
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 
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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. 
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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--~ 
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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. 
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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 
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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. 


