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ABSTRACT

An experiment was performed at the Langley Research Center,
Hampton, Virginia, in which bremsstrahlung radiation in the energy range 
from about 0 .38 MeV to 1.0 MeV was measured when thick germanium targets 
were bombarded by 1.0 MeV electrons. The experimental angular distribu
tion of the bremsstrahlung intensity, l(9), along with the differential 

cLô cLôcross sections  ̂ and ^  are presented and compared with theoreti
cal calculations. The efficiency of photon production is also compared 
with theoretical calculations As expected, the intensity decreases as 
the angle between the incident electrons and the emergent photon 
increases and as the photon energy increases.

vii



BREMSSTRAHLUNG PRODUCTION IN THICK GERMANIUM TARGETS



INTRODUCTION

Future space flights may include vehicles traveling through regions 
of highly concentrated energetic particles trapped in the earth’s mag
netic field. Electrons constitute a large portion of these charged 
particles (ref. l) and it is well known that when electrons pass through 
matter they lose kinetic energy through the processes of excitation and 
ionization and radiative emission in the electric field of the atomic 
nucleus and electrons. In the case of high energy electrons the most 
prominent energy loss is that due to radiation in the electric field of 
the nucleus. The radiation emitted by the electron in this process is 
due to the acceleration of the electron by the coulomb field of the 
nuclei of the stopping material. This radiation is referred to as 
bremsstrahlung and it is this process of bremsstrahlung production with 
which this investigation is concerned. Because of the presence of 
energetic particles in space, measurements are needed for such things 
as estimation of radiation doses inside space vehicles for biological 
purposes and the determination of the effects of radiation on the 
vehicle’s skin and instruments.

Numerous investigations of bremsstrahlung production are reported 
in the literature for the case of nonrelativistic electrons, both 
experimental and theoretical. However, in the intermediate energy 
range where the kinetic energy of the electron is comparable to its 
rest energy the literature is not as complete and discrepancies in

2
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experimental data with theoretical estimates are noted (ref. 2). Much 
of the thick target bremsstrahlung theory is based on thin target theory 
and information because of the lack of knowledge of electron scattering 
cross sections and cross sections for energy loss by various means in 
the thick target. In most practical situations the stopping material is 
thick and hence, because of inadequate theories, direct measurements of 
the bremsstrahlung is desirable.

Because of the hazards of bremsstrahlung which may be encountered 
in space flight and the lack of literature on thick target bremsstrah
lung production, an experiment was performed at the Langley Research 
Center to measure the bremsstrahlung produced when a thick germanium tar
get was bombarded with 1.0 MeV electrons. The target was sufficient 
thickness to cause the electrons to lose all their kinetic energy in 
traversing the target. This experiment is one of a series which was 
performed to determine bremsstrahlung production as a function of the 
target material and the incident electron energies. In this experiment 
the bremsstrahlung spectra were accumulated for angles varying from 
15° to 133° with respect to the incident electron beam, which was 
always normal to the target.

The spectra, after appropriate corrections, were used to calculate 
the efficiency of production, various cross sections, and the angular 
distribution of the radiated energy over a photon energy range of about 
0.1*- MeV to 1.0 MeV. Comparisons have been made with the predictions of 
the Bethe-Heitler theory which show that the experimental results are in
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reasonable agreement with the theoretical calculations. Direct com
parison with theory was not possible since no comprehensive theory has 
been developed for thick target X-ray production.



CHAPTER I

BREMSSTRAHLUNG THEORY AND DISCUSSION 

Historical
In 1895 Roentgen accidentally discovered X-rays through their 

ability to fluoresce certain salts of heavy metals after having passed 
through several millimeters thickness of optically opaque material. At 
the time Roentgen was studying electrical discharges in gases and he 
immediately began a study of the new radiation. From these first 
observations, many of the fundamental properties of X-rays were estab
lished and were later confirmed by other investigators whose research 
helped extend them. In particular, it was found that the X-rays con
sisted of a continuous spectrum, called bremsstrahlung, upon which was 
superimposed a line spectrum, or characteristic spectrum. The continu
ous spectra were identified and associated with the deflection of inci
dent charged particles by the coulomb fields of the nuclei whereas the 
characteristic spectra have been identified with the electromagnetic 
radiation given off by an atom as it fills vacancies in electronic 
states.

General Discussion 
When passing through matter, electrons lose their kinetic energy 

or they are deflected from their original path through inelastic and 
elastic collisions with the atomic nuclei and electrons. In the elastic

5
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collisions the incident electrons may be deflected, however, no electro
magnetic radiation is emitted by the incident electrons. For the case 
of inelastic collisions with the atomic nuclei the incident electron is 
deflected from its original path and emits radiation. As stated earlier, 
it is this particular mechanism of radiation production with which this 
investigation is concerned.

Although it was desired to measure the bremsstrahlung directly in 
this experiment, part of the radiation reaching the detector was due to 
the characteristic or line spectrum of the germanium target. However, 
the highest energy in this discrete spectrum was much less than the 
lowest energy considered in this investigation and hence this character
istic spectrum was ignored. Electron-electron bremsstrahlung was also 
ignored since, according to reference it is expected to constitute 
no more than 3 percent of the total bremsstrahlung radiation.

In accord with classical theory, it is expected that whenever a 
charged particle is accelerated it will radiate and hence an electron 
which experiences a collision with the atomic nucleus should emit
electromagnetic radiation whose amplitude is proportional to the accel-

Ze2eration. This acceleration is proportional to where Z is the
atomic number of the nucleus, e is the electronic charge, and m the
electron mass. Therefore the intensity which is proportional to the

Z2square of the amplitude varies as —p . Thus the total bremsstrahlung
or

per atom varies as the square of the atomic number and inversely with 
the mass of the electron. Hence it is expected, due to the small mass 
of the electrons, that radiative losses from electrons are much larger
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than for the heavier particles such as protons. Indeed it is found that 
for most high-velocity particles bremsstrahlung is appreciable only for
electrons.

Bethe and Heitler (ref. b) have given a quantum-mechanical treat
ment of the energy loss of an electron by radiative collisions. They 
use the Dirac equation for the electron and the Born approximation,
2_yj$ «  to treat the electron-nucleus interaction. They calculate 
the cross section for the probability of an electron of incident energy 
Eq emitting radiation with frequency between v and v + dv. This 
probability has a strong dependence on the effective distance of the 
electron from the nucleus. This effective distance for bremsstrahlung 
is given in reference 3 as ti/q where q is the recoil momentum given
to the atom in the process. The screening effect of the atomic elec
trons may be ignored if h/q is small compared to the atomic radius 
and the electric field in which the electron radiates is essentially 
the coulomb field of the nucleus. An effective screening parameter
(ref. 3) is given as

_ 1QQ mc^hv
E EZ1^  o

where Eq and E are the initial and final energy of the electron,
2me is the rest mass energy of the electron, Z is the atomic number 

of the target nuclei and hv is the energy emitted. According to the 
statistical model of Fermi and Thomas, y is essentially the atomic
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radius divided by the effective distance parameter h/q. If 7 is
very much larger than 1 screening may be neglected, however, for 7 = 0,
screening is complete. Since 7 ~ 10 for this investigation, no 
screening was considered. Also, if fi/q is large compared to the 
nuclear radius then the charge distribution in the nucleus can be 
ignored and the assumption of a point charge can be made. This assump
tion is valid for the bremsstrahlung process (ref. 5 ).

For the case of no screening, 7 »  1, Sauter calculated the cross
section for the production of a photon in the frequency range dv by 
an incident electron of energy Eq (ref. 3)* Bethe and Heitler also 
give similar results for 7 »  1, along with the cases of partial and 
complete screening. It was found for the average overall collisions, 
that the classical and quantum-mechanical cross sections are of the same 
order of magnitude, namely,

r  2 2^ Z | e \ cm
^rad 137 2 nucleus

W J

even though the classical theory of bremsstrahlung incorrectly predicts 
the emission of radiation in every collision in which an electron is 
deflected. The quantum-mechanical treatment states that there is a 
finite probability that a photon will be emitted each time a particle 
suffers a deflection; however, this probability is very very small and 
usually no photon is emitted. In the few collisions where photons are
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emitted, very large amounts of energy are radiated. Hence quantum, 
mechanics allow for a small number of radiative collisions with large 
energy losses whereas classical mechanics allow for a multitude of 
radiative collisions with small energy losses. In this way the averages 
are about the same for the two theories. The spectral distributions 
are very different for the two theories and most experimental results 
are in reasonable agreement with the quantum-mechanical treatment.

Theoretical Cross Sections 
Numerous bremsstrahlung cross sections have been derived by various 

investigators. These cross sections have been derived on the basis of 
whether or not the energetic particle is relativistic or nonrelativistic 
and from various assumptions about the effects of electron screening. 
Also various approximations, such as the Born approximation, are used 
in the derivation of these cross sections. Koch and Motz have given a 
very complete and integrated summary of the various cross sections in 
one paper (ref. 2). In their paper the cross section da, the transi
tion probability per atom per electron divided by the incoming electron 
velocity, is given for single photon emission in a large cubic box of 
sides L.
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where

The factor p̂, is the density of the final state and is written as

2 6 pEk dk dÔ . dfl L
Pf = _E

(2m) m c

H is an element of the matrix for the transition of the system from 
an initial state before photon emission to a final state after the 
emission.

Hif -  ( s s s - )  (^ kfrc j vm e )o
* * 

^f (T * — x -k*r . ,a}e is. dr' Yi 2 t -9

The expressions for dcr, ¥, p_̂ , and H.«if have been taken directly 
from reference 2 and the reader is referred to this paper for the 
terminology used. However, it should be noted that the important and 
perhaps the most difficult quantity to be evaluated is the matrix 
element In particular it is difficult to find the exact wave
functions ^  and , Dirac wave functions for the initial and final 
electrons, which describe an electron in a~screened, nuclear coulomb 
field. The solution to the Dirac wave equation cannot be given in 
closed form but must be represented by an infinite series. Hence 
various approximate wave functions and procedures have been used.



11

Koch and Motz emphasize the Born approximation cross-section 
formulas in their paper because these formulas have been fairly success
ful in predicting the properties of the bremsstrahlung radiation. The 
approximation assumes ^  ^ ^ree particle wave functions per
turbed to first order in Z. Two of the bremsstrahlung corss sections 
using the Born approximation and the assumption of an unscreened nuclear 
coulomb field are given in formulas 2BN and 3EN (ref. 2). Formula 
2BN is differential in photon energy and emission angle whereas formula 
3BN is differential in photon energy only. These cross sections are 
of interest for the theoretical comparisons made in this investigation 
and are given in reference 6 (with some rearrangement of terms), in the
form in which they were used in a computer program.

Bremsstrahlung Spatial Distribution 
It was stated earlier that the spectral distribution obtained from 

classical considerations was very different from the quantum-mechanical 
treatment and in general the experimental results were in reasonable 
agreement with quantum mechanics. Therefore the emphasis here is on 
the quantum-mechanical calculation of the bremsstrahlung spectrum. The 
Born approximation theory becomes less reliable as the atomic number of 
the target increases, the initial electron energy decreases, and the
photon energy approaches the high frequency limit. However, for cases
where the Born approximation breaks down the cross sections are reason
ably good and may be expected to give at least the correct order of 
magnitude (ref. 2). It should also be pointed out that the cross
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sections discussed in the previous section, formulas 2BN and 3EN, 
are for the case of a single electron incident normal to a thin target 
in which the electron collides with an atom and emits a photon upon 
deflection from its original path. However, this is not the true 
picture for thick-target calculations because of the electron's 
straggling as it passes through the target. Before coming to rest in 
the target, the electron may suffer many deflective collisions in which 
photons may or may not be emitted. There is an uncertainty of the 
amount of energy loss as the electron traverses the thick target and 
the absorption and attenuation of the X-ray in the target must be con
sidered. Therefore, in order to make more accurate calculations of the 
bremsstrahlung spectrum a better physical model of the actual situation 
must be established. One such model from which theoretical values have 
been obtained has been constructed and programed for the IBM 709*4- digi-

■X-tal computer at the Langley Research Center.
The model which was programed is explained in detail in Chapter II 

reference 6. In general the thick target is approximated by a laminar 
structure of thin targets in which there are equal energy losses by the 
electron. The assumptions were made that an incident electron of energy 
Eq passed through the laminated target strips with equal energy losses 
in each strip and that the energy loss was due to collisions with atomic 
electrons only. The assumption of energy loss due to atomic electrons

*The theoretical model was programed and the results were provided 
by Chris Gross, NASA, Langley Research Center, Hampton, Virginia.
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only is valid for electron energies of 1 MeV or less. The electron 
passed through the energy range of Eq to 0 and came to rest in the 
target. In order to calculate i1: was necessary to determine
the angular distribution of the electron intensity as the electrons 
passed through the thick laminated target. This was done by using the 
Goudsmit-Saunderson theory (ref. 7) and, in particular, their angular 
distribution formula for multiple scattering deflections as given in 
reference 8 .

cLôAfter calculating  ̂ the bremsstrahlung intensity of energy
k at an emission angle 9, l(9,k), was calculated from

,E njt p2it71 C J l  -I(e,k) = f y n r n N(E)A (Ti) e 2 003 9 a, dE (1)
u O u o 'J o v J

where A (*n) is the electron intensity in the direction of rj; N(E)Go
the number of atoms which may be encountered by an electron of energy 
E; ^  the Bethe-Heitler bremsstrahlung cross section; p(k) the 
target absorption coefficient for bremsstrahlung of energy k, t the 
target thickness and 0 the azimuthal angle.

Bremsstrahlung Efficiency 
The bremsstrahlung efficiency, which is defined to be the ratio of 

the total radiated energy to the incident energy, was calculated using 
the above expression for l(0,k) integrated over all space and photon
energies.



CHAPTER II

EXPERIMENTAL APPARATUS AND METHOD

Apparatus Arrangement 
The arrangement of the experimental equipment is shown in the 

photographs of figure 1 and the sketch in figure 2. A collimating 
beam tube assembly was attached to the Dynamitron accelerator and the 
target chamber was mated to the end of this beam tube assembly with a 
lucite insulator. The target chamber itself was mounted at the center 
of a circular table which was calibrated in 0.5° divisions from 0° to 
360°. This calibration was used in the angular adjustments of the 
detector. The target was mounted inside the target chamber normal to 
the electron beam and was insulated from the target chamber. The 
bremsstrahlung detector was a 2-inch by 2-inch Nal(Tl) crystal mounted 
on a Dumont 6292 photomultiplier tube. This detector was located 
inside a lead cylinder which was mounted on top of a mobile platform.
An aluminum arm extending from the center of the target chamber to the 
face of the cylinder was mounted so that it could rotate from 0° to 
approximately 180° along with the mobile platform. A line scribed on 
this aluminum arm from the center of the target chamber was used to set 
the detector at the desired angle and height. Another detector exactly 
like the one mounted on the mobile platform was fixed on the table at 
approximately 6o° from the beam line on the side opposite to the scan
ning detector and it was shielded with lead bricks. This detector

Ik
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remained fixed throughout the experiment and is referred to later as the 
monitor detector. Diffusion pumps were attached to the beam tube and 
target chamber assembly and were used to evacuate this assembly to a 
pressure of approximately 3 x 1 0 millimeters of mercury. Valves were 
placed appropriately in this assembly to allow the removal of a target 
without opening the entire beam tube to atmospheric pressure. A tripod- 
mounted TV camera was used to view the experimental equipment from the 
control console.

The arrangement and use of the peripheral electronic equipment used 
in this experiment are described in separate paragraphs of this chapter.

Target Chamber
The target chamber was a brass cylinder 8 inches in diameter with 

a quartz top. The top was designed so as to allow the raising or 
lowering of the target without breaking the vacuum in the chamber. 
Portholes were cut at intervals from 15° to 135° around the chamber to 
minimize attenuation of the bremsstrahlung. The thickness of the brass 
walls at each port was 0.079 centimeters. A cylindrical collimator 
used for mating to the beam tube collimator was brazed onto the front 
wall of the chamber. A small shaft was inserted through the chamber 
walls near the base of the chamber. This shaft was rigged to hold a 
simulated target and was connected to an external electric motor. This 
mechanism was used to raise or lower the simulated target from the 
control console.
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Target Material and Thickness
Circular germanium targets 1 inch in diameter and 0.08UU cm thick 

were cut and prepared by the shop and laboratory in the Instrument 
Research Division at Langley. The thickness of each target was equal 
to the range of 1 MeV electrons in germanium plus 10 percent where the 
range is defined as the thickness of an absorber which the particle can 
just penetrate. The range was calculated from the equation given by 
Katz and Penfold (ref. 9) and is as follows:

R(mg/cm2) = kl2 En

where n = (1.265 - 0.095̂ - ̂ n.E) and E is the kinetic energy of the
electrons in MeV.

Detectors
There were two detectors used in this experiment both of which

were 2-inch by 2-inch Nal(Tl) crystals mounted on Dumont 6292 photo
multiplier tubes. One was a movable detector which was used to detect 
the spectrum at the various angles and the other was fixed on the table 
and was used to monitor the experiment. The face of each crystal had 
a protective covering of aluminum 0.08 cm thick.

The movable detector was located inside a lead cylinder which had 
a face thickness of 6 inches and a wall thickness of 3 inches. The 
diameter of the aperture in the cylinder at the face of the crystal was 
O .623 inch. This detector was always located at a radial distance of
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72 inches from the center of the target chamber. The output signal of 
this detector was suitably amplified and then fed into a 7-00-channel 
pulse height analyzer (TMC model 702).

The monitor detector was fixed on the table at approximately 
12 inches from the center of the target chamber and at an angle of 60° 
on the side of the beam opposite to that scanned by the movable detec
tor. A lead collimator was placed in front of this detector and it was 
then surrounded with lead bricks. The output of this detector was 
amplified and fed into a scaler which gave a visual display at any time 
during the experiment of the number of photons having reached this 
detector. This detector was used primarily to monitor fluctuations in 
the electron beam.

Analyzer
The spectrum detected at each angle was fed into the pulse height 

analyzer. The analyzer was calibrated using gamma ray sources of known 
accuracy and typical spectra of the known sources are presented in 
figures J), k , and 5- The calibration sources with discrete gamma are 
Na22 (0.51 and 1.28 MeV), Cs157 (0.667 MeV), and Co^° (1.17 and
1.35 MeV). The calibration curve is given in figure 6.

Current Integrators
The current incident on the target and the chamber was integrated 

with Elcor 309B current integrators to obtain the total charge deposited 
on the target and the chamber during any given run.



18

Experimental Method
The detection of the X-ray spectrum at a given angle is hereinafter 

called a run. Before making any detection runs it was necessary to 
make simulated runs in order to focus and adjust the beam to obtain a 
reasonable beam spot size and to make sure that the beam was incident 
on the target. The spot size was obtained by making PVC patterns. In 
this procedure the beam was focused on a piece of plastic and, due to 
the intensity of the beam, a smudge equivalent to the beam spot size 
was left on the plastic. This smudge was observed and the process 
repeated until the desired spot size was obtained. After obtaining the 
spot size it was necessary to adjust the beam to insure that it impinged 
upon the target. To do this a simulated target of titanium coated with 
zinc sulfide was inserted in the target chamber at the desired target 
location. When the electron beam hit such a target, the zinc sulfide 
would fluoresce and with the aid of the TV camera one could observe the 
beam pattern on the simulated target. The simulated target was moved 
out of the beam after proper beam adjustment and the germanium target 
was lowered into its place.

The germanium target was inserted into the target chamber so that 
it was normal to the incident electron beam. The movable detector was 
placed at the desired angle and then the Dynamitron accelerator was 
turned on and adjusted to produce a beam of monoenergetic 1 MeV elec
trons with a beam current of 2 nanoamperes. The length of a given run 
was equal to the time it took to obtain a preset number of counts from 
the monitor detector. At the beginning and end of each run pertinent
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data were recorded from, the control console and auxiliary electronic 
equipment. The spectrum obtained at each angle was fed into the pulse 
height analyzer and printed out on an IBM typewriter. The X-ray 
spectrum from the thick germanium target was measured at angles of 15°, 
30°, U5°, 60 ° , 75°, 90°, 105°, 120°, and 135°•

In any experiment of this type there will be a certain amount of 
radiation reaching the detector which was not created at the target.
Such radiation can be created by back-scattered electrons. This back
ground must be accounted for in the actual spectrum. To do this the 
above process was repeated at each angle with the target completely 
removed from the target chamber. After appropriate corrections, which 
are explained in the next chapter, the spectra obtained at the various 
angles were subtracted from the initial spectra obtained with the target 
in place. The length of each background run was equal to the time it 
took to accumulate a charge on the chamber equal to the average of the 
total chamber and target charge in the initial runs.

Typical spectra obtained at the various angles are shown in fig
ures 7 and 8. Also shown in the figures are the background spectra 
obtained at the same angles. No corrections have been applied to these 
spectra. The higher channel numbers correspond to the high energy end 
of the spectrum and one can note the expected decrease in intensity 
as the energy increases.



CHAPTER III

CORRECTIONS TO EXPERIMENTAL DATA

Before making any analysis, certain corrections were made in the 
experimental data. These corrections were applied to each spectrum 
measured at the various angles and are explained in detail in this 
chapter.

First of all, a counting rate correction was applied to the spectra 
ohtained when the target was in place. This correction was necessary 
because the detector was not counting for the entire time of any given 
run even though the photons were reaching the detector over the entire 
time of the run. The correction was made by multiplying the spectrum 
from any given run by the ratio of the clock time to the live time for 
that particular run where the clock time is the time required to make 
the run and the live time is actual counting time.

Corrections to the background spectra were somewhat more involved. 
There were three basic corrections to these spectra: (a) a geometrical
correction, (b) a charge ratio correction, and (c) a counting rate 
correction. Let CQ be the original background spectrum and let C be 
the corrected background spectrum. Applying the three corrections 
listed above, the equation representing C can be written as

2
r ^1 ^2 clocktime ,̂

o D2 Q live time

20
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The first correction shown on the right-hand side of equation (2) 
is the ratio of I —  I where and are shown in the schematic
below. It was assumed that the effective sight of the background was 
at a point 2 inches in front of the target and on the incident beam line 
whereas in the background runs the radiation was produced at the back 
of the chamber. Therefore in order to move the point of production to 
the assumed effective site and since the bremsstrahlung is inversely 
proportional to the square of the distance from source to the detector
the spectrum for each run was multiplied by the geometrical ratio

2
This correction was made because one would expect that with the 

target in place the background is produced by the back-scattered 
electrons in front of the target.

E ffective
background
sitey

^Target chamber

-TargetIncident beam

Detector
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The charge ratio correction shown in equation (2) was necessary 
because the background runs were made with a much higher chamber charge 
than existed in the actual background case and the bremsstrahlung is 
proportional to the incident electron flux. Here is the chamber
charge with the target out and is the charge on the chamber with
the target in place. Finally, a counting rate correction was made as 
shown in equation (2) to account for the dead counting time.

In the first two corrections described above the assumption has 
been made that the entire background was produced by back-scattered 
electrons in the chamber walls.

After making all the corrections mentioned in the previous para
graphs of this chapter, the background spectra were subtracted from the 
spectra measured with the target in place to obtain what will herein
after be called the actual spectra.

In order to account for the finite resolution of the detector or 
the so-called "line broadening" the actual spectra were "stripped"
(ref. 10), using standard pulse profiles of known sources such as 
Cs^^, Co^, and Na^. In this experiment the Nal(Tl) crystal 
scintillator has been used as a spectrometer and it has been shown that 
the response of a scintillator is not unique. This condition of non
uniqueness is due to uncertainties in the intensity of light produced 
in the detector, the transmission of the light to the photomultiplier, 
and the conversion of the light into an electrical pulse by the photo
multiplier (ref. 11). The result of this nonuniqueness causes the 
response to be spread out over a range of pulse heights. By referring
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to figure 3 one can see the effects of a nonunique response or the 
so-called "line broadening." Here the source was of known strength and 
if an ideal spectrometer had been used one would expect only two points 
on this curve, one for the 0.51 MeV energy and one for the 1.28 MeV 
energy. However, it can be seen that instead of two points the spectrum 
was spread out or broadened and this indicates the inability of the 
detector to correctly resolve each photon.

Before the process of stripping was performed, the number of counts 
in the peaks of the calibration source curves, figures 3 asso
ciated with each discrete gamma ray of the given source was determined. 
This was also necessary because of the finite resolution of the detector
and was accomplished by extrapolation of the curves. For instance, the

22curve shown in figure 3 shows two peaks for Na (O.pl and 1.28 MeV). 
The 1.28 peak positioned approximately in channel 380 contributes to 
the 0.51 MeV peak in channel number 70 and, hence, this contribution 
must be subtracted from the 0.51 MeV peak. After appropriate adjust
ments of the curves, the area under each curve and hence the total num
ber of counts associated with the discrete energy peaks were determined.
The ratio of peak height in counts to the total counts was then plotted 
as a function of energy.

The process of stripping was performed in the following manner.
The actual spectrum at each angle was divided into strips 50 keV wide.
Starting at the high energy end of the spectrum and at the center of 
each strip, representative pulse profiles of the known sources were 
plotted in each strip. The representative pulse profiles had a peak



2k

energy as near equal to the mean strip energy as possible. As each 
profile was drawn in, it was subtracted from the composite spectrum to 
remove the contribution of that pulse. After completion of this proc
ess, the peak height and mean energy are known for each strip. By 
using the peak: to total count ratio as a function of energy, which was 
plotted earlier, the corrected number of photons at each mean energy 
could then be counted. In this way the composite spectrum was unfolded 
and reduced to the so-called stripped spectrum and the nonunique 
response of the detector was accounted for.

Finally, the stripped spectra were corrected for the absorption in 
the walls of the target chamber, the absorption in the protective alumi
num cover on the Nal(Tl) crystal, and for crystal efficiency. The 
curve showing the efficiency of the detector as a function of energy 
is presented in figure 9 and is the same as that in reference 6.



CHAPTER IV

RESULTS AND DISCUSSION

The analysis and results of all the data after application of the 
corrections shown in the previous chapter are presented in this chapter. 
In all cases, the results are presented on a per electron basis. The 
data were reduced to various forms and compared to theoretical calcula
tions which were previously discussed.

Bremsstrahlung Intensity 
The primary purpose of the experiment was to measure the bremsstrah

lung or photon intensity at the various angles from 15° to 135°• There
fore, the photon intensity is plotted in figure 10 as a function of 
these angles for several energy ranges. The spectra for the two energy 
ranges O.63 MeV to 0.78 MeV and O.83 MeV to 1.0 MeV have been adjusted 
so that they have the same value as the O .38 MeV to O .58 MeV spectra 
at 15°• As expected, the photon intensity decreases with an increase 
in photon energy and angular emission.

Angular Distribution 
The photon intensity was further reduced to obtain the total 

radiated intensity, l(9), as a function of emission angle. Here, the 
total radiated intensity is defined to be the total energy radiated in 
the small solid angle subtended by the detector to the center of the 
target and was obtained by multiplying the photon intensity in each

25
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strip by the mean energy of the strip. The angular distribution, I(0) _, 
for the photon energy range O.'^Q MeV to 1.0 MeV is shown in figure 11, 
and

where k is the photon energy and N(k) is the number of photons of 
energy k. Also shown in figure 11 are the calculations of l(9) based 
on the theoretical model. It can be seen that the experimental and 
theoretical calculations are in reasonable agreement. They are always 
within a factor of 1-5 of each other, and the theoretical is always 
less than the experimental except at the photon emission angle of 15°- 

A fifth-order polynomial has been fitted to the experimental curve 
for l(9) in terms of Legendre polynomials. This expression is

1.0
1(0) =  ̂ k(N(k))

k=01 >8

l(9) = a^ + a^P^cos 9) + a^P^cos 9) + a^P^(cos 9) + a^P^(cos 9)

where

aQ = 1.60 x 10
_ 7â  = l.Ul x 10

-8a^ = 6.80 x 10 
a, = 7-35 x 10"8

a^ = 1.01 x 10-8

were obtained from the fit.



27

Efficiency of Production 
One of the more important parameters that was calculated is the 

efficiency of the bremsstrahlung production where the efficiency is
defined as

In order to obtain the total radiated energy, it was necessary to

where d2 is the element of solid angle subtended by the detector to 
the target. The total incident energy per electron, of course, was 
1 MeV. It was found that over the photon energy range of O.58 MeV to 
1 MeV, the experimental efficiency was 0.5 -̂ percent compared with the 
theoretical calculation, as discussed in Chapter I, of 0.52 percent. 
Thus, the experimental efficiency results are in very good agreement 
with the theory.

The experimental data were further reduced to obtain the differ
ential cross section dcr/dk d9 which is differential in energy and 
angle. In order to obtain this parameter, the photon intensity for 
each strip at each angle was divided by the product Ak A 2 where these

Total radiated energy 
Total incident energy

integrate l(9) over ^tc steradians, that is

Differential Cross Section
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two parameters have been previously defined. This put the data on a 
per MeV-steradian basis. The data were then multiplied by the total 
number of steradians contained in the solid angle subtended by the 
annulus shown in the schematic below, and divided by d0 resulting 
in the cross section dcr/dk d0.

Incident ^  
electron

2This cross section has units of cm /electron-MeV-radian. A comparison 
of the experimental cross sections with the theoretical Born approxima
tion cross sections is shown in figure 12 for all angles at which the 
spectra were accumulated. The experimental results are in good agree
ment with the theoretical results, especially in the region of about
O.V? MeV to 0.9 MeV. The cross section decreases as the energy 
increases, as one would expect. One would also expect the cross section 
to peak in the forward direction, that is, to increase as the angle 0 
decreases. Figure 13 is presented to show that, indeed, the experi
mental. cross section behaves in this manner.

Detector
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Another differential cross section of importance is dcr/dk, which 
is differential with respect to energy only and is referred to as the 
total differential cross section. This cross section was obtained by 
integrating dcr/dk d0 over all angles, and is shown in figure 1^ where 
a comparison is made with the calculations discussed in Chapter I.
Again, it can be seen that the experimental results are in good agree
ment with the theoretical results. One can also see the expected 
decrease in the cross section as the photon energy increases.

In general, the experimental results presented in this chapter are 
in reasonable agreement with the theoretical model discussed in 
Chapter I and the trends in the data behave as expected.



CHAPTER V

CONCLUDING REMARKS

In general, the experimental results presented in this paper were 
as expected. For example, the photon or bremsstrahlung intensity- 
peaked in the forward direction and increased as the photon energy- 
decreased. The angular distribution of the total radiated intensity- 
agreed reasonably well with the theoretical calculations based on 
equation (l), Chapter I, always within a factor of 1.5- With the 
exception of the 15° emission angle the experimental values were larger 
than the theoretical values at all angles and changed most rapidly in 
the interval from 0° to 60°. Calculations of the bremsstrahlung pro
duction efficiency over the energy range from 0.38 MeV to 1 MeV agreed 
within !»• percent with the theoretical model even though no complete 
thick target bransstrahlung theories are available. Experimental values 
of the cross sections da/dk d0 and da/dk were found to be in reason
able agreement with the theoretical results, especially in the energy 
range from 0.^5 MeV to 0.9 MeV. A slight depression or concave deflec
tion was noted in the experimental curves at al1 angles. It is not 
known whether this is real or due to experimental error. However, thick 
target bransstrahlung is complicated by electron back-scattering and 
absorption in the target. Similar depressions were noted in the 
experimental data presented in reference 12.

30
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Shielded m o n ito r de fector

(a) View from atove.
Figure 1 ,- Arrangement of experimental equipment.
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Stationary detector

Distribution table

60'

Bel lows

Beam tube

Target chamber 36

Rotating arm

Lead collimator

Moveable detector

Support for 
collimator

Figure 2 .- Schematic of detection arrangement. The angle 9 is 
measured from the forward direction of the incident electron 
beam to the target-detector line with 0° being in the forward 
direction.
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