimizing the distances r1 and r2 , (iii) selecting scatterer of 

suitable atomic number Z, particularly high Z target since Delbriick scattering cross 

section goes as (zat and (iv) thick enough to have a large number of scattering centers 

but at the same time thin enough to reduce multiple scattering and angular spread. 

Reduction of background counts is achieved through collimation of primary beam of 

photons and proper shielding of the detector and the source. 

The 1.115 MeV y-ray photons used in the present scattering measurements were 

obtained through a 200 mCi 65Zn source. A 20 ~-tC weak reference source (of 1. 115 

photons) was used in auxiliary experiments. A brief description of the sources can be 

read from section 2.3.4 of chapter 2. Accurate measurement of Delbri.ick scattering also 

demands that the absorbers are sufficiently pure. 99.9995 % pure absorbers, in the form 

of square (5 em X 5 em) sheets, were procured from "Alfa Aeser", USA. Thickness of 

tungsten varied from 1.93 to I 2.35 g/crn2 and that of lead varied from L 125 to 3.80 

g/cm2
. 

3.4. Experimental Method and Measurements 

The method usually adopted for determining the differential scattering cross 

section of low-energy photons from the experimental data at moderate and large 

scattering angles has been described in detail in the following sections. A brief derivation 

of the required expression [67] has also been presented. The experimental arrangement 

adopted in the measurements is shown in Fig.3.2. A simplified diagram of the 

arrangement has been depicted in Fig.3.6, which is useful for deriving the required 

expression. 
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For a mono-energetic point source emitting S strong number of photons per unit 

time and per unit solid angle, the scattering count rate at the detector can be written as 

da 
N,,·catt = NAT S strong AD CD - G ' 

dQ 
(3.2) 

where the geometrical factor G representing the correction for absorption of incident and 

scattered photons is given by 

(3.3) 

The factor in eqn. is the same as the Gottingen-group G factor [1061 if the 

attenuation through air is neglected. In the above equations, NAT is the total number of 

atoms in the target, AD and V !re the effective cross sectional area and volume of the 

Source, S 

Fig.3.6: Geometry used in deriving formulae for measurement of differential scattering cross section. 
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detector respectively, £ 0 is the detector efficiency at the given photon energy, da is the 
dQ. 

differential scattering cross section, fltir and J11 are the attenuation coefficients of air and 

the scattering medium corresponding to incident photon energy whereas fl~ir and f.i 2 are 

corresponding terms for scattered photon energy. For elastic scattering f.itir = f.i~ir and 

f.i1 = f.i 2 • If fj and r2 are large compared to the scatterer dimensions eqn. (3.2) can be 

rewritten as 

where the transmission factor T is 

T = ~- fdV exp(-,U1x 1 )exp(-j.i2x2 ), 

WXlft 

(3.5) 

where x1 and are the distances traversed in the target before and after the scattering 

event respectively. One can get rid of the terms S ,rrong and AD by performing an 

auxiliary experiment where one measures the direct count rate Ndir by placing the source 

at a large distance r from the detector. 

N S AD ( air ' 
rlir = stmnK -2 exp _-,ill r) Eo. 

r 
(3.6) 

From equations (3.2) and (3.6), we write 

da ___ exp(-J.Ltrr) N,catt £~ 

dQ. N ATT r
2 

Ndir £ D 

(3.7) 
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Since the absolute efficiency is a function of geometry of the experimental set-up £~ is 

different from£ v- In order to avoid the ratio£~ I£ 0 , which might pose as a major source 

of uncertainty, another approach was followed, in which one can eliminate efficiency 

factors. 

The technique is to place a weak source, of strength s re 1 and having the same 

dimensions as that of the scatterer, at the position of the scatterer. Thus, the detector 

count rate Nre 1 is 

(3.8) 

Using equations (3.8) and (3.4), one gets 

(3.9) 

For targets having the shape of thin sheets having uniform thickness t, the approximate 

expression for geometrical factor is given by 

(3.10) 

for transmission geometry, and 

(3.11) 
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for reflection geometry. 

The main sources of error in this method are the measured values of the ratios 

sref I S,trung and N,w 11 /Nref. Errors in the ratio sref I S,trang may be as high as 5% [98]. 

Error in f.1 is about 1-2% for photon energies above 100 keV [118, 122,123,126, 132]. 

3.4.1. Procedure 

The detector assembly was housed on a moveable cart the height of which could be 

adjusted such that the centers of the source, target and the detector lie on the same 

horizontal plane. The scatterers were fixed in a perspex holder and placed on the center of 

a well-graduated (in terms of angles) circular wooden tabletop. Before placing the strong 

source at the rear hole of the conical bore, the position of the scatterer was checked with 

the help of a telescope placed behind the rear hole and it was ensured that the whole area 

of the scatterer was exposed to the primary photon beam and the center of the target was 

on the axis of the bore. The detector, coo]ed to the liquid nitrogen temperature, was then 

properly biased as per the specification of the manufacturer and then tested for its 

stability. For this several direct spectra, with the distance between the weak source and 

the detector adjusted for minimum or zero dead time loss, were acquired for elapsed live 

time ranging from 30 minutes to few hours. The electronic drift, measured in terms of the 

channel number of the center of the photo-peak and its FWHM, was negligibly small or 

not observed. The experiments were carried out in a big room, with wooden walls, 

maintained at a constant ambient temperature. 

The energy channels were calibrated using standard sources like m Cs (Photon 

energy, ffi = 0.662 MeV) and 6°Co (ffi = 1.173 and 1.332 MeV). Help of the inbuilt library 

of certain standard spectra, available with the MCA software analysis package "Assayer", 

was also taken for calibration purposes. For measurement at each scattering angle, the 

source to scatterer distance r1 and the scatterer to detector distance r2 were varied so as 

to fulfill the requirement number (1) mentioned in section 3.2. The distance r1 was varied 

in between 44.8 and 72.5 ern whereas r2 between 23.0 and 61.4 em. At intermediate 



scattering angles, the dependence of cross section with angle is sharp, therefore, the 

variation in 'i and r2 was done in compliance with requirement of minimum angular 

spread. The background counts, at each scattering angle, were taken after properly 

placing the shielding materials at the positions of the source and the detector. The 

background spectra, with the strong source at its position, were acquired in the following 

sequence: 

(i) with the scatterer in its position so that the primary beam of photons struck it 

but the detector not facing the scatterer, 

(ii) with the scatterer placed but not in line with the source so that the primary 

beam of photons did not strike it properly and the detector facing the scatterer, 

and 

(iii) without the scatterer. 

In all these cases, the shape and integrated count rate of the background spectra remained 

practically the same indicating that the shielding was effective and contribution of the 

scattering dependent background was negligibly small. At large scattering angles the 

elastic event rate is small and therefore, the distance '2 was reduced and extra shielding 

materials were placed. 

The analysis of data was performed using the software "Assayer". It allowed us to 

obtain the net spectrum by subtracting the time normalized background spectrum 

(henceforth called ambient background) from its conesponding scattered spectrum. In 

general, even a net scattered spectrum is found to contain the so called continuum 

background on the lower energy side of the elastic photo-peak. The continuum 

background may be due to the Compton scattering of the primary photons through small 

angles by air or by the materials close to the source and the detector or by electron in the 

target, the pile-up generated pulse height modifications, multiple scattering in the target 

and bremsstrahlung from the electrons released in the target through photo-effect or 

Compton processes. For a mono-energetic source like 65Zn the continuum background 

correction is not that important as in the cases of photo-peaks conesponding to smaller 
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energies of a multiple energy source. However, as the software "Assayer" had the 

capability of calculating and fitting a straight line continuum background correction, it 

was applied to the neighborhood of the peaks. The reduction in the net scattered count, 

after continuum background subtraction, at each the scattering angle was less than 1 %. 

The determination of the ratio sref I S,trong of the strength of the weak reference 

source to that of the main strong source, in principle, can be simply done by comparing 

the counting rates in the detector from the two sources in the same geometry. However, 

the small size of the ratio ( -l o-5
) makes a direct measurement impractical. The ratio was 

measured according to the well-known methods [95]. It was also measured following the 

open geometry method in which the distance between the source and the detector has to 

be large so that inverse square law is applicable. The difficulty in this method is that the 

strong source has to be placed at a large distance from the counter so that the dead time 

loss in the detector is minimized and at the same time the weak source demands that the 

distance be small enough so that sufficient counts are registered in the detector. The ratio 

was also determined theoretically as per the specification provided by its manufacturer 

(B.A.R.C., India). The values of the ratio obtained by these three different methods were 

found to be consistent with each other, their uncertainties being about 3.5 %. 

After having fulfilled most of the criteria mentioned in section 3.2, the order of 

acquisition of data for a target at a given angle and the procedure of extracting the rates 

of scattered countN,cuu and the reference count N,e 1 from the data are given below 

sequentially: 

(i) the background spectrum (Bg-S l) was recorded with the main strong source 

in its place and without fixing the target on the perspex holder for 

considerable length of time 

(ii) the main scattered spectrum (Sc) was acquired for live time ranging from few 

hours to few days, 
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(iii) the background spectrum (Bg-S2) was again recorded by removing the target 

from the perspex holder for considerable length of time, 

(iv) the strong source and the scatterer were removed from their positions, 

(v) the background spectrum (Bg-Wl) was recorded, 

(vi) the reference spectrum (Wk) was acquired by placing the weak reference 

source at the position of the target, 

(vii) the background spectrum (Bg-W2) was again recorded, 

(viii) The consistency in the background spectra "Bg-S 1" and "Bg-S2" were 

checked and were found to be almost identical. The background corrected 

scattered spectrum (Sc*) wa..;; obtained by subtracting the time normalized 

"Bg-Sl" or "Bg-S2" from "Sc", performed automatically by the analysis 

package on channel to channel basis. 

(ix) After checking the consistency in "Bg-Wl" and "Bg-W2", the net weak 

spectrum (Wk*) was similarly obtained. 

(x) Finally, the net scattered spectra "Sc#" and "Wk#" were obtained by 

subtracting the continuum backgrounds from "Sc*" and "Wk*" respectively 

(xi) The scattered elastic count rate N"'"tt was then evaluated from the spectrum 

"Sc#" by the selecting a Region Of Interest (ROI) around the elastic photo

peak. The so called ROI method, an option available in the software, of 

finding the total number of counts within a selected energy band was also 

useful in getting the statistical error of the data. The ROI selected around a 

scattered photo-peak contained 1 0 to 1 4 channels depending on the angle of 

scattering. Two consecutive channels were separated by 0.5 keV. 
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Similarly, the reference count rate Nref was obtained from the file "'Wk:#" using the ROI 

method. 

A portion of a scattered spectrum (Sc) of lead (thickness 

scattering angle of 30° has been shown in Fig. 3. 7. 

CJ) ...... c 
::J 8.0x1 04 r-
0 
() 

CJ) 
CJ) 

e 
(!) 

I I 

Z=82 

e = 30°, 

t = 1.135 g/cm
2 

• 
1\ I • 

I \ 
• I 

I \ 

I \ 

I ~ 
i \II 
I . 
r \, 

••••••• I 

1.135 g/cm2
) at an 

-

-

-

................. ~· •, 
0.0 L------'----..I.----'----L.----'-----L1 -·-·==-·..:.•~·....J·.__ _ ___, 

2220 2230 2240 

Channel Number 

2250 2260 

Fig.3.7. A portion of the scattered-spectrum from lead. Here, the scattering angle= 30°, target 

thickness= 1.135 g/cm2
, Elapsed live time= 371256 sec. Each dot represents the count of the 

corresponding channel and the lines joining them simply suggest the nature of photo-peak. 

As mentioned above, the net scattered spectrum (Sc#) was then obtained by subtracting 

the backgrounds. The net spectrum obtained from the scattered spectrum of Fig. 3.7 has 

been depicted in Fig. 3.8. 
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Fig. 3.8. A typical photo-peak taken from the net spectrum obtained after the subtraction of ambient and 
continuum backgrounds. Here, the scattering angle= 30", target thickness= 1.135 g/cm2

, Elapsed live time 
= 371256 sec. Each dot represents the count of the corresponding channel and the lines joining them simply 
suggests the nature of photo-peak. 

3.4.2. Errors and Corrections 

Sincere efforts were made in order to minimize both the systematic errors as well 

as the statistical errors. The systematic errors arising out of the measurements like linear 

distances, the angles, the thicknesses of the scatterers etc. were restricted to their lowest 

possible values by carrying out the measurements very precisely. 

As mentioned already in chapter 2, the energy channels of MCA-window of the 

high-resolution (FWHM 1.77 KeV at 1.33 MeV) HPGe detector was suitably calibrated. 

The detector was checked for drift of the channels by comparing the central channel 
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number, FWHM and count rate of the photo peaks of the two direct spectra acquired for 

about half an hour each under same conditions. The monitoring of electronic drift was 

continuously made during the experiment as mentioned below. 

One of the main sources of error is the ratio of intensities of the weak reference 

source to the main strong source, s,.ef I Ssrrong. As discussed earlier, the accuracy in the 

value of this ratio, determined via different approaches, is within 3.5 %. In the 

determination of this ratio by open geometry method, the detector showed dead time loss 

of up to 46 % even when the strong source was placed at a distance of 528 em. The effect 

of dead time loss was not observed during the acquisition of data for calibration, 

background and scattering. 

Use of very thin scatterers (thicknesses ranging from 1.135 to 3.80 g/cm2 in case 

of lead), as per the requirement no.(4) mentioned in section 3.2, yielded low scattering 

counts. It was very important to minimize the ambient background as far as possible 

because of the low event rate for elastic scattering, particularly at large scattering angles. 

The main sources of background were: 

(i) stray radiation from the concrete walls, ceiling and the floor of the 

laboratory room, 

(ii) radioactivity on the air and the surroundings of the detector, 

(iii) cosmic radiation components, and 

(iv) scattered radiation from the supports and shielding materials in the 

vicinity of the detector. 

The sources, (i) to (iii), of background radiations were reduced to a great extent by 

performing the experiment in large room having wooden walls and by suitably shielding 

the source of y-rays and the detector as mentioned in sections 3.3.1 and 3.3.3. The effect 

of (iv) and the other remaining sources is minimized by recording the background 

spectrum and then subtracting it from the scattered spectrum in the manner described in 

section 3.4.1. 
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In the present experiment the effects of Compton scattering, pair production and 

bremsstrahlung are not important, as they did not contribute in the energy range 

corresponding to the elastic peak for the scattering angles at which measurements were 

made. The continuum background subtraction was done following the method mentioned 

earlier. The statistical error pertaining to the number of elastically scattered counts was 

reduced, to an extent much lower than the error in the ratios re 1 I S,,,.ong, by running the 

experiment for each scattered spectrum for more than 100 hours at a stretch. The 

statistical error in the weak-count Nref was less than 1 %. For the strong-count N,carr the 

statistical error varied between I to 4 %. There are always random thermal effects in any 

electronic circuit elements, and as a result there is bound to be change in the 

characteristics of any circuit and would cause channel drift. Keeping the experimental 

room air-conditioned and running the experiment at a fixed room temperature minimized 

the drifts. The drift in channels were checked by comparing the channel wise counts of 

the time-normalized background spectra acquired before and after the scattering run. The 

difference in counts of each channel was never found to exceed 1.8 %. Accurate value of 

attenuation coefficient is required for the evaluation of the transmission factor 'T' of the 

thin target used in transmission I reflection geometry. Measurements of attenuation 

coefficients were made in the laboratory at energies near 1 MeV and reported separately 

in chapter 2. The factor 'T' was evaluated in the reflection I transmission geometry by 

means of simple computer programs taking into account all possible x1 and x 2 distances 

(Fig.3.6), while the photon is scattered within the material of the target. These values of 

'T' were more or less consistent with those evaluated using eqn.(3.l0 and 3.11). The 

accuracy in the values of 'T' varied between 3 to 4 %. 

As the half-life of 65Zn source is 243.8 days, the necessary decay correction was 

negligible for a given measurement since the number of photons emitted by the source is 

reduced by a factor of 0.997 in 100 hours. The target materials in the form of sheets 

procured from "Alfa Aeser", USA were 99.9995% pure. The angular spread in scattering 

angles were reduced in reflection geometry by making rp equal to the value determined 

by eqn.(3.1 ). The overall accuracy in the present experimental data is within 5 %. 
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3.5. Theoretical estimates of elastic cross sections 

The theoretical value of elastic differential scattering cross-section including the 

R, T and D processes is obtained from the equation (see section 1.3) 

(3.12) 

and that including Rand T processes only is given by 

(3.13) 

The contribution of nuclear resonance scattering to the total elastic scattering amplitudes 

comes mainly from the low energy tail of the giant resonances. This contribution, at 

photon energies near 1 MeV, is less than 1 % of the Rayleigh amplitude [141] and 

therefore, is neglected. The nuclear Thomson scattering amplitudes are purely real and 

are given by eqn. ( 1.33). 

The numerical predictions of S-matrix Rayleigh amplitudes are [63-66] usually 

expressed in terms of real and imaginary parts of both A{ and A: . The imaginary part 

of Delbrlick amplitudes at the present energy is negligibly small therefore the lowest

order Born results consists of the real parts of A{ and Af. However, for the sake of 

completeness the imaginary parts of Delbrtick amplitudes are also included in the 

expressions for the cross section given below. The differential scattering cross section 

including the R, T and D processes is obtained from the equation 

RTD ~ dCJ' _ 1 { R T D )2 ( R D )2 -- \ReA
11 

+A
11 

+ReA
11 

+ ImA
11 

+lmA
11 dQ 2 (3.14) 

and that including R and T processes only is given by 
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daRT 1 [( R T)2 ( R)2 ( R T)2 ( R)z] =-~ReA11 +A
11 

+ ImA
11 

+ReAl. +A1. + ImAJ. 
dQ 2 

(3.15) 

The accurate S-matrix Rayleigh amplitudes of lead (Z=82) for 12 photon energies 

of experimental interests (22.1-2750 keY) and 8 scattering angles (0° -180°) can be found 

in (66]. But, the amplitudes at 1.115 MeV, the energy at which the present measurements 

are done, are not included in it. So, the accurate S-matrix Rayleigh amplitudes of lead 

(Z=82) and tungsten (Z=74) have been computed [15] at the photon energy of 1.115 MeV 

for 5 scattering angles (30° -180°) following the prescription of Kissel and Pratt [56] and 

are presented in Tables 3.1 and 3.2 in which the nuclear Thomson amplitudes (A{ a.11d 

AI) are added to the corresponding Rayleigh parts. 

Table 3.1 

Rayleigh (and nuclear Thomson) amplitudes (in units of re) for lead (Z=82) at 1.115 

MeV. 

~~greel_, __ Re~~R + ~~r-~N ___ I_ReA~~ AI LimA: _I 
3o -0.431526 o.oll999 -0.545745 I o.m7666 

~----- --

60 -0.016177 0.000025 -0.130415 0.019942 

90 0.033530 0.000937 -0.063333 0.011984 

120 0.042078 -0.000317 -0.047852 0.006579 

L___t3_5 __ ~~o~.o~4~17~3~6--~ __ -o~.o~o~1~14~2~~~-o~.o~4~7o=3~7 __ J_~o~.o~o4~7~5~4--~ 



82 

Table 3.2 

Rayleigh amplitudes (and nuclear Thomson) (in units of re) for tungsten (Z=74) at 

1.115 MeV. 

(} 

(Degree) Re~f +~r Im~f ReAR +AT 
J._ J._ 

ImAR 
J._ 

30 -0.368593 0.007026 -0.461784 0.023007 

60 -0.011759 0.000478 -0.092267 0.012113 

90 0.022502 _J 0.000978 -0.044388 0.007115 
r-------

I I 
L 120 0.029389 I 0.000107 I -0.034195 I 0.003764 

-ill 
-0.033918 0.002642 

--'--------' 

I I 

l_ ____ J 35 __ D.o2_96_8_5 __ _,_____-_o_.o_oo_4_23 _ __,__ ____ , 

The Delbrtick amplitudes calculated on the basis of lowest-order Born 

approximation [ 49] for lead and tungsten at photon energy of 1.115 MeV are presented in 

Tables 3.3 and 3.4 respectively. 

Table 3.3 

Delbriick amplitudes (in units of re) for lead (Z=82) at 1.115 MeV. 

r--- e I I I AD ,, D D D 

~(Degree~,_R_e_._ii __ ~ ___ I_m __ ~ __ I __ -+ ___ R_e_A_J.. __ ~----Irn_A_J.. __ -4 

30 2.606E-02 5.999E-05 2.252E-02 5.768E-05 

60 1.218E-02 4.063E-05 7.530E-03 2.713E-05 

90 6.810E-03 3.172E-05 1.171E-03 -5.088E-06 

120 4.632E-03 3.593E-05 -1.766E-03 -2.945E-05 

135 4.082E-03 4.028E-05 -2.579E-03 -3.785E-05 
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Table 3.4 

Delbriick amplitudes (in units of re) for tungsten (Z=74) at 1.115 MeV. 

() 

(Degree) 

30 

60 

90 

l_120 

l 135 

Re~f 

2.122E-02 

9.916E-03 

5.546E-031 
I 

3.772E-03 

3.324E-031 

Im~f 

4.886E-05 

3.309E-05 

2.583E-05j 

2.926E-051 
I 

3.280E-osl 

ReAD 
:.l 

1.834E-02 

6.132E-03 

9.538E-04j 
I 

-1.438E-03 

-2.lOOE-03 1 

ImAD 
:.l 

4.698E-05 

2.208E-05 

-4 144E-06 . I 

-2.400E-05 

-3.082E-05 

In terms of the form factor approximation, the differential cross section including the 

Rayleigh and nuclear Thomson scatterings for unpolarized photons is 

da
1
f r} [ 2 m] 2

( 2 ) - =·- f(A Z)+Z - l+cos 8. 
dQ 2 ' M 

(3.16) 

where .f(A,Z) is the atomic form factor. 

Values of atomic form factor f(A,Z) and the differential cross sections 

calculated by using different atomic wave functions have been presented in Tables 3.5 

and 3.6. In Table 3.5 are presented the nonrelativistic Hartree-Fock [68], relativistic 

Dirac-Hartree-Fock-Slater [69] and the modified relativistic calculations [142] for lead at 

1.115 MeV. Table 3.6 gives the similar values for tungsten. 



84 

Table 3.5 

Atomic form factors and elastic scattering cross sections of lead in different 

approximations at fixed energy of 1.115 MeV and at different scattering angles. 

Non-relativistic [68J 

e Cross 
(Degree) Form 

I factor 
section 

(b/sr) 

30 
7.38317E-Ol 3.97240E-02 

Relativistic [69] 

Form 

factor 
I 

Cross 

I 
section 

(b/sr) 

8.23347E-Ol 4.9l607E-02 

Modified relativistic [I42J 

Cross 
Form 

section 
factor 

(b/sr) 

5.45693E-O l 2.20624E-02 

I 60 1 z.o9848E-Ol I 2.57205E-OJ 

1

2.49772E-OJ J_3_._s._s3_3_2E_-_o3~i-l_.o_s_9_s4_E_-o_J_If--7-.9-T-7s_s_E-_o_4-l 

[ ____ 9 __ o_-+_s_. 9-6-t-·5-_~ E __ o'j_ 4.58 ~25E-04 -+~06858E-O 1 J 6.l_7o_o __ 3E_-_o4--i'-z_.s_7_3_2l_E_-o_z_t-~-.5--9-77_3_E-_o_s_ -t 
l.07539E-02 4.04712E-05 

120 5.28433E-02,2.47693E-04 6.26744E-0~:21429E-04 
f-----+--4-.. -'i0-6-77E-02 2.35403E-04 ,

1 

5.26786E~: ,·_-9-58-4-8E---0-4-+--7-.4_8 __ 7_6_1E--0-3 

__ I3_s __ _l_..__ i _ I 
3.809lOE-05 

Table 3.6 

Atomic form factors and elastic scattering cross sections of tungsten in different 

approximations at fixed energy of 1.115 MeV and at different scattering angles. 

,---
Non-relativistic [68] Relativistic [ 69] Modified relativistic [ 142] 

--
e Cross Cross Cross 

(Degree) Form Form Form 
section section section 

factor factor factor 
(b/sr) (b/sr) (b/sr) 

30 5.88729E-O I 254379E-02 6.65466E-O J 3.22993E-02 4.56887E-01 I .55600E-02 

I 
' 

60 1.42367E-Ol 1.25007E-03 1.68128E-Ol 1.68881 E-03 7.30 195E-02 3.96297E-04 I 
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Table 3.6 (Continued) 

Non-relativistic [68] Relativistic [69] Modified relativistic [142] 

f) Cross 

I 
Cross Cross 

(Degree) Form Form Form I section section section 
factor factor I factor I 

I 

(b/sr) (b/sr) (b/sr) I 
I 

i 

r I 
90 

5.68827E-02 2.12872E-04 6.65484E-02 2.72782E-04 l.65681E-02 4.29960E-05 l 

I 
I I 3.2!855E-02 l.l6862E-04 3.75252E-02 I l.43997E-04 

I 
5.23922E-03 2.31 098E-05 

3.6. Results 

The differential cross sections of elastic scattering at photon energy of 1.115 MeV 

for a high-Z target material at a fixed scattering angle were measured at two or three 

different thicknesses. The mean value of such elastic scattering cross sections for lead 

(Z=82) and tungsten (Z=74) at different scattering angles are presented in Tables 3.7 and 

3.8 respectively. The differential cross sections presented in the column 3 of these tables 

have been calculated by including Rayleigh (R), Thomson (T) and Delbriick (D) 

scatterings but, in the column 2 the contribution from Delbriick scattering has been 

neglected. As mentioned before, the contribution of nuclear resonance scattering (N) at 

the present photon energy is negligible. The experimental results along with the errors are 

given in column 4. 

I 
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Table 3.7 

Differential cross sections of elastic scattering of lead (Z = 82) for 1.115 MeV y-rays. 

1 2 3 4 5 

e R+T 

I 

R+T+D Experiment %Deviation 

(degree) (mb/sr) (mb/sr) (mb/sr) with R+T+D 

30 19.3 17.5 17.8 ± 0.6 +1.71 

!-----· --1 60 
I 

0.701 
I 

0.616 
I 

0.601 ± 0.023 -2.43 
I I ·- ----j 

I 90 I 0.210 I 0.224 0.218 ± 0.009 -2.68 I 
r-120_J_~- I -·--

1 0.186 0.191 ± 0.009 +2.68 

I ±=----t +4.39 . J I ] 35 0.158 0.182 0.190 ± 0.011 

l______ ------------------

Table 3.8 

Same as Table 3.7 but for tungsten (Z=74) 

1 2 3 4 5 

(} R+T R+T+D Experiment %Deviation 

(degree) (mb/sr) (mb/sr) (mb/sr) with R+T+D I 

30 13.9 12.6 12.9 ±0.4 +2.38 

-· 
60 0.349 0.319 0.316 ±0.014 -0.94 

90 0.100 0.108 0.104 ±0.005 -3.7 

120 0.0813 0.0946 0.0976 ±0.0026 +3.17 

135 0.0809 0.0950 0.0982 ±0.0034 +3.36 j 



The procedure for obtaining the results and the corresponding errors has been shown in 

Table 3.9. Data for elastic scattering at an angle of 30° for lead has been taken as the 

representative data. 

Table 3.9 

Typical procedure for obtaining the results and the corresponding errors. Here, 
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S c.\ is the standard deviation in the measured differential cross section at a given 

thickness and S cs is the standard deviation of the mean value of the cross sections 

and it calculated using the relationS" 
2 =-\- Isc~l,i. 

n i=l 

Basic data: 

1. Material of the target: lead (Z=82) 

2. 8=30", ¢'=14° 

3. Source to target distance, r1 = 46.lcm 

4. Target to detector distance, r2 = 52.3 em 

5. Geometry: Reflection 

6. sref ISVI!'Ollf' =(6.06±0.21)x10-5 

j:e,.ge Mass of To:r::- -s=-1 weal cro" 
scattered live cou~:e::: I count rate, 1 section thickness of 

1 

the target, t 

target 

(g) 

count time, Td N,m, I N" f I 
::: NejTel (s l) 

(mb/sr) 
(s) 

scs 

1.135 28.435 62256 371256 0.1677 14.9893 17.8 0.9 

1.418 35.544 74538 361241 0.2063 14.9754 17.6 1.0 

2.268 56.870 119635 361248 0.3312 14.9235 18.0 1.0 

Average 

cross 

section 

(mb/sr) 

17.8 

I 
s 

0. 
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The experimental results of lead and tungsten presented in Tables 3.7 and 3.8 have been 
graphically shown in figures 3.9 and 3.10 respectively. 
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Fig. 3.9.Differential cross sections for elastic photon scattering from lead (Z=82) at 1.115MeV, comparing 
experiment (circles with error bars) with the theoretical predictions including the Rayleigh (R), nuclear 
Thompson (T), and lowest order Born Delbrtick amplitudes (D) (solid line) and also the predictions with 
Delbriick omitted (dashed line). 
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Fig.3.10.Differential cross sections for elastic photon scattering from tungsten (Z=74) at Lll5MeV, 
comparing experiment (circles with error bars) with the theoretical predictions including the Rayleigh (R), 
nuclear Thompson (T), and lowest order Born Delbriick amplitudes (D) (solid line) and also the predictions 
with Delbriick omitted (dashed line). 

The experimental cross sections have also been compared with the elastic scattering cross 

sections calculated in nonrelativistic Hartree-Fock (NF) [68], relativistic Dirac-Hartree-



90 

Pock-Slater (RF)[69] and the modified relativistic (MF)[142] approximations of atomic 

form factors. In Fig 3.11, the form factor cross sections (NF, RF and MF) and the S

matrix cross sections (R+ T +D, R+ T) are compared with the measured cross sections of 

lead. Similar data for tungsten are presented in Fig. 3.12. 
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Fig.3.ll. Differential cross sections of lead at 1.115 MeV. Comparison of experiment (circles with error 

bars) with different predictions: The solid curves 1, 4 and 5 represent the modified relativistic (MF), the 

nonrelativistic Hartree-Fock (NF) and the relativistic Dirac-Hartree-Fock-Slater (RF) predictions. The 

dashed line (curve 2) represents the S-matrix prediction without including the Delbri.ick component and the 

solid curve 3 represents the S-matrix prediction including the Delbri.ick component (calculated in lowest

order Born approximation). 
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100 

Tungsten (Z=74) 
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Fig. 3.12. Same as Fig. 3.11 but for tungsten. 

The inadequacy of form factor results in detecting the Delbri.ick scattering effect is 

clearly visible from figures 3.11 and 3.12. 

Some of the results of experimental investigations of Delbrtick scattering cross 

sections at energies near I MeV, including the present data, have been graphically shown 

in Fig. 3.13. The contribution of Delbri.ick scattering to the elastic scattering at energy as 
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low as 0.889 MeV has been clearly observed. The comparison of experimental data and 

the theory indicates that the Delbriick amplitudes in the lowest-order Born approximation 

are sufficient for photon energies ro S 1.33 MeV. 

-.... 
~ 
E -

100 

10 

r 

1 

Rl~, 1.1151\feV 

0.1 

Fig.3.13.Differential cross sections of elastic scattering for high Z scatterers at photon energies near I 

MeV. The solid line and the dashed line represent (R+ T +D) and (R+ T) respectively. 

The interference effect of all the elastic scattering phenomena is one of the 

important aspects of elastic scattering of photons. It is observed (Fig.3. l 4), as in other 

experiments around 1 MeV, that the Delbriick amplitudes show destructive interference 
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with Rayleigh amplitudes at intermediate angles (less than about 75°) and constructive 

interference at large angles (grater than about 75°). 
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Fig.3.!4. The interference of Delbriick amplitudes with other amplitudes (R+ T) has been depicted in terms 

of the percentage deviation of measured differential cross section from (R+ T). 

3.7. Discussion 

The present experimental results at 1.1 15 MeV for high-Z scatterers like lead and 

tungsten (Tables 3.7 and 3.8) show a good agreement with the theoretical predictions. 

The "small but systematic deviations in lead" reported at 1.33 MeV [95] was not 

observed at the present energy. The agreement between the measurements and the theory 

show that the theoretical cross sections obtained by including the lowest-order Born

approximation Delbri.ick amplitudes and with S-matrix-Rayleigh amplitudes are sufficient 

to account for the respective scattering phenomenon. The agreements between the theory 
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and the experimental results, of a series of elastic scattering experiments covering a wide 

range of photon energies (say, 0.0595-0.662 MeV) at which the Delbriick scattering is 

negligible, have more or less established the validity of the S-matrix-Rayleigh 

amplitudes, particularly for high Z scatterers. The availability S-matrix-Rayleigh 

amplitudes made it possible to identify Delbriick scattering at energies around 1 MeV. 

Therefore, in the present measurement, as the S-matrix-Rayleigh amplitudes are correct 

(within 3 % ), we conclude that the lowest-order Born-approximation Delbriick 

amplitudes are sufficient, that is, Coulomb corrections to these amplitudes are not 

required. 

The agreement between the other experimental data at 1.33 MeV [95] and 0.889-

1.33 MeV [96] and the present results at 1.115 MeV [15,114] suggests that the Delbriick 

amplitudes calculated in the lowest-order Born-approximation are sufficient in the entire 

low energy y-ray regime, that is, for the photon energies less than or about equal to 1.33 

MeV. 



Chapter 4 

EXAMINING THE SCALING BEHAVIOR OF 

DELBRUCK SCATTERING IN EXPERIMENTAL DATA 

4.1. Introduction 

A very useful feature of Delbriick scattering is its scaling behavior at high energies which 

was first demonstrated theoretically by Cheng et al. [ 143]. They showed that as a consequence of 

finiteness of Delbriick amplitude in the limit m ---? 0 where m is the electron mass, the 

asymptotical expression for Delbriick amplitude exhibits scaling behavior and takes the form 

OJ-
1f(8), 8 being the scattering angle and f(9) is an arbitrary function of 9. Though their 

derivation was restricted to the lowest order scattering process, they argued that the scaling 

behavior is obeyed by the Delbriick amplitudes even if the higher-order diagrams of multiphoton 

exchanges (Coulomb correction effect) are taken into account. 

Cheng et al. [143], however, reported a strong conflict of the experimental data at 7.9 

MeV [144] and 10.83 MeV [145] with the scaling behavior. Later Rullhusen et al. [146] argued 

that the violation reported in [143] is mainly due to the presence of interfering (background) 

nuclear scattering amplitudes. They showed that the predicted scaling pattern is observed to a 
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certain level when only the lowest-order Delbri.ick amplitudes are considered for evaluating the 

elastic scattering cross sections. Subsequently from a detailed theoretical calculation they [147] 

pointed out that the fulfillment of the scaling conditions demands higher photon energies (OJ> 30 

MeV or so). 

The experimental support of scaling behavior of Delbri.ick scattering, however, is still 

lacking. So far only experimental data at energies of few MeV have been considered for testing 

scaling studies [143, 146] but the scaling is expected to show up clearly above 30 MeV or so and 

for large momentum transfer. Though Delbri.ick scattering has been investigated experimentally 

over the last eight decades and both the real as well as the imaginary parts of Delbrtick 

amplitudes have been detected experimentally [8-l 0], but there is a paucity of experimental data 

of elastic scattering at high energies with required kinematic conditions. 

In the present work it will be shown that the available experimental data of Delbrtick 

scattering between 140 MeV to 7.11 GeV energy range do not exhibit scaling behavior. The 

probable reasons for such non-observation of scaling feature will be explored. At relatively lower 

energies scaling is, however, noticed to a certain extent but in a slightly modified manner than 

what Cheng et a!. [ 143] had originally prescribed. 

The organization of this chapter is as follows. In the next section the scaling hypothesis 

of Delbri.ick scattering amplitudes will be outlined briefly. In Sec.4.3 the available experimental 

data will be analyzed to examine the scaling behavior of Delbri.ick scattering. The discussion of 

the findings and their probable explanations has been done in Sec. 4.4. 

4.2. Scaling hypothesis of Delbriick amplitudes 

As discussed earlier in the first chapter of this thesis, the amplitude of the Delbri.ick 

scattering is usually constructed in the form of multiple integrals in the momentum space 

adopting the Feynman techniques. But the integrand is so complex that the integrals are 

insolvable in general. Therefore, often simple situations are considered so that the integrand 

becomes tractable but the solutions obtained thereby are of limited range of validity. Having 
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obtained the Coulomb corrected Delbriick amplitudes for high-energy small-angle regime using 

the impact factor method in earlier works [41, 42], Cheng et al. [143] attempted calculation of 

the lowest-order Delbriick amplitudes without making any approximations. In the same paper 

Cheng et al. [143] advanced a simple but general argument to show a scaling behavior of 

Delbriick scattering amplitudes at high energies. In general the amplitude of an elastic scattering 

should be a function of m, ~. j.!i, where ~ (= 2msin(8 /2)) denotes the momentum transfer and 

lli (i=l,2, .. ) are the masses of particles involved. Constructing dimensionless parameters out of 

m, ~. !-!i and expressing the scattering amplitude A in terms of those dimensionless variables one 

may write 

(4.1) 

where d is the dimension of scattering amplitude which is equal to -I for Delbrlick scattering. As 

W---7-oo keeping 8 fixed, j..t/m tends to zero which can be treated equivalently by taking f.li --j. 0. 

The authors then considered all possible Feynman diagrams at the lowest order for Delbriick 

scattering and with the help of the Coleman-Norton theorem [ 148] they showed that the lowest 

order Delbriick scattering has no divergence in the limit 1-li ---7 0 (for QED electron is the only 

massive particle, so in this case j..t=m). They further argued that Delbrilck amplitudes will 

converge even if the higher-order diagrams of multiphoton exchanges (i.e. Coulomb correction 

effect) are taken into account. Accordingly the right hand side of the above equation becomes a 

finite function as ro---7-oo. Hence, in the limit OJ ---7 oo, Delbriick amplitude will scale as 

(4.2) 

Consequently, the scaling pattern of Delbriick scattering in terms of the differential cross section 

may be expressed as 

(4.3) 
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It appears that the condition of large momentum transfer, i.e., ~ >> m has been additionally 

imposed for validity of scaling [143]. 

For practical purposes the conditions for scaling are usually stated as 

m >> m and ~ >> m . (4.4) 

Exploiting the finiteness of Delbrtick amplitude in the limit m -7 0, Cheng et a! [ 143] 

applied a clever logic to deduce functional form of f(El). The finiteness of Delbriick amplitude 

demands that the terms in the numerators of the integrand of Delbtiick amplitude which diverge 

in the limit m -7 0 must cancel one another. This makes the integrand less complex and the 

authors obtained a very lengthy expression in the form of an integral for DelbrUck amplitude 

(eqn. 2.60 along with eqns. 2.61 -2.68 of [143]). In principle, the scaling function f(El) should 

follow from the eqn. 2.60 of [143] when one puts m=O and oo=l but this requires numerical 

evaluation of eqn. 2.60 of [143]. In an earlier work Cheng et al. [42] derived simpler expressions 

(asymptotic forms) of Delbriick cross section for relatively larger scattering angles 

satisfying m << L1 << OJ which can be written in terms of cross section as 

daD =-I-(Za)4r 7 ~: (Jg(Z)J2+Jh(Z)Jz) 
dQ 47l' 2 

" or Sm 0 I 2 
(4.5) 

where 

g = [lj { 3(Za)2
} J [I- 27l' Za(l-· 2 (Za) 2

) I Sinh (27l' Za)] (4.6) 

and 

h(Z) = [1- Za Imlf/' (l- i Za)]. (4.7) 

In the above equation If/ ts the logarithmic derivative of the gamma function 

(lf/(x)=d{lnr(x)}ldx) andlj/'=dlf//dx.The eqn. (4.5) has the same form as that ofeqn. (4.3) 

and clearly shows scaling behavior. 
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4.3. Testing scaling hypothesis in experimental data 

For the present analysis two independent data set in the energy range of 140-450 MeV 

and 960- 7110 MeV have been considered. A long back scientists from University of Lund and 

DESY jointly measured the differential cross section of Delbrtick scattering in the GeV energy 

range both for small and large momentum transfer conditions although at very forward direction 

i.e. at very small scattering angle range using collimated bremsstrahlung beam from the DESY 

electron synchrotron [79]. On the other hand using backward Compton scattered laser photons of 

VEPP-4M coHider a group of researchers from Budker Institute of Nuclear Physics recently 

measured differential Delbrtick scattering cross section on a bismuth germinate (Bi4Ge3012) 

target in the photon energy range 140 to 450 MeV and scattering angles range 2.6 to 16.6 mrad 

[ll]. Here it is worthwhile to mention that the scaling feature cannot be tested between the stated 

two datasets (of different energy ranges) as scattering cross sections at common scattering angles 

are not available. There exists a large angle high energy data measured by MAMI A (Germany) 

group [116] but unfmtunately the uncertainties involved in the data are too high to investigate 

the scaling feature from it. 

At energies about l 00 MeV and above, the elastic scattering amplitude is mostly 

dominated by Delbrtick amplitudes, particularly at forward direction and therefore the 

experimental cross sections can be directly used in eqn.(4.3) for testing their scaling behavior 

unlike in the low energy cases where, for scaling studies, various contributing amplitudes have to 

be disentangled first from the experimental data. 

The analysis of the experimental data of energies between 960 and 7110 MeV and angles 

between 1.05 and 2.75 mrad [79] have been performed with reference to eqn.(4.3) and the results 

are shown in Figs. 4.1(a) and 4.l(b) for uranium (Z=92) and gold (Z=79) targets respectively. It 

is found that the data points of different energies but the same e do not coincide with each other; 

a deviation up to a factor of 4 is noticed between points of 0.96 and 7. I 1 GeV energies. 

Moreover, the deviations are not the same for different scattering angles and also there is no 

clear sign showing the decrease of deviations with increasing scattering angle. Note that although 
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Fig. 4.1 (a). Scaling pattern of the experimental values for Delbriick scattering of 1 to 7 GeV photons from uranium 

following eqn.(4.3). Star: 0.96 GeV, triangle: 1.92 GeV, square: 3.90 GeV and circle: 7.11 GeV. 

Fig. 4.l(b); Same as the Fig. l(a) but for gold. 
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the scattering angles are very small, the conditions laid down in eqn.(4.4) for scaling are fulfilled 

by the scattering data to a fair degree except for the lowest energy as shown in Table 4.1. 

Table 4.1: Momentum transfers at different energies and angles 

ro (in GeV) 1.92 3.90 7.ll 

The Budker Institute group [ l1] had detected scattered photons within the scattering angles 2.6 

to 16.6 mrad and the measured differential cross sections of Delbrtick scattering in the stated 

range of angles were 5.9 mb and I mb at 140 MeV and 450 MeV respectively. Hence the 

magnitude of ratio of ro2do.D/dQ between 140 MeV and 450 MeV is 0.48. In other words 

ro2d~/dQ at the two energies differs by more than a factor of 2. So scaling does not reveal in 

this dataset also. 

4.3.1. A modified form of scaling 

It is noticed that that the product ffi
2dcr0 /dQ systematically remam higher at higher 

energies for a fixed e as revealed from Fig. 4.1 (a) and 4.1 (b). To explore whether the 

experimental measured differential cross section of Delbrtick scattering scales differently a 

slightly modified form of scaling has been considered and is given by 
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(4.8) 

where a is a parameter representing departure from the originally predicted scaling formula. 

This modified scaling formula was then applied to the experimental data at high energies. The 

initial step was to look for a value of a for which the deviations of the left hand side of the above 

equation, at different OJ but for a fixed e, is minimum. For DESY data it was found that 

a""' -0.5 gives the minimum departure between data points of different energies. The scaling 

ij 

+ 
"' 8 

-T 

a:Uranium 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

e (mrad) 

Fig. 4.2 (a). Modified scaling pattern of the experimental values for Delbrtick scattering of 1 to 7 GeV photons from 

uranium following eqn.(4.8). Star: 0.96 GeV, triangle: 1.92 GeV, square: 3.90 GeV and circle: 7.11 GeV. 



103 

I I I I I I I I 1 I 

b:Gold data 

-

-

I I I I I I I I I I 

i.O 12 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

e (mrad) 

Fig. 4.2 (b). Same as Fig. 4.2(a) but for gold. 

behavior in the DESY data on the basis of the modified scaling formula (eqn. (4.8)) is plotted for 

uranium and gold targets in Figs. 4.2(a) and 4.2(b) respectively. Although the deviations are 

found to reduce considerably, they are not completely removed at all scattering angles. 

It is interesting to note that a huge improvement towards scaling is also noticed in the 

measured cross section data of the Budker Institute group for the same a. With a- -0.5, the ratio 

of ro2do.o/dQ at 140 MeV and 450 MeV becomes 0.85, an improvement by nearly a factor of 2. 

A problem of dealing with MeV range of elastic scattering data of photons for the study 

of scaling of Delbriick amplitude is the disentanglement of interfering contributions due to other 
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processes such as other nuclear scatterings. The illustration of the scaling property (to a certain 

extent) in the MeV range [146] was based on the theoretical lowest-order Delbriick amplitude 

which is almost equivalent to taking the disentangled experimental data containing the Delbrtick 

amplitude only. Following Papatzacos and Mork [49], the lowest-order Delbrtick amplitudes are 

considered between 7.9 and 15.1 MeV covering scattering angles from 10° to 150° and the 

scaling behavior is explored in the data which is depicted in Fig. 4.3. Interestingly, it was found 

that on application of eqn. (4.8) with the same a(= -0.5), the deviations appearing in Fig.4.3 are 

reduced drastically and fair scaling feature emerges as shown in Fig. 4.4. 
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Fig. 4.3. The scaling pattern of Delbriick scattering for the low energy data following the equation predicted by 

Cheng et al. [143], i.e., eqn. (4.3). Square: 7.9 MeV, triangle: 10.83 MeV and circle: 15.1 MeV. 
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Fig. 4.4. Same as Fig. 4.3 but following the modified scaling formula, i.e., eqn. (4.8). Here also a"" -0.5. 

4.4. Discussion 

It was believed that the condition ro~oo leads to scaling as the right hand side of eqn. 

( 4.1) becomes energy independent for such a condition. But though ro~oo is a necessary 

condition but it is not the sufficient condition for scaling to take place. This can be understood 

from the following example. In general, the function f ( B, m I m) may contain a cross term such 

as B-' (ml mY = f (say), where s and r are positive numbers. Obviously, f, 1= 0 in the limit 
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e~o even when o:>--7oo. Then f(B,m/ OJ)* f(B) and hence scaling should not be expected at 

very small scattering angles even if the photon energy is very high. 

While demonstrating scaling in Delbrtick amplitude at high energies often the condition 

of large momentum transfer (~>>m) is additionally imposed. For small scattering angle this 

condition implies that e >> m/ro. Even when this condition is fulfilled, scaling behavior may not 

be essentially reached. For instance, in the example cited in the above paragraph, when 9 >> m/ro 

the scaling of f(B,ml OJ) will depend on sand r. 

One may argue that since there exist definite expressions of f(B) for Delbrtick scattering 

as given in eqns. (4.5)-(4.7) or that which will follow from eqn. 2.60 of [143], one should 

consider those expressions of .f(B)rather than the example cited above. Here it is important to 

point out that the eqn. (4.5) was obtained precisely by taking the limit ~--7oo [42]. For very small 

angles ~---7 ero, so in such a situation ro needs to be extremely high to fulfill the limit ~---7=. 

Hence the eqn.( 4.5) is not valid for very small angles unless ro is extremely high. On the other 

hand, as remarked already that in principle f(B) can be extracted from eqn. 2.60 of [143] but in 

practice it is quite difficult task and the functional form off (B) has not been obtained so far. So 

the fact is that we don't have an analytical expression of f(B) for very small angles yet at MeV 

to Ge V range. 

The figures (2) of [79] and (8) of [11 ], where numerically obtained differential cross 

section of Delbrtick scattering is plotted against e for different energies, provide support to the 

present argument. The stated figures show that the e dependence of differential cross section 

differs significantly with photon energy. 

So, it is concluded that the available experimental data of differential cross section of 

Delbrtick scattering in the MeV to GeV energy range, however, do not show reasonable degree 

of scaling behavior against the standard expectations. The angular dependence of differential 

cross section of Delbrtick scattering has been found to depend on energy strongly for very small 

scattering angles. 
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Mathematically it is not possible to conclude about scaling pattern when 8---70 even if 

ffi---7=. However, at very high energies the scattering is in very forward direction; the typical 

scattering angle is of the order of milli-radian for photon energy of 1 GeV. Hence the violation of 

scaling as revealed from the experimental data is not very unexpected. It follows from the 

present work that the ideal region within which the scaling is expected to show up clearly is the 

high-energy and large angle regime. Unfortunately, still there are no sufficient good quality 

experimental data in this region which fulfilled the stated conditions. Introduction of a slightly 

modified scaling formula as given in eqn. (4.8) gives a better scaling behavior. But the scaling in 

the strict sense cannot be attained for small angles with such a modification as the deviations are 

not the same for all 8. It appears that the data may be described better by a scale-breaking 

formula but due to scarcity of data no one has adventured on that direction till date. 



Chapter 5 

ASTROPHYSICAL APPLICATIONS OF DELBRUCK 

SCATTERING: DUST SCATTERED GAMMA 

RADIATION FROM GRB 

5.1. Introduction 

There ought to be astrophysical situations where high energy y-rays interact with 

an environment containing atomic or molecular dust. For example, a gamma ray burst 

(GRB) is expected to occur in the regions having dense gaseous clouds of their host 

galaxies [ 149]. Then, one can talk about the scattering of high energy gamma rays by the 

atomic nuclei present in the dense cloud. In the present work we restrict ourselves to the 

elastic scattering only. A photon can be elastically scattered by a nucleus mainly via three 

different reactions [67]: (i) DelbrUck scattering (DS), (ii) nuclear Thomson scattering 

(NT) and (iii) nuclear resonance scattering (NR). The amplitudes of these reactions 

depend on scattering angle (8), atomic number (Z) of the scattering nucleus and the 

photon-energy (ro). At energies of the order of 0.1 GeV and above, contributions from NT 

and NR are negligibly small and therefore the elastic scattering is solely determined by 

the DS amplitudes. 
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Now, it is a well known fact that there are many evidences in support of the existence of 

GRBs withy-emissions in the 100 MeV and greater energy range. The EGRET (Energetic 

Gamma Ray Experiment Telescope) onboard CGRO (Compton Gamma Ray 

Observatory) detected five GRBs with emission abovelOO MeV [150], the GRID 

instrument onboard AGILE (an Italian mission) detected few events with energies up to 

300 MeV [151], and the Fermi /.AT (Large Area Telescope) on board FGST (Fermi 

Gamma-ray Space Telescope) has detected 15 GRBs with energies greater than 100 MeV 

within18 months of its launch [152]. 

In the recent past, several attempts have been made to investigate the afterglow 

emission of GRB in different bands like X-ray [ 153] and optical bands [ 154] in terms of 

scattering off the molecular dust. The flux predicted by X-ray models, in which the 

atomic processes like Rayleigh, Compton and Raman scatterings are considered, 

resembles most of the observed X-ray afterglows. Such models are thought to be useful 

for estimating the collimation angle ( 00 ) of the GRB-jet [153]. The collimation angle 00 

plays a vital role in global energetics of GRB since, for a given burst fluence, the energy 

release is proportional to (1- cos 00 ) and the rate of occurrence of GRB varies as 

eo-2 [155]. 

Let us recall that in DS, an incident photon is assumed to get converted into a pair 

of electron and positron in the Coulomb field of the scattering nucleus, and this pair 

interacts with the nucleus via virtual photons and then recombines to form the final 

photon having the same energy. The general solution of DS, a non-linear quantum 

eletrodynamic (QED) problem, is yet to be established but its solutions valid in some 

limited regions of photon energies and scattering angles are available [8-1 0]. 

In this chapter, the elastic scattering of energetic y-rays from the dust of a GRB is 

investigated and it has been shown how DS plays a vital role in predicting y-ray flux at 

the position of the detector immediately after the prompt y-ray. However, as the Delbriick 

scattering is highly forward peaked, it acts as an effective scattering mode for an 

extremely short interval of time just after the burst. It is interesting to note here that most 
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of the issues concerning GRB phenomenon have been explained in terms of known 

processes of atomic physics like bremsstrahlung, Compton scattering, inverse Compton 

scattering, synchrotron radiation, pair-production, photoelectric-effect, Rayleigh 

scattering and so on. Probably, the Delbriick scattering is being applied to GRB 

phenomenon for the first time. 

5.2. Compton versus Delbriick Scattering at high energy and 
small angle 

At photon-energies ;:::100 MeV, Compton scattering (CS) off the electrons and DS 

off the nuclei are the major contributor to the scattering process. DS is a second order 

QED phenomenon and its cross section goes as r} (Za) 4
, a being the fine structure 

constant and r0 is the classical electron radius. The differential cross section for DS at 

high energy and small angle [35, 36] can be estimated for m 2 I m << 11 << m (m is rest 

mass of an electron, 11 ( = 2 OJ Sin 012 ) is the momentum transferred to the nucleus) 

using a simplified relation 

where, 

a(m) = (~ Y [0.1187- 0.737 In 2m+ L21(ln 2m) 2 
], and 

b(m) = (;:J [ 2.421n 2m- 0.737 ] and c(m) = 1.21 (;:J (5.2) 

For relatively larger scattering angles satisfying m << 11 << OJ , the asymptotic form of 

cross section takes the form of Coulomb scattering cross section [9, 42] and can be 

expressed as 
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daD _ l (Z ) 4 2 m
2 (I (Z)\2 jh(Z)\2) 

dQ. - 4Jr2 a re m2 Sin 4B 12 g + (5.3) 

where the expressions for g(Z) and h(Z) are given by eqns.(4.6) and (4.7) respectively. 

Recall that in eqn. (4.7) the function IJI(x) was defined as 

lfi(X) = d{ln r(x)} I dx (5.4) 

The differential cross section for Compton scattering, at small angles such that cos9 ~ 1, 

can be approximated as 

c 
da 1 2 ( 2 ) --=-re l+Cos B S(B,m,Z) 
dQ 2 

(5.5) 
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Fig.5.l(a) The dashed and solid curves represent Compton and Delbrtick cross section respectively at 

photon energy of I GeV and Z=6. The upper solid curve is for m2 /m <<~<<m and the lower one for the 

range of momentum transfer m<< ~<<m. 
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where S ( B, OJ, Z) is the so called incoherent scattering function (IS F). The curves 

showing the DS and CS differential cross sections for Z=6 and Z=26 are plotted in Fig. 

5.l(a) and 5.l(b) respectively. The values of S(B,m,Z) are taken from [68]. 

(b) Z=26, ro = 0.1 GeV 

-

1 E-3 0.01 0.1 

Scattering angles (degree) 

Fig. 5.l(b). Same as Fig. 4.l(a) but for photon energy w = 0.1 GeV and Z=26. The solid curve has been 

drawn for the range m2 /m <<.6.<<m only. 

It is evident from Fig. 5.1 (a) that even for a low Z (Z=6) nuclei DS cross section at 

photon energy of lGeV is substantially more than CS cross section for scattering up to 

scattering angle of few millidegree and this limit of angle increases to about 0.07 degree 

for Z=26 and ro=O.l GeV as shown in Fig. 5.l(b). The break in the solid curve 

representing DS in Fig. 5.1 (a) is due to the unavailability of theoretical result 

corresponding to those momentum transfers. 
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5.3. Dust scattered gamma emission from GRB 

In order to illustrate the importance of DS phenomenon, particularly in GRB and 

other astrophysical processes in general, a simple model has been assumed in which the 

GRB site is at the center of a spherical dust of uniform density n and radius R . The 

detector is assumed to be located on the axis of symmetry as shown in the Fig.5.2. The 

elastically scattered y-ray at an angle(} will reach the detector D after time t = t whereas 

the y-ray without undergoing scattering process will be detected at t = 0. The locus of 

scattering centers making a constant delay will be a paraboloid with its focus at the GRB 

site. If the host galaxy is at a red shift z then [ 156] 

ct (5.6) 
(1 + z)(l- Cos8) 

us introduce an angle up to which the cross section of DS is substantially more 

than that of CS and hence define a corresponding critical time t 1 as 

t 1 = (R(l + z)(l- CosO{)))/ c (5.7) 

D 

Fig.5.2. Diagram of the model in which GRB is located at the center of a spherical molecular cloud. 
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The points on the paraboloid, which make the same delay in time t, are constrained 

within ( r < R , 8 < 80 ) and the corresponding constraint in terms of scattering angle is 

e, < f) < eo , where the critical angle e, is defined as 

(5.8) 

The scattered and hence delayed y-ray flux Fr coming from such a GRB and reaching 

the detector after time t will, in general, be 

(5.9) 

where is they-ray burst fluence the energy band [ro 1, m2]. 
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Fig. 5.3.The Incoherent Scattering FunctionS at different scattering angles for fixed y-ray energy of l GeV. 

S-values are taken from the tabulation of Hubbell [68]. 
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Assuming the CS to be the only scattering process occurring in the dust of GRB, they-ray 

flux after time t of the burst takes the form 

Fe = s n Jr r02 c Bf (l + Cos
2
B) S(B, m.Z) Sine dB 

r r 1 + z 
81 

(1- Cos B) · 
(5.10) 

The asymptotic value of the ISF S ( B, m, Z) is Z. But, at very small angles S ( B, OJ, Z) is 

substantially smaller than Z as seen in Fig.5.3. Substitution of S(B,OJ,Z)= Z in eqn. 

(5.1 0) will obviously yield larger values of Frc than the actual values at small scattering 

angles. But, as it is intended to show that the flux corresponding to CS is much less than 

that of DS at very small angles, taking the higher values of S ( B, OJ, Z) wil1 not affect the 

proposition. So, on putting S(e,m,Z)= Z in eqn.(5.10), one obtains 

c r· (1- Case") 1 r 2 2 } { }l\ =A Z ln - + ·-)(1- CosB ) -0- CasB) -2 (1-- Case ) - (1- CasB1 ) 
l_ (1- Case

1
) 2 l () · 

1 
" · J 

(5.11) 

where, 

(5.12) 

In terms of the critical time t 1 and elapsed timet eqn. (5.11) can be written as 

(5.13) 

As stated earlier, for a given y-ray energy m and atomic number Z there exists an angle 

eo beyond which the Delbriick cross section is smaller than Compton cross section. In 

other words, DS dominates over CS for those scattering angles, i.e., for B < Bo .For such 

scattering angles, and also satisfying the condition of momentum transfer for very small 
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scattering angles i.e., m 2 I m << ~ << m , the Delbriick scattered y-ray flux F: Is 

obtained by inserting dan I dO. from eqn.(5.1) in eqn.(5.9) 

F: =A (aZ)4 [aln (1-CosBJ + !!_(ln (l-Cos80 ))

2 
+~(ln (l-Cos80 )J 3

]· 
(1- CosB1 ) 4 (1- CosB1 ) 12 (1- CosB1 ) 

(5.14) 

Expressing in terms of elapsed time t the DS y-ray flux F: will be then 

1 ( \ z ( l3l I t b t1 C t 
FD =A (aZ) 4 lain_!_+ - ln_!_ 1 +- ln_!_ . 

r t 4 t 1 12 t) I 
_j 

(5.15) 

The DS dominated (see Fig. (5.4)) total y-ray flux Fr is then given by 

(5.16) 

The components of y-ray flux, specifically, Frc and F: have been plotted as a function 

of timet elapsed after the burst and are depicted in Fig. 5.4. 

Taking the value of GRB fluence in the energy range 100-600 MeV sr~ 10- 6 erg 

cm-2
, the gas density n=103 cm-3

, redshift z =I, in eqn.(5.12), one obtains A""" 3.7x10-18 

units. The site of gamma ray burst is considered to be at the center of a spherical cloud of 

gas having radius R = l 0 pc and located at redshift z = 1. It is assumed that the average 

atomic number of the molecular cloud is 26. In a real situation it may be less than 26. 

Although a GRB emits electromagnetic radiation in different energy regimes, in the 

present GRB model one focuses on the scattered photons having energies lying within a 

very small range. In the present illustration the DS of photons having average energy ro ~ 

0.1 GeV has been considered. For these choices of parameters the maximum angle 80 is 

found to be about 0.071 degree. It can be seen from Fig.5.4 that, for the present choice of 

parameters, the DS flux is about 1000 times more than the CS flux for angles less than 
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eo . Hence, for the first few milliseconds satisfying the condition e < e0 , the DS 

dominated total y-ray flux Fr can be approximately written as Fr::::: F:. 

1x10-10 

Z=26, ro = 0.1 GeV 
1x10-11 

1x10-12 

-... 
~th 

1x10-13 

E u 
~ 
(I) 

1x10-14 ->< 
:::J 
;::: 

e- 10·15 
I 

?-

1x10-16 

10·17 

Elapsed time (seconds) 

The very early flux of a GRB al z =I. Here 90 =0.071 degree. The solid line and the dashed line 

correspond to they-ray echo of the molecular dust via Delbrlick and Compton scatterings respectively. The 

tluxes are shown up to a time 253 s corresponding up to scattering angle of 0.028 degree. Here R= I 0 pc, 

z= I, Sy = 10- 6 erg cm-2
, n = 103 cm-3

, w = 0.1 GeV, and Z=26. 

When the chosen values of ro and Z are such that the angle e0 falls within the 

range m << .1. << OJ, the Delbriick scattered y-ray flux for angles e < e0 is obtained by 

putting eqn.(5.3) in (5.9). For the sake of c1arity e1 and e" will be denoted 
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by o; and o; respectively for the scattering angles falling in the range 

m <<~<<OJ .The corresponding flux for this case can be expressed as 

(5.17) 

Z 26, ro=0.1 GeV 

Bapsed tirm (seconds) 

Fig.5.5. The solid line and the dashed line represent the Delbriick scattered and Compton scattered y-ray 

flux. Here R=IO pc, z=l, Sy = w- 6 erg cm-2
, n = 101 cm-1, ro = 0.1 GeV, and Z=26. 
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The eqn. (5.17) can also be expressed in terms of elapsed time. Denoting t and t1 by t' 

and t; respectively, one can write the flux F;D as 

(5.18) 

The Compton dominated (see Fig. (5.5)) total y-ray flux F; is then 

(5.19) 

The eqn. (5.18) can also be used to calculate the DS flux from a GRB for any range of 

scattering angles satisfying the condition m << L1 << m. For example, in Fig.5.5, the DS 
f I 

flux F;v coming from the same GRB for the angles between 81 = 1.42° and er; = 10° 

has been plotted. As expected, the DS flux is negligible compared to CS flux at larger 

angles. Hence, the total y-ray flux is mainly dominated by Compton process and hence 

If DS-dominated total y-ray flux Fr, the burst fluence S r, the redshift z, and 

critical time t 1 are measured in an experiment, it will be possible to estimate the 

molecular gas density n and the critical angle 90 using eqns. (5.12), (5.13) and (5.15). 

Similarly, these parameters can be also be estimated from Compton dominated total y-ray 

flux F; measured at later times using eqns. (5.12), (5.13) and (5.18). 

When the very early scattered y-ray flux of a GRB is of the type as shown in 

Fig.5.4, and if energy range and angles satisfy the condition m 2 I m << L1 << m then one 

can estimate the average atomic number Z of the molecular cloud using eqns. (5.12) and 

(5.15). 
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5.4. Discussion 

The key issue of detectability of Delbriick scattered y-ray echo from the cloud of a 

GRB will be discussed in this section. Whether such echo is within the capability of the 

presently operating y-ray missions FSGT and AGILE or not depends mainly on they-ray 

burst fluence S r of the GRB, density n, atomic number Z of the gas and the y-ray energy 

ro. 

TakingSr;:::ol0-6 erg cm-2
, n = 103 cm-3 and z = 1 one gets A""' 3.7xl0--18

• This A 

would make the flux FrD ""3.7 x 10-12 erg cm-2 s-1 at the very beginning of the afterglow. 

The Fermi LAT instrument is expected to detect up to a flux of order 10-9 erg cm-2 s- 1
• So, 

normally, the chances of observing Delbriick scattered y-ray echo from a GRB using 

Fermi LAT is almost niL However, in the event of a GRB with unusually high y-ray 

fluence (say 10-4 erg cm-2
), chances of which are extremely rare, the detection of the 

Delbriick echo looks possible with the Fermi LAT. But, we can be optimistic that the 

future generation gamma-ray telescopes would be able to see such photons. 

Although DS makes a significant contribution to the total scattering at high energy 

and very small angles, the evidence of DS has been observed at photon energies as low as 

0.889 MeV which is well below the pair production threshold [96] and at angles as high a 

135°. As mentioned earlier, the scattering amplitudes forDS is not known for arbitrary ro 

and 0, limited results valid at certain ranges are available [8-1 0]. The Rayleigh scattering 

(RS) effect, which contributes significantly to the scattering cross section at X-ray 

energies, is negligible at energies > l 0 MeV. 

It is worth mentioning here that for a fixed value of momentum transfer ~' 

SinO oc 1/ OJ, and therefore, preferably low values of ro would allow us to consider a 

larger scattering angles. But, ro should not be so low that the DS cease to exist as the 

major contributor to the total scattering. For lower energies one can estimate the flux by 

involving other elastic scattering reactions such as Rayleigh, nuclear Thomson and 

nuclear resonance scatterings apart from DS. 



121 

It is to be noted that in obtaining eqn ( 5.1) and ( 5.3) the so called Coulomb 

correction (CC) effect have been neglected. Inclusion of CC at low y-ray energies 

increases the DS cross section up to about 10 % whereas at high energies it slightly 

decreases the cross section at small momentum transfers. 

It can be emphasized here that the present work is very simple and it needs some 

refinements to make it more realistic. But, the motivation is to make it known that the 

Delbriick scattering is a phenomenon which cannot be overlooked as an effect in 

astrophysical processes. 



Chapter 6 

BRIEF SUMMARY OF THE THESIS 

Experimentally, Delbriick scattering has been investigated covering a wide range 

of gamma-ray energies (l-1000 MeV) in the last eight decades. Both, the real as well as 

the imaginary parts of Delbrtick amplitudes have been experimentally detected. On the 

theoretical side, even though a reasonable understanding of the Delbriick scattering has 

been achieved so far, there is still no general solution of Delbriick scattering problem for 

arbitrary photon-energies and scattering-angles. All the theories developed so far have 

their own ranges of validity. Of these, the theories which are well established include the 

results for forward scattering [30], and the high-energy small-angle (OJ>> m, 8 << m) 

regime [32, 33, 41, 42]. The calculations of Delbruck amplitude based on the lowest

order Born approximation [49] are found to be valid at lower energies ( m ~ 1.33 MeV) 

and all scattering angles. For larger photon energies ( m > 1.33 MeV), Coulomb 

correction terms are to be added to the Born approximation amplitudes. Thus a general 

theoretical prediction of Coulomb correction terms are needed until a more general 

treatment of Delbriick scattering problem valid in this energy regime becomes available. 

The conventional perception is that the amplitudes of Delbriick scattering calculated to all 

orders in the charge number Z of the target nucleus should exhibit a scaling behavior at 

high energies. To examine this hypothesis the available experimental data of differential 
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cross sections of elastic scattering in the energy range between 140 MeV to 7.11 Ge V are 

analyzed. It is found that the experimental data do not show scaling characteristics. Such 

a finding though apparently against the standard notion, is not unexpected since at high 

energies Delbriick scattering is in very forward direction and the theoretical arguments 

demand that to observe scaling, not only the energy itself but the product of scattering 

angles and energy also should be very large. 

As the contribution of nuclear resonance scattering to the elastic scattering in the 

energy range between 7 and 20 MeV is significant, its accurate calculation is possible 

provided the GDR parameters are precisely determined. A fine tuning of GDR 

parameters and Coulomb correction estimates can be achieved by means of future 

experiments in energy range of 5-40 MeV [ l iO]. In the energy range between 20 and 100 

MeV, the present experimental results suffer from large uncertainties and thus the 

predictions of the large-angle high-energy approximation [45, 46, 54] could not be 

verified at the desired leveL Experiments with better accuracies are needed at this energy 

range for proper testing of the theoretical predictions. 

Accurate measurements of gamma-ray attenuation coefficients are necessary not 

only in radiological applications but also in verifying the theoretical predictions of 

various photon-atom processes. The overall agreement between the predictions and the 

measurements of attenuation coefficients are good [ 117]. However, there exists some 

discrepancy between the XCOM [119-121] and FFAST [122] predictions for high Z 

elements. For Z lying between 60 and 82 the discrepancies being 15-50 % near 

absorption edges and 2-5 % throughout the high energy range [123]. The measured 

values of attenuation coefficients presented in this thesis are in agreement with the 

theoretical values tabulated in XCOM [ 119]. Though the difference between the theory 

and the experiment is within 1.5 %, it is worthwhile to note that most of the measured 

values of the total cross sections are consistently smaller than the XCOM predictions. 

Among the other developments related to Delbrtick scattering, the possibility of 

photon emission in collisions of ultra-relativistic heavy nuclei (Z 1 Zr~Z 1Z2y) via the 
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virtual Delbrtick scattering sub-process [ 16, 17], the modification of Delbrtick scattering 

by the application of intense laser field [12], the possibility of observing Delbrtick

scattered y-rays from objects like a gamma ray burst or pulsar is [chapter 5 of this thesis] 

etc. are interesting findings from the point of view of future observations. 
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Delbriick contribution in the elastic scattering of 1.115-MeV photons 
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Differential cross sections for the elastic scattering of 1.115-MeV photons from tungsten (Z=74) and lead 
(Z=82) have been measured at angles ranging from 30° to 135°, using a high purity coaxial germanium 
detector. The experimental results are compared with S-matrix theoretical calculations of Rayleigh scattering 
cross sections, which also include contributions arising from the nuclear Thomson amplitudes and the Delbriick 
amplitude in lowest order Born approximation. The present experimental data at 1.115 MeV indicates that 
Delbriick amplitudes calculated with lowest-order Born approximation, when combined with S-matrix Ray
leigh scattering amplitudes, are sufficient, as has previously been observed at 1.332 MeV for a number ofhigh
Z elements, and at 1.121 MeV and 1.173 MeV for 2=92. This result for Z=74 and Z=82 at 1.115 MeV 
provides further confirmation that the Delbriick amplitudes calculated with lowest-order Born approximation 
are sufficient for energies at and below 1.332 MeV, in contrast to the situation at 2.754 MeV where Coulomb 
corrections to the Delbriick amplitudes are significant for high-Z elements. 

DOI: to.ll03/PhysRevA.71.032724 

INTRODUCTION 

Elastic scattering of photons is an important photon-atom 
scattering process in which a photon can be scattered through 
four different mechanisms, namely (i) Rayleigh scattering by 
the bound atomic electrons, (ii) Delbriick scattering by 
electron-positron pairs virtually created by the static Cou
lomb field surrounding the nucleus, (iii) nuclear Thomson 
scattering by the nuclear charge distribution, and (iv) nuclear 
resonance scattering by the giant dipole resonance. The pro
cess is called elastic because no energy is transferred to the 
internal degrees of freedom of the atom, which remain un
changed, and no additional photons are radiated. The indi
vidual contributions of these elastic scattering mechanisms 
are dependent on incident photon energy, the atomic number 
(Z) of the target atom and the angle ( 0) of scattering. The 
experimentally measurable physical quantity is the differen
tial scattering cross section in which a beam of photons is 
incident on a target and the scattered photons (scattered by 
any of the mechanisms mentioned above, which are not 
physically distinguishable) in a particular direction are de
tected with a suitable detector. A detailed discussion of the 
Rayleigh, Delbriick, and nuclear amplitudes, focusing in par
ticular on the soft gamma ray regime (59.5 keY to 
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1.33 MeV), where all the amplitudes interfere considerably, 
has been given by Kane et al. [1]. There have been many 
experimental efforts during the past four decades to measure 
the elastic differential scattering cross sections for photon 
energies around 1 MeV [2]. 

In the few MeV range and below the nuclear amplitudes 
are primarily due to scattering off the nuclear charge distri
bution, allowing a simple treatment as scattering off a single 
free particle of charge Ze (the nuclear Thomson amplitude). 
Whereas for the Rayleigh amplitudes calculations in the 
S-matrix formalism using a partial wave expansion in a self
consistent central potential have long been available [3,4], 
the corresponding S-matrix description of the Delbriick am
plitude has not been realized, though a formal treatment [5] 
and some limited numerical results [ 6] have been reported. 
Therefore, in the few MeV range the Delbriick amplitudes 
are generally treated in lowest-order Born approximation [7]. 
An adequate theoretical treatment of higher order effects 
(Coulomb corrections) for all angles in this regime has to 
date not been achieved. Results do exist for forward angle 
based on the optical theorem [8,9], but it is not clear how to 
extend these to finite angles, which are amenable to experi
ment. Other treatments beyond lowest order Born approxi
mation are generally restricted to small angles or higher en
ergies. Comprehensive discussions of the history and status 
of Delbriick scattering have been given by Papatzacos and 
Mork [10], Milstein and Schumacher [11], and most recently 
by Schumacher [12]. A major collection of numerical data 
for the Delbriick amplitudes was given by Falkenberg et a/. 
[13]. This was used by Hubbell and Bergstrom [14] in their 
comparison of the Delbriick contribution to scattering with 
that of other photon atom processes. The paper [14] also 
includes an extensive bibliography. 

Experimental results for elastic scattering on high-Z ele
ments in the soft gamma ray regime allow a consideration of 
(1) situations where the Delbriick scattering amplitudes are 
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FIG. I. Figure 4.1 taken from Kane et al. [1], showing compari
sons of experiment (circles with error bars). The theoretical predic
tions include the Rayleigh, nuclear Thompson, and lowest order 
Born Delbruck amplitudes (solid line) and also the predictions with 
Delbrlick omitted (dashed line). Results are for elastic scattering 
from 82Pb at 1.33 MeV at a wide range of scattering angles. 

required, in addition to the Rayleigh amplitudes, to obtain 
agreement within the experimental error and (2) in the case 
that the DelbrUck amplitudes are important, whether lowest 
order Born approximation is sufficient. Researchers at the 
University of Gottingen started a series of experiments at 
2.754 MeV, where DelbrUck amplitudes dominate, from 
1975 onwards [15-22], the contribution of Rayleigh ampli
tudes being minor. Basavaraju et al. [23], and Muckenheim 
and Schumacher [24] performed experiments at 1.332 MeV 
and found need for the inclusion of Delbruck amplitudes, but 
lowest order Born approximation was sufficient. This is seen 
in Fig. 1 (Fig. 4.1 of Ref. [1 ]), which compares experimental 
results for the elastic scattering of 1.332 MeV photons by 
lead with theoretical results obtained with and without the 
(lowest order Born) Delbruck amplitudes included. In con
trast, experimental results at 2.754 MeV for Pb, Bi, TH, and 
U deviate from cross sections which utilize the lowest order 
Delbruck amplitudes by factors as large as ~2, through 
smaller for larger angles, as seen in Fig. 2 (Fig. 4 of Ref. 
[12]) for uranium (Z=92). As is discussed in [12] the dis
crepancies at 2.754 MeV for the different Z considered can 
be empirically corrected by a first Coulomb correction term 
to the amplitude of relative order (Za)2 (as has also been 
observed at 9 MeV [12]). At 1.332 MeV where there are also 
fairly extensive measurements for different Z the lowest or
der Born result appears to be sufficient. However, the evi
dence that this is also the case at still lower energies is more 
limited. There are measurements at 1.121 MeV and 
1.173 MeV confirming this, but only for Z=92 [25]. 

The motivation of the present experiment, with a HPGe 
detector and improved computer assisted data acquisition 
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FIG. 2. Figure 4 taken from Schumacher [12], showing com
parisons of experiment (circles with error bars). The theoretical pre
dictions include the Rayleigh, nuclear Thompson, and lowest order 
Born Delbriick amplitudes (solid line) and also the predictions with 
Delbri.ick omitted (dashed line). Results are for elastic scattering 
from 238U for energies ranging from 145 keY to 2.754 MeV at a 
wide range of scattering angles. 

d · · h · (Mz an analys1s systems, usmg a monoc romatlc n, 
1.1 15 MeV) photon source with high-Z target atoms (Pb and 
W), is to further establish (for Z other than 92) whether we 
can rely on lowest order Born approximation for Delbruck 
scattering amplitudes at energies lower than 1.332 MeV. A 
somewhat similar situation has been observed [26,27] in the 
energy dependence of photoeffect cross sections, where the 
Born approximation energy dependence is corrected, in ad
dition to a Stobbe factor, by further terms (but in Za). The 
terms are small in the energy range 0.5 to 2.0 MeV but they 
become large at higher energy (3 MeV and above), in high-Z 
elements decreasing the cross sections by a factor of 2. 

EXPERIMENTAL METHODS 

A 200 mCi 65Zn source (with a half-life of 243.8 days), 
procured from the Bhaba Atomic Research Center, Mumbai, 
India, was used as source of 1.115-MeV mono-energetic 
gamma ray photons. The source was encapsulated in a stain
less steel capsule of dimension 1.0 em diameter and 1.1 em 
length which was enclosed in a cylindrical block of lead 
(11.0 em diameter and 15.32 em length). Solid tungsten and 
lead scatterers in the form of square (5 em X 5 em) sheets 
and of thicknesses of 1.93-12.35g/cm2 and 
1.135-3.80 g/cm2

, respectively, were used. lt is important 
that the target materials be thick enough to have a sufficient 
number of atomic targets yet be thin enough (much less than 
the mean free path of the photon) to avoid multiple scattering 
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FIG. 3. Schematic diagram of the experimental arrangement. 

in the target. The source to scatterer target distance r1 and 
target to detector distance r2 varied from 
44.8 em to 72.5 em, and from 23.0 em to 61.4 em. respec
tively. The angular spread in the reflection geometry is least 
when sin <I> I sin( 0- <I>)= r 1 I r2, where ¢ is the angle between 
the incident photon beam direction and the target axis and 0 
is the mean angle of scattering. For 30° and 60° both reflec
tion and transmission geometry were used. For larger angles 
90°, 120°, and 135° reflection geometry was used. The maxi
mum angular spread of the scattering angle was 3 a. A sche
matic diagram of the experimental arrangement is shown in 
Fig. 3. 

A coaxial high-purity germanium detector (Oxford Instru
ments) was placed in a lead shielding with a hole of diameter 
I 0.2 mm and length 44.3 mm. The relative efficiency of the 
detector as measured by the manufacturer was 39.8%. The 
full width at half maximum (FHWM) at 1.33 MeV was 
1.77 keY and the peak to Compton ratio was 67.1. The scat
terer targets were fixed in a perspex holder and placed in the 
center of a well-graduated (angle) circular wooden tabletop. 
The center ofthe target was aligned coaxially with the source 
collimator and the center of the detector face. The detector 
assembly was mounted on a moveable cart to align the de
tector at different scattering angles as well as for changing 
the distance between the scatterer and the detector. 

The background spectrum was acquired by removing the 
target from the perspex holder for a considerable length of 
time before and after each scattered spectrum was recorded. 
The background spectrum was loaded first, normalized and 
subtracted from the scattered spectrum. The experimental 
differential scattering cross sections were determined by us
ing the following relation: 

dcr __ 1_ [ ri ] Sref Nscatt 

dO- NATT exp(- IL~irrl) Sstrong Nref, 

where Nscatt is the net scattered counts per unit time N f is 
the number of counts from a weak reference so~rcere (of 
1.115-MeV photons) placed at the position of the target with 
the target removed, r 1 is the source to target distance, NAT is 
the number of atoms in the target, IL~1' is the attenuation 
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coefficient of air, and sref and Sstrong are the intensities of the 
weak reference source and the main experimental source, 
respectively. The ratio Srefl Sstrong was measured by placing 
the two sources in the same cylindrical lead collimator and 
placing two lead bricks in front of the opening mouth of the 
collimator and counts were recorded at different distances 
the detector was placed in line with beam. The ratio was also 
found by counting the photons from the two sources placed 
at a long distance away without any shielding or collimation 
of the sources and the detector. The geometry of the trans
mission factor Tis depicted in Fig. 4, and it is given by 

where x 1 and x2 are the distances traversed in the target be
fore and after the scattering event, respectively, and ILl and 
ILz are the corresponding linear attenuation values for those 
respective path lengths, which are equal for elastic scattering, 
i.e., ILl= IL2. Determining the transmission factor required in
tegrating over all possible scattering paths in the target. The 
attenuation coefficients of tungsten and lead required in the 
determination of the transmission factor T for 1.115-MeV 
photons are found through direct measurement to be 
0.05979(5) ::t: and 0.06013(6) in cm2 I g, respectively. The 
corresponding theoretical data taken from Hubbell and Selt
zer [28] are 0.06026 and 0.06054, respectively, and are 
within 1.2% of the measured values. 

It is very important to minimize the ambient background 
signal as far as is possible because elastic scattering at 
1.115 MeV is a low event photon-atom interaction process. 
The errors associated with possible background radiation 
were minimized by performing the experiment in a large 
room and shielding the source and detector assembly suit
ably by lead bricks. Extensive tests were made altering the 
geometry of the shielding of the source and the detector rela
tive to the floor and walls of the room in which the experi
ment was carried out to minimize the background counts. In 
the present experiment the effects of Compton scattering, 
pair production and bremsstrahlung are not important, as 
they do not contribute to the elastic peak for the scattering 
angles at which measurements were made with this high 
photon energy. The experimental run for each target contin
ued for more than hundred hours at a time to obtain good 
statistics. To minimize the pulse pileup effects due to longer 
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TABLE I. Differential scattering cross sections for tungsten, Z 
=74, for 1.115-MeV photons at a range of scattering angles. Pre
dictions for the cross section are given based on the Rayleigh and 
nuclear Thompson amplitudes only (R + T), and also including the 
Delbriick amplitude in lowest order Born approximation (R +T 
+D). The experimental results are given with error in column 4 and 
the deviation from the best theoretical prediction is given in column 
5. 

Scattering R+T R+T+D Experiment %Deviation 
angle (mb/sr) (mb/sr) (mb/sr) from R+T+D 

30° 19.3 17.5 17.8(6) +1.71 
60° 0.701 0.616 0.601(23) -2.43 
90° 0.210 0.224 0.218(9) -2.68 

120° 0.163 0.186 0.191(9) +2.68 
135° 0.158 0.182 0.190(11) +4.39 

peaking time proper pole-zero adjustment was made using a 
high quality spectroscopic amplifier by setting the peaking 
time lo bring the trailing edge of the amplifier output pulse to 
baseline with minimum overshoot or undershoot by observ
ing sample output connected to an oscilloscope. The elec
tronic drift and specially the gain stability of the signal am
plification chain was checked by recording direct spectra 
acquired with a 65Zn weak source at different long intervals 
of time from time to time and by checking for any channel 
drift of the photopeak. 

In addition to the automatic channel by channel back
ground subtraction, the subtraction was also done manually 
by calculating the total counts under both the scattered pho
topeak spectrum and the corresponding background spec
trum (recorded before and after the scattered spectrum to 
account for any channel drift). The difference in net counts 
was never found to exceed 1.8%. Decay correction of the 
source is negligible since the half-life of 65Zn is 243.8 days 
corresponding to a reduction in the number of emitted pho
tons by a factor of only 0.997 after 100 h. The target mate
rials were specified to be 99.9995% pure (Alfa Aeser). The 
overall accuracy in the present experimental data is within 
5%. 

DISCUSSION 

The present experimental results are given in Tables l and 
U, and they are represented graphically in Figs. 5 and 6, for 

TABLE II. Differential scattering cross sections for lead, Z 
=82, for 1.115-MeV photons. Comparisons of experiment with the
oretical predictions are as in Table I. 

Scattering R+T R+T+D Experiment %Deviation 
angle (mb/sr) (mb/sr) (mb/sr) from R+T+D 

30° 13.9 12.6 12.9(4) +2.38 
60° 0.349 0.319 0.316(14) -0.94 
90° 0.100 0.108 0. 104(5) -3.7 

120° 0.0813 0.0946 0.0976(26) +3.17 
135° 0.0809 0.0950 0.0982(34) +3.36 
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FIG. 5. Differential cross sections for elastic photon scattering 
from tungsten (Z=74) at 1.115 MeV, comparing experiment 
(circles with en'Of bars) with the theoretical predictions including 
the Rayleigh, nuclear Thompson, and lowest order Born Delbriick 
amplitudes (solid line) and also the predictions with Delbriick omit
ted (dashed line). 

tu:ngsten and lead targets, respectively. Comparisons are 
made with theoretical values for the elastic scattering cross 
section both neglecting the Delbriick amplitude (i.e., using 
the Rayleigh and nuclear Thompson amplitudes only) and 
also including the Delbri.ick amplitude calculated in the low
est order Born approximation. The Rayleigh amplitudes are 
calculated in the second order S-matrix formalism in a self 
consistent Dirac-Slater type central potential [3,4] and are 
expected to be accurate at the one percent level. We observe 
that at 1.115 MeV, as with previous results at 1.332 MeV 
and for the limited available results at 1.121 and I .173 MeV, 
the Delbri.ick amplitude needs to be included for agreement 
with experiment, but the result for the Delbri.ick amplitude in 
lowest order Born approximation appears to be sufficient 
given the experimental error of ~5%. The elastic scattering 
cross section calculated without including the Delbriick am
plitude is clearly seen to underestimate the experimental re
sults at large scattering angles. It is not surprising that need 
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FIG. 6. Differential cross sections for elastic photon scattering 
from lead (Z=82) at 1.115 MeV, comparing experiment (circles 
with error bars) with the theoretical predictions including the Ray
leigh, nuclear Thompson, and lowest order Born Delbriick ampli
tudes (solid line) and also the predictions with Delbriick omitted 
(dashed line). 
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for the Delbriick scattering amplitude is seen at this energy 
(1.115 MeV) as previous experimental results for scattering 
from uranium for a wider range of energies (Fig 2) show a 
need for inclusion of the Delbriick amplitude at energies as 
low as 889 keY. Referring to the last column in Tables I and 
II there is evidence of a common behavior in the deviation of 
the experimental results from the best theoretical results, 
with a positive deviation at the smallest angle and larger 
angles, and a negative deviation in between. However, the 
deviations in all cases are at the few percent level, and no 
definite conclusion can be made given the experimental error 
of -5%, other than to note the similar behavior for both Z. 
Greater experimental precision may reveal whether this indi
cates, for example, a modest Coulomb effect at this energy. 
In this experiment there is no evidence for any deviation 
from the Born Delbriick amplitude greater than -20%, to 
which the experiment would be sensitive. 

In summary, results have been presented for elastic scat
tering from lead and tungsten at 1.115 MeV for a range of 
scattering angles. The conclusion from a comparison of these 
results with the theoretical predictions is that Delbrtick scat
tering is significant and it is sufficiently well described 
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within lowest order Born approximation at this energy (given 
the experimental uncertainty of -5%), as was also the case 
for previous experiments at 1.332 MeV and for limited re
sults at 1.121 and 1.173 MeV. These results therefore pro
vide further evidence that the lowest order Born approxima
tion for the Delbrtick amplitude is sufficient for energies of 
1.332 MeV and below. This in tum suggests that the Cou
lomb corrections to the Delbriick amplitude, known to be 
important at 2.754 MeV but not at 1.332 MeV, continue to 
be unimportant at still lower energies, as opposed to, for 
example, becoming more important at lower energies with 
1.332 MeV representing a local minimum in the correction 
to the scattering cross section (as due to a sign change at the 
level of the amplitude). 
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Abstract 

The contribution of Delbriick scattering to the elastic scattering of photons has been investigated for photon energy 
of Llt5 MeV. Differential cross-sections for the eiastic scattering of U 15 MeV photons, using gamma-ray isotope 
65Zn, have been measured from high-Z target atoms (Z = 74 and 82) at angles ranging from 30° to 135'', using a high
purity co-axial germanium detector and computer-based data acquisition hardware and data analysis software. 
S-matrix theoretical calculations of Rayleigh scattering cross-sections were performed at 1.115 MeV and the 
experimental results were compared with these theoretical computations, which include Delbriick and nuclear Thomson 
amplitudes. The present experimental data at I. 115 MeV indicate that Delbriick amplitudes calculated with lowest
order Born approximation are sufficient, as at 1.33 MeV, when combined with S-matrix-Rayleigh scattering amplitudes. 
D 2006 Elsevier Ltd. All rights reserved. 

I. Introduction 

Delbriick scattering is one of the four processes in 
which an energetic photon is scattered elastically by 
electron-positron pairs created by the static Coulomb 
field surrounding the nucleus. The other processes are: 
Rayleigh scattering, nuclear Thomson scattering and 
nuclear resonance scattering. Nuclear Thomson scatter
ing occurs from the nuclear charge distribution, and the 
nuclear resonance scattering is the giant dipole reso
nance. These events are called elastic because no energy 
is transferred to the internal degrees of freedom of the 
atom and no additional photons are radiated. The 
individual contributions of these elastic scattering 
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mechanisms are dependent on the incident photon 
energy, the atomic number (Z) of the target atom and 
the angle (8) of scattering. Experimentally it is not 
possible to distinguish any of the mechanisms individu
ally, by which a photon is scattered elastically by an 
atom. The experimentally measurable physical quantity 
is the differential scattering cross-section in which a 
beam of photons of particular energy is incident on a 
target, and the scattered (by any mechanism mentioned 
above) photons in a particular direction are detected 
with a suitable detector. The resulting 
cross-sections are then compared with theoretical cross-
sections obtained by summing coherently (in which the 
relative phase information is retained) the amplitudes of 
the different elastic processes and then squaring, 

where aNT, aR, a 0 and aNR are, respectively, the nuclear 
Thomson, Rayleigh, Delbri.ick and nuclear resonance 
scattering amplitudes. 

There have been many experimental efforts during the 
last four decades (Sen Gupta et aL, !988) to measure the 

0969-806X/$- see front matter (() 2006 Elsevier Ltd. All rights reserved. 
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elastic differential scattering cross-sections with photon 
energies around l MeV with better and better photon 
detectors, data acquisition systems (analyzers), etc. The 
corresponding initial developments, up to the middle of 
the 1970s, on the theoretical side were the extension and 
improvement of S-matrix calculations of Rayleigh 
scattering amplitudes of Brown and Mayers (1957), 
Cornille and Chapdelaine (1959), Johnson and Feiock 
{1968) and Johnson and Cheng (1976). 

Earlier experimental data were compared with theory 
obtained either by extrapolating the Rayleigh ampli
tudes of Brown eta!. calculated for the K-shell electrons 
of mercury, Z = 80 at a few different energies or by 
using simpler form factor approximation. It was in 1977 
and 1980 that new accurate Rayleigh scattering ampli
tudes were calculated by Kissel (l977) and Kissel et al. 
(1980) The numerical accuracy of these calculations are 
better than l %, while the overall accuracy around 
1 MeV is 3%. There remains problem with direct calcu
lations of Delbriick scattering amplitudes. Delbriick 
scattering is the elastic photon scattering by a nuclear 
field predicted by Delbriick in 1933 and it attracted 
considerable interest both from experimental and 
theoretical points of view. Delbriick amplitudes were 
calculated in the forward direction by Rohrlich and 
Gluckstern (1952). Ehlotzky and Sheppey (1964) calcu
lated Delbrtick scattering amplitudes for energies 
between l and 20 MeV and for scattering angles from 
oo to 120°. Before the calculations of Ehlotzky and 
Sheppey were published, the discrepancy between 
measurements and sum of the theoretical Rayleigh and 
nuclear Thomson amplitudes was taken as evidence for 
the existence of Delbriick scattering (for example; 
Bernstein and Mann, 1958). Calculations based on 
Coulomb-Born approximation by Papatzacos and 
Mork (l975a, b) are the latest available today for 
Delbriick scattering amplitudes. The Delbriick scatter
ing amplitude is complex, the real or dispersive part 
corresponding to virtual pairs and the imaginary or 
absorptive part corresponding to real pairs in the 
intermediate state. The imaginary part is related to pair 
production and vanishes for photon energy below the 
threshold for pair production while the real part is 
traced at least as low as 889 KeV. 

The first experimental observation of the real part of 
Delbrtick amplitudes was reported by Schumacher et al. 
(1975a, b), where they measured the elastic differential 
cross-section at scattering angle 120° for Pb target atoms 
using 2.754 MeV photon. The Gottingen group led by 
Schumacher started a series of experiments at 
2.754 MeV from 1975 (Schumacher et al., l975a, b; 
Schumacher et al., 1976; Schumacher and Rullhusen, 
1977; Rullhusen et al., 1979a, b, c; M uckenheim et al., 
1980; Schumacher et at., 1981; Rullhusen et al., 1982) 
where Delbriick amplitudes dominate, the contribution 
of Rayleigh amplitudes being minor. Basavaraju et al. 

(1979) and Muckenheim et al. (1980) performed experi
ments at 1.33 MeV using current Rayleigh amplitudes 
and found the need for the inclusion of Delbriick 
amplitudes. The existence of the real part of Delbriick 
amplitudes was also verified by Muckenheim and 
Schumacher (1980) for uranium target at 889 KeV. 
The requirement of the inclusion of Delbriick ampli
tudes have also been proved essential when earlier 
experiments (Dixon and Storey, 1968; Hardie et al., 
1970, 1971) were compared at 1.33 MeV, with solid-state 
detectors and (Standing and Jovanovich, 1962) Nai 
detectors. The early discrepancies were due to error in 
the Rayleigh amplitudes used to calculate the theoretical 
cross-sections. But when Rayleigh amplitudes of Kissel 
et al. and Delbruck amplitudes of Papatzacos and Mork 
are used, these experimental results show good agree
ment. This has been shown explicitly by Kane et aL 
(1986) displaying best experimental values of differential 
scattering cross-sections of 1.33 MeV photons from Pb 
compared with best available Rayleigh and Delbrtick 
theory as mentioned above. The Rayleigh amplitudes 
dominate at L33 MeV, the Delbriick amplitude is about 
10% of the Rayleigh amplitude. The experimental 
results at 2.754MeV for Pb, Bi, Th and U deviate with 
the lowest order Delbriick theory by factors between 1. I 
and 1.4. The discrepancies were suggested by the 
Gottingen group to be related to the Coulomb correc
tion to the lowest order D amplitudes; the correction 
being stronger with high-Z scatterers and large scatter
ing angles. Rullhusen et al. (1981) and Kasten et al. 
( 1986) investigated the Coulomb correction effect at 
2.754MeV by measuring differential cross-sections with 
different Z materials and scattering angles to find out 
the order in which the Coulomb correction terms 
contribute. The situation is that Delbrtick amplitudes 
calculated with lowest order Born approximation agree 
well with experimental data at 1.33 MeV where they do 
not agree at the higher energy of 2.754 MeV. 

A similar situation has been observed by Pratt (1960) 
on the energy dependence of photoeffect cross-sections, 
where the Born approximation energy dependence is 
corrected in addition to Stobbe factor. This factor is 
small in the energy range 0.5-2.0 MeV, but it becomes 
large at higher energy (3 MeV and above), in high-Z 
elements decreasing the cross-sections by a factor of 
two. The high energy limiting value is 50 MeV where the 
cross-section for lead differs by 10% than at 1.1 MeV. 

The aim is to find out whether there is a discrepancy 
near 1 MeV as found at 2.754 MeV or like at 1.33 MeV 
where there is no discrepancy between experiments and 
theory and where Delbriick amplitudes have been 
calculated using lowest order Born approximation. The 
present experiment is carried out considering there is no 
experimental data available at 1.115 MeV with HPGe 
detector. There are no enough experimental data for 
elastic scattering cross-sections just above 1 MeV using 
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solid-state detector except one carried out at 1.121 by 
Muckenheim and Schumacher (1980) with U target 
atoms. The 65Zn radioactive source used in the present 
experiment is source of 1.115 MeV mono-energetic 
photons. One of the other aims was to measure very 
accurately the attenuation coefficients of lead (2 = 82) 
and tungsten (2 = 74) at 1.115 MeV. 

2. Experimental details 

The experiment as carried out with a 200mCi 65Zn 
source (half-life 243.8 days) of l.ll5MeV mono
energetic gamma-ray photons was procured from Bhaba 
Atomic Research Center, Mumbai. Extensive care was 
taken to collimate the photons by elaborate shielding. 
Solid tungsten and lead scatterers in the form of square 
(5 em x 5 em) sheets were used. The area of these 
scatterers was 25.0 cm2

. The thicknesses of the tungsten 
and lead scatterers were 1.93--12.35 gjcm2 and 
1.135--3.80 gjcm2

, respectively. The source-to-scatterer 
target distance r 1 and target-to-detector distance r2 

varied from 44.8 to 72.5cm, and from 23.0 to 6L4cm, 
respectively. For 30° and 60° both reflection and 
transmission geometries were used. For larger angles 
90°, 120" and 135", reflection geometry was used. 

A co-axial high-purity germanium detector was 
procured from "OXFORD Instruments", USA for the 
present set of measurements. The crystal characteristics 
were: diameter, 57.7mm; length, 57.0mm; hole dia
meter, 10.2mm; hole length, 44.3mm; germanium dead 
layer thickness, 600 ~-tm. The relative efficiency of the 
detector as measured by the manufacturer was 39.8%. 
The FHWM at 1.33 MeV was 1.77keV. The peak-to
Compton ratio was 67.1. A "Tenelec" spectroscopic 
amplifier was used with 12 JlS Gaussian peaking time. 
The amplified pulses were fed to the input of "Tenelec 
PCA3" pulse height analyzer fitted into an ISA slot of a 
Pentium-based computer. A high-quality ''Assayer" 
data analysis software was used to control, acquire, 
and finally store the spectrum in a binary data file. 
Extensive tests were made altering the geometry of the 
shielding of the source and the detector relative to the 
floor and walls of the room in which the experiment was 
carried out to minimize the background counts as far as 
possible. The scatterer targets were fixed in a perspex 
holder and placed in the center of a well-graduated 
(angle) circular wooden tabletop. The center of the 
target was aligned co-axially with the source collimator 
and the center of the detector face. The detector 
assembly was mounted on a moveable cart and moved 
to align the detector at different scattering angles. The 
scattered counts were recorded for each targets with 
ADC conversion gain fixed at 8192. 

The system run time for a single spectrum varied up to 
a maximum of I 37 h. The experimental room was kept 

at a constant ambient temperature. The electronic drift 
was checked by observing the FWHM of a direct 
spectrum acquired with a weak source for different long 
intervals of time during the whole channel energy, and 
resolution calibrations were performed in the beginning 
using standard calibration sources. The peak in the 
spectrum was analyzed by creating region of interest 
(ROI). The start and end of this region is defined in 
terms of energy (channel). The start and end channel 
could be easily selected by pressing the control key and 
dragging the mouse. The background spectrum was 
acquired by removing the target from the perspex holder 
for considerable length of time before and after each 
scattered spectrum was recorded. The background 
spectrum was normalized and subtracted from the 
scattered spectrum through automatic scaling of time. 
For the continuum background, the system uses a 
background "ROI" on each side of the selected ROI to 
draw a straight line under the peak. The system then 
subtracted off the background in computing the net 
counts or centroids. The ambient background correction 
was performed first followed by the continuum correc
tion. The continuum correction is made by calculating a 
straight-line subtraction of the continuum spectrum in 
the neighborhood of the peak. 

The experimental differential scattering cross-sections 
were determined by using the following relation: 

llt = flz, for elastic scattering, 

where Nscatt is the net scattered counts per unit time, Nref 

the number of counts from a weak reference source 
( 1.115 MeV) placed at the position of the target with the 
target removed, r1 the source-to-target distance, Nat the 
number of atoms in the target, flair the attenuation 
coefficient of air, s and S the intensities of the weak 
reference source and the main experimental source, 
respectively and T the transmission factor. The ratio s/ S 
was measured by placing the two sources in the same 
cylindrical lead collimator and placing two lead bricks in 
front of the opening mouth of the collimator. Counts 
were recorded at different distances the detector was 
placed in line with beam. The ratio was also found by 
counting the photons from the two sources placed at 
long distance without any shielding or collimation of the 
sources and the detector. The transmission factor "T' 
was evaluated through the thin target in the transmis
sion/reflection geometry developing a computer pro
gram taking into account all possible x1 and x2 distances 
(Fig. I), while the photon is scattered within the material 
of the target material. 
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Fig. l. Schematic diagram of the experimental arrangement. 

The attenuation coefficients of tungsten and lead 
required in the determination of scattering cross-sections 
to account for the absorption of the photons as they 
pass through the target for 1.115 MeV photons have 
been measured very accurately in narrow beam "good 
geometry "setup and found to be 0.05979(5)±and 
0.06013(6) in cm2jg, respectively. The corresponding 
theoretical data taken from Hubbell and Seltzer (1995) 
being 0.06026 and 0.06054 are within 1.2% of our 
experimental data. 

2.1. Errors 

The errors associated with this kind of measurement 
may result from (i) ambient background and continuum 
background obscuring low level elastic scattering events, 
(ii) statistical errors due to few counts at high energy 
elastic scattering, (iii) drifts encountered in electronics 
for the long duration of data acquisition time, (iv) 
gamma source decay, (v) accurate determination of the 
ratio of intensities of the weak reference source and the 
strong experimental source, (vi). purity of the scatterer 
targets, (vii) angular spread in scattering angles and (viii) 
correction for attenuation in the targets, and other 
systematic errors. 

It is very important to minimize the ambient back
ground as far as possible because of the low probability 
of photons scattered in elastic scattering. The main 
sources of background are (i) radiation from the concrete 
walls of the laboratory room, the Earth's surface, (ii) 
radioactivity in the air surrounding the detector, (iii) 
cosmic radiation components, (vi) the natural radio
activity of the supports, shielding materials in the vicinity 
of the detector. The above were mostly be minimized by 
performing the experiment a large room and shielding 
the source and detector assembly suitably by high-Z 
absorber material like lead bricks. There are probabilities 
of photons reaching the detector due to scattering from 
the lead shielding materials. These effects (statistical) 
were minimized by recording both the scattered and 
background counts over a long time, the background 

counts being recorded before and after the scattering 
counts are recorded. In the present experiment the effects 
of Compton scattering, pair production and bremstrah
lung are not important, as they did not contribute in the 
elastic peak for the scattering angles at which measure
ments were made with this high photon energy. The 
continuum background subtraction was done as men
tioned before and there was no difficulty because a single 
peak at 1.115 MeV is involved. The experimental run for 
each target continued for more than IOOh at a time in 
order to have a small statistical error. The elastic 
scattering at 1.115 MeV is a low-event photon-atom 
interaction process. Compromise was made between 
selecting thick enough target materials to have more 
scattering atoms and thin enough (should be less than 
1/p, the mean free path of the photon where p is the 
attenuation coefficient) to avoid multiple scattering in 
the target. There is always random thermal effects in any 
electronic circuit elements, and as a result there is bound 
to be change in the characteristics of any circuit and 
would cause channel drift. Keeping the experimental 
room air-conditioned and running the experiment at a 
fixed room temperature minimized this. As mentioned 
before, the background counts were each subtracted 
automatically from the scattered count channel by 
channel scaled for the same time for which the scattered 
spectrum was acquired The subtraction was done 
manually also by calculating the total counts under a 
scattered spectrum and the corresponding background 
spectrum recorded before and after a scattered spectrum 
was recorded to account for any channel drift. The 
difference in net counts was never found to exceed 1.8%. 
The half-life of the 65Zn source is 243.8 days and 
necessary correction was negligible since the number of 
photons emitted by the source is reduced by a factor of 
0.997 in 100 h. The target materials in the form of sheets 
procured from "Alfa Aeser", USA were 99.9995% pure. 
The correction for attenuation of the photon beam in the 
scatterer before and after scattering was made as 
mentioned earlier and for a thin target was assumed 
adequate. The overall accuracy in the present experi
mental data is within 5%. 

2.2. Experimental results and discussion 

The present experimental results are shown in 
Tables I and 2 for lead and tungsten target materials, 
respectively. 

3. Discussion 

It has been observed that that the experimental data 
at 1.33 MeV agrees well with. theoretical cross-section 
calculated including lowest order Born approximation 
Delbriick amplitudes together with S-matrix-Rayleigh 
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Table 1 
Differential scattering cross-sections for lead, Z = 82 for l.ll5 MeV photons 

Scatt. angle R + T (mb/sr.) R+ T+ D (mb/sr.) Experiment % Deviation with R+ T+ D 

30° 19.3 17.5 17 .8(6) + 1.71 
60° 0.701 0.616 0.601(23) -2.43 
90° 0.210 0.224 0.218(9) -2.68 
!20° 0.163 0.186 0.191(9) +2.68 
135° 0.158 0.182 0.190(11) +4.39 

Table 2 
Differential scattering cross-sections for tungsten. Z = 74 for 1.115 MeV photons 

Scatt. angles R+ T (mb/sr.) R+ T+ D (mb/sr.) 

30" 13.9 12.6 
60' 0.349 0.319 
90° 0.100 0.108 
120° 0.0813 0.0946 
135' 0.0809 0.0950 

amplitudes; whereas at photon energies higher than 
L33 MeV experiments carried out with photon energy of 
2.754MeV by the Gottingen group with high-Z target 
atoms, the experimental data (Gottingen group) do not 
agree (the calculated cross-sections were less than the 
measured values by factors of up to about 1.4) with 
theoretical cross-sections including Delbriick amplitudes 
calculated with lowest order Born approximation and S
matrix-Rayleigh amplitudes.This group suggests mod
ification of Delbriick amplitudes with Coulomb correc
tions (higher order Coulomb corrections lead to 50% 
modifications of the Delbriick amplitudes). The present 
experimental data at 1.115 MeV for high-Z target atoms 
like lead and tungsten (Tables I and 2) show that the 
theoretical cross-sections with Delbriick amplitudes 
calculated with lowest order Born approximation (with
out Coulomb correction) and S-matrix-Rayleigh scatter
ing amplitudes are sufficient to explain the elastic 
scattering of photons below L33 MeV. 
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