
Compton Scattering

MIT Department of Physics

You will observe the scattering of 661.6 KeV photons by electrons and measure the energies of the
scattered gamma rays as well as the energies of the recoil electrons. The results can be compared
with the theoretical formulas for Compton scattering.

PREPARATORY QUESTIONS

1. Describe four distinct ways in which 2 MeV photons
can interact with matter.

2. Derive an expression for the final energy of a photon
of initial energy E scattered from a free electron,
initially at rest, at an angle θ from the forward
direction, according to the Compton theory.

3. Sketch and explain the principle features of the
pulse-height spectrum obtained from a NaI scintil-
lation counter irradiated with 661.6 KeV photons
(see Melissinos).

4. Suppose the rate of pulses from the target counter
is n1 and the rate of scatter counter pulses is n2.
If all the pulses were precisely rectangular of width
τ and they all occurred at random, what would be
the rate of accidental coincidences, i.e the frequency
with which a target pulse and a scatter pulse over-
lap. The pulse widths in this setup are about 2
µsec wide and the rate of true scatter pulses is of
the order of a few per second. How high a value of
the product n1n2 can you tolerate without having
an accidental coincidence rate that is comparable
to the true coincidence rate?

Suggested schedule:

1. Day 1 - Familiarize yourself with the equipment and
do parts 3 and 3.1

2. Day 2 - Do parts 4, 4.1 and 4.2

3. Day 3 - Do part 4.3

4. Day 4 - Repeat portions of the experiment that
need improvement.

INTRODUCTION

By 1920 the successes of the quantum theories of black-
body spectra (Planck, 1901), the photoelectric effect
(Einstein, 1905) and the hydrogen spectrum (Bohr, 1913)
had established the idea that interactions between elec-
tromagnetic radiation of frequency ν and matter occur
through the emission or absorption of discrete quanta of

energy E = hν. The next crucial step in the develop-
ment of the modern concept of the photon as the par-
ticle of electromagnetic radiation was taken by Arthur
Compton in the interpretation of experiments he initi-
ated in 1920 to measure with precision the wavelengths of
X rays scattered from electrons in materials of low atomic
number. The phenomena of X-ray scattering had already
been studied intensively. It was known that the penetrat-
ing power of X rays decreases with increasing wavelength
and that X rays are less penetrating after being scattered
than before, which indicated that the scattering process
somehow increases their wavelength.

Compton’s idea was to use the recently developed tech-
nique of high-resolution X-ray spectrometry, based on
measurement of the angle of Bragg reflection of X-rays
from crystals, to measure precisely the wavelengths of
the scattered X-rays. Irradiating a carbon target with
an intense collimated beam of monochromatic molybde-
num Kα X-rays and using an ionization chamber as the
detector in his spectrometer, Compton found that the
spectrum of scattered X rays had two distinct spectral
lines, one at the wavelength of the incident X-rays and
another at a wavelength that was longer by an amount
that depends on the angle of scattering. The scatter-
ing without a wavelength shift was readily explained
by the classical theory of coherent scattering of electro-
magnetic waves from electrons bound in atoms. How-
ever,the classical theory provided no explanation of the
wavelength-shifting “incoherent” scattering process. The
phenomenon of Bragg reflection used in Compton’s mea-
surements was a clear demonstration of the wavelike char-
acter of the X-rays. Nevertheless, Compton put forward
the apparently contradictory idea that X-rays, known to
be electromagnetic radiation of very short wavelength,
interact with electrons like particles of zero rest mass so
that their energy E = hν = hc/λ and momentum p are
related by the relativistic equation for particles of zero
rest mass, namely p = E/c. He calculated according
to relativistic mechanics the relations between the initial
and final energies and momenta of an X-ray quantum
and a free electron involved, like billiard balls, in an elas-
tic collision. In this way he arrived at the formula for
the “Compton shift” in the wavelength of incoherently
scattered X-rays, namely

∆λ =
h

mc
(1− cosθ) (1)



where m is the mass of the electron, and θ is the an-
gle between the trajectories of the incident and scattered
photon.
The agreement between Compton’s experimental re-

sults and theory confronted physicists and philosophers
with the full force of the apparent conceptual dilemma
of the particle-wave duality of electromagnetic radiation.
In particular, how was one to understand how each par-
ticle of light in a Young interference experiment goes si-
multaneously through two slits? The dilemma was fur-
ther compounded when, in 1924, DeBroglie put forward
the idea that material particles (i.e. electrons, protons,
atoms, etc.) should exhibit wave-like properties charac-
terized by a wavelength λ related to their momentum
p by the same formula as that for light quanta, namely
λ = h/p. In 1927 the wave-like properties of electrons
were discovered by Davisson and Germer in experiments
on the reflection of electrons from crystals. A particu-
larly interesting account of these developments is given
by Compton and Allison in their classic treatise X-Rays
in Theory and Experiment (1935). The historical context
and impact of Compton’s discovery are well described by
Richtmyer et al. (1955). Incidentally, the term “photon”
first appeared in 1926 in the fatally flawed title of an
obscure paper by the physical chemist G. Lewis: “The
Conservation of Photons” (see Pais, 1982).
The goal of the present experiment is to measure:

1. The energies of Compton-scattered gamma-ray
photons and recoil electrons, and

2. The total cross section of electrons for Compton
scattering.

The results of (1) will be compared with the predic-
tions of the Compton theory. The results of (2) will be
compared with the predictions of the classical (Thomson)
theory of X-ray scattering and with the Klein-Nishina
formula derived from relativistic quantum theory.
The experimental setup employs a radioactive source

of 661.6 keV photons, and two scintillation counters. One
counter serves as the scattering target and measures the
energy of the recoil electrons; the other counter detects
the scattered photons and measures the energy they de-
posit. Both the target and scatter counters have a scintil-
lator consisting of a 2”x2” cylinder of thallium-activated
sodium iodide optically coupled to a photomultiplier. A
661.6 keV photon traversing sodium iodide has about
equal probability of undergoing photoelectric absorption
and Compton scattering. A photoelectric absorption
event is a quantum mechanical transition from an ini-
tial state consisting of an incident photon of energy E
and a neutral atom to a final state consisting of an ex-
cited ion with a vacancy in one of its inner shells where
the electron was formerly bound and a free “photoelec-
tron” with kinetic energy E−W , whereW is the binding
energy of the electron in the neutral atom. The energetic

photoelectron loses its energy within a small fraction of
a µsec by multiple coulomb interactions with electrons
and nuclei in the sodium iodide crystal, and a certain
fraction of the lost energy is converted into scintillation
light. Meanwhile, the ion from which the photoelectron
was ejected loses its energy of excitation through a cas-
cade of transitions that fill the vacancy in its electronic
structure and give rise to lower energy photons or elec-
trons that, in turn, lose their energy in the crystal and
generate additional scintillation light.
The total amount of scintillation light produced is

closely proportional to the total amount of energy dissi-
pated in all these processes. As a consequence the pulse
height spectrum of a NaI scintillation counter exposed to
monoenergetic gamma rays shows a distinct ”photoelec-
tric” peak which facilitates accurate calibration in terms
of pulse height versus energy deposited. The counters
can then be used to measure the energies of scattered
photons and recoil electrons. The following background
topics should be studied in the textbook by Melissinos
(1966):

1. Theory of Compton scattering (p. 252);

2. Properties of 137Cs (p. 500);

3. Scintillation counters and the interpretation of
pulse height spectra (p. 194);

4. Radiation safety (p. 137);

5. Parameter and error estimation (pp. 458 and 467).

In this lab guide we will assume an understanding of
the above material and confine our discussion to the op-
eration of the specific experimental arrangement used in
the Junior Laboratory and to a recommended approach
to the interpretation of the data.

EXPERIMENTAL ARRANGEMENT

The experimental arrangement for the Compton ex-
periment is shown schematically in Figure 1. The 2”x2”
cylindrical “recoil electron” or “target” scintillator de-
tector (Canberra Model 802-3/2007), is irradiated by a
beam of 661.6 keV photons emitted by ≈ 100 µcuries (≈
1 µgram!) of 137Cs located at the bottom of a hole in a
large lead brick which acts as a gamma-ray “howitzer”.
If a photon entering the target scintillator scatters from
a loosely bound, effectively free, electron, the resulting
recoil electron may lose all of its energy in the target,
causing a scintillation pulse with an amplitude propor-
tional to the energy of the recoil electron. If the scattered
photon emerges from the target scintillator without fur-
ther interaction, and if its trajectory passes through the
NaI crystal of the ”scattered photon” detector, it will
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FIG. 1: Schematic diagram of the experimental arrangement
for measuring Compton Scattering. Note that while most of
the equipment (NIM Crate, NIM modules and detectors are
on the lab bench, the two MCA cards are installed inside of
the computer.

have a substantial probability of depositing all of its en-
ergy by a single photoelectric interaction or by a sequence
of Compton scatterings and photoelectric interactions.
This will produce a scintillation pulse that contributes
to the “photopeak” of the pulse height spectrum. The
median channel of the photopeak in the multichannel an-
alyzer (MCA) display is a good measure of the median
energy of the detected photons. If the scattered photon
undergoes a Compton scattering in the scatter scintil-
lator and then escapes from the scintillator, the result-
ing pulse, with a size proportional to the energy of the
Compton recoil electron, will be registered in the Comp-

ton recoil continuum of the spectrum.

In the experimental arrangement described by Melissi-
nos (p.256) the target is inert material and the back-
ground pulses in the scatter counter (due to gamma-
ray photons leaking through the lead from the 137Cs
source, cosmic rays, and radioactive isotopes in the en-
vironment) are suppressed by the use of very heavy (≈
200 lb) lead shielding around the source and the scatter
counter. Without such shielding and without any elec-
tronic tricks the pulses produced by Compton scattered
photons would be buried in the background.

In the present experiment both the recoil electron de-
tector and the scattered photon detector are scintilla-
tion detectors. Circuits are arranged so that a pulse
from a detector is accepted for pulse height analysis by
the multichannel analyzer (MCA) only if it is coincident
(within a fraction of a µsec) with a pulse from the other
detector. Coincident pulses occur when a gamma-ray

photon produces a Compton-recoil electron in the re-
coil electron detector, and the Compton-scattered pho-
ton is subsequently absorbed in the scattered photon de-
tector. The two nearly simultaneous pulses produced in
such an event are amplified and fed through inverters
(Ortec Model 533) to constant fraction discriminators
(CFD’s) (Canberra Model 2126). (The inverters are re-
quired because the amplifiers are designed to put out pos-
itive pulses, whereas the CFDs are designed for negative
input pulses.)

Constant Fraction Discrimination

CFDs have an advantage over simple discriminators
in experiments that require the detection of coincidences
with high time resolution. A simple discriminator pro-
duces a logic output pulse that starts at some fixed time
after the voltage at the input rises above a set value.
Therefore pulses of similar shape but different peak am-
plitudes trigger a simple discriminator at different times
relative to the occurrence times of the events that gen-
erate the input pulses. A CFD also produces a logic
output pulse if the voltage of the input pulse exceeds
a set value; its special virtue is that the output pulse
starts at a fixed time after the input pulse has risen to a
certain constant fraction of its peak value, independent
of the magnitude of that peak value. If the input pulses
have a fixed shape, but different amplitudes, then the de-
lay between the event that produces the input pulse and
the logic output pulse from the CFD will be a constant,
which can be adjusted by the “WALK” control. The pos-
itive outputs of the CFDs are fed to a coincidence circuit
that produces a logic pulse when it receives two input
pulses that occur within about 0.5 µsec of one another.
The output pulses from the coincidence circuit are fed
to a gate generator and delay module, after which, the
suitably stretched and delayed gate signal is sent to the
“gate” input of the MCA.
The amount of delay and the gate width in the delay

module should be adjusted to meet the requirements of
the coincident gate mode of the MCA. This requirement
is that the gate pulse begin before the peak of the analog
input signal and last for at least 0.5µsec beyond the peak.
The coincidence gate requirement suppresses background
events and makes the Compton scatter events stand out
clearly in the resulting pulse height spectrum without the
use of heavy shielding.
When you think you have everything working correctly,

and before you commit to a long series of measurements,
check the performance at the extreme values of θ , say 0◦

and 150◦. At both positions the peaks in the spectra due
to the scattered photons and the recoil electrons should
stand out clearly. If they don’t, then more adjustments
must be made to achieve correct operation of the coin-
cidence gate logic. In coincidence mode, the MCA his-
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FIG. 2: Schematic representation of the proper time rela-
tion between the photomultiplier tube signal (amplified and
inverted), whose pulse height is to be measured, and the coin-
cident gate pulse produced by the Gate and Delay Generator
NIM module. The coincident gate pulse needs to arrive before
the peak of the pulse and persist for ≈ 0.5µsec after the pulse
peak.

togram is not updated unless an appropriate gate pulse
arrives at the gate input during the rise of the signal
pulse, as illustrated in Figure 2. During the “dead time”
required for each pulse height analysis (≈ 8µsec for the
MCA’s used in Junior Lab) the input to the pulse height
analyzer is held closed by a “disable gate” so that the ar-
rival of a second pulse will not interfere with the current
analysis. More details of the specific MCA’s (Perkin-
Elmer Model Trump-PCI) used in Junior Lab are avail-
able in the Junior Lab Filing Cabinet.

EXPERIMENTAL PROCEDURE

Keep the lead door of the gamma-ray howitzer closed
when not in use. The purpose of the procedures described
below is to acquaint you with the operation of the equip-
ment, particularly the coincidence scheme which permits
the experiment to achieve a good signal/background ratio
with a minimum amount of shielding. The steps below
suggest a sequence of tests and adjustments to achieve
that purpose, but you should feel free to devise your own.

Experimental Calibration

Set up and test the experimental arrangement with
511 keV annihilation photons from a 22Na calibration

source. 22Na, a radioactive isotope of sodium, decays to
an excited state of 22Ne by emission of an anti-electron,
i.e. a positron. The excited neon nucleus, in turn, de-
cays quickly to its ground state by emission of a 1.27
MeV photon. Meanwhile, the positron comes to rest in
the material in which the sodium isotope is embedded,
combines with an electron to form an electrically neutral
electronic atom called positronium (discovered at MIT in
1947 by Prof. Martin Deutsch). The latter lives about
10−7 s until the electron and positron annihilate yield-
ing two 511 keV (= mec

2) photons traveling in oppo-
site directions. Thus 22Na is a handy source of pairs of
monoenergetic photons traveling in opposite directions
which can be used to test a coincidence detector system.

1. Set up the NaI recoil electron and scattered pho-
ton scintillation detectors as illustrated in Figure
1. Turn on the power to the NIM bin, HV sup-
plies, MCA and oscilloscope. Keep the door on the
137Cs source howitzer closed to reduce the intensity
of 661.6 keV photons at the detectors.

2. Adjust the gain of the scattered photon detector
and calibrate it. Apply high voltage to the scatter
counter photomultiplier (≈+1000 VDC). Using the
Maestro-32 MCA software, turn off the coincidence
gate requirement on the MCA. Place the 22Na cal-
ibration source near the scattered photon detector
and examine the output of the scattered photon
amplifier signal (following the pre-amplifier AND
the amplifier in series) with the oscilloscope. Ad-
just the gain so that the amplitude of the pulses
produced by 511 KeV annihilation gamma rays is
about +7 volts. (You might see that a few, very
high energy pulses saturate the amplifier result-
ing in ‘square’ peaked signals. Since the Compton
scattering experiment will measure only energies <
662 KeV, it is okay to discriminate against these
pulses.) Determine the gain setting of the primary
amplifier at which non-linear response begins, as
indicated by a flattening of the top of the pulse as
viewed on the oscilloscope. Then reduce the pri-
mary amplifier gain sufficiently to assure a linear
response up to energies safely above the 662 keV
energy of the 137Cs photons.

Now feed the output pulses from the amplifier to
the input of the MCA and acquire ∼30 seconds of
pulse height data using the acquisition presets sub-
menu. Examine the Energy spectrum/histogram of
pulses from the scattered photon detector and ad-
just the gain of the amplifier so that the median
channel of the photopeak for 511 keV photons is ≈
2/3 of the full scale MCA range (check that this
is set to 2048 channels. Calibrate the counter with
other plastic rod calibration gamma-ray sources. A
good set consists of 137Cs (661.6 KeV), 22Na (511



KeV), and 133Ba (356, 302 and 81 KeV plus other
lines) each of which produce easily identified pho-
topeaks. Be aware that too high a counting rate
will draw sufficient current in the voltage divider of
the photomultiplier to affect significantly the volt-
age of the last dynode and thereby reduce the gain
of the electron multiplier.

Write in your lab notebook a succinct de-
scription of what you are doing along with
the data so that you can later recall exactly
what you did and repeat it quickly. You will
have to redo the calibration at the start of
each lab session because other users will have
changed the settings. When you have identi-
fied the photopeaks and are confident about the
counting rates, measure the median channels of the
photopeaks and plot the average median photopeak
channel numbers versus the photon energies on mil-
limeter graph paper to provide yourself with a cal-
ibration curve. The simplest way to estimate the
random error in a measurement of the median is to
repeat it five or more times and then evaluate the
root mean square (rms) deviation of the successive
measurements from their mean value.)

3. Adjust and calibrate the recoil electron ‘target’ de-
tector in the same way.

4. Send the the amplified recoil electron and scattered
photon signals to the Inverter module and then
send the resultant negative polarity pulses into the
two Constant Fraction Discriminator (CFD) mod-
ules. Examine the positive output pulses generated
by the CFD units.

5. Send the two CFD outputs into Channels 1 and 2
of the Coincidence module and examine its output.
It’s easiest if you temporarily use a single detectors
signal to trigger both CFD’s for this test.

6. Send the output from the Coincidence circuit into
the Gate Generator Unit and explore its operation.
Adjust the delay of the delay amplifier so the coin-
cidence gate pulse arrives at the MCA gate input
during the rise of the analog signal pulse (see Fig-
ure 2). A good way to verify the action of the gate
pulse is to feed the pulses from one of the ampli-
fiers to both CFD inputs. This will ensure that
a coincidence pulse is generated at relatively high
rates. Students should play with the gate generator
controls (specifically delay and width) to verify the
operation of the MCA card coincidence circuitry as
described in Figure 2.

7. Test the coincidence logic. Place the 22Na source
between the two scintillators so that pairs of an-
nihilation photons traveling in precisely opposite

directions can produce coincident pulses in the two
counters. For this test it is interesting to reduce
the gain by a factor of 2 so that the photopeak of
the 1.27 MeV photons can be seen on the MCA
spectrum display. Compare the spectrum with and
without the coincidence requirement, and observe
the effect of moving the source in and out of the
cylindrical volume of space between the scintilla-
tors in which it is possible for both scintillators to
be hit by a pair of annihilation photons. Take care-
ful notes and be sure you understand what you ob-
serve. Do not hesitate to ask for help if you need it.
In each of the above steps it is very useful to
sketch a picture (or generate a bitmap using
the Agilent digital oscilloscopes) of the wave-
forms taking particular note of their ampli-
tudes, rise and fall times and temporal rela-
tionships with other signals (e.g. gates)

Compton Scattering Measurements Using 137Cs

The purpose of the procedures suggested in the next
section is to measure the energies of the scattered gamma
rays and the recoil electrons as functions of the scattering
angle θ.

1. Align the primary gamma-ray beam from the 137Cs
source in the howitzer. Position the howitzer and
the scatter counter so that the source (at the bot-
tom of the hole in the lead howitzer) and the scatter
counter scintillator are at opposite ends of a diam-
eter of the round platform, with the source ≈40
cm from the center of the scintillator. (Keep care-
ful notes about the exact geometry you choose for
the setup so you can return to it if necessary at
a later time.) Open the door of the howitzer and
measure the rate of pulses in the photopeak from
the scatter counter as a function of its position an-
gle. In other words, measure the “profile” of the
beam. Check that the beam profile is symmetric
about a line from the source through the center of
the turntable to insure that the target counter will
be uniformly illuminated when it is placed at the
center.

2. Adjust the discriminators of the CFDs to insure
that they will generate coincident pulses whenever
a Compton scattering occurs in the target scintil-
lator with a scattering angle in the range you wish
to cover. Position the NaI target counter over the
center of the turntable at a height such that the
axis of the beam intersects the mid-plane of the
scintillator. For the purpose of a preliminary test,
connect the (inverted) output of the target ampli-
fier to the inputs of both CFDs. Simultaneously
connect the output of the target amplifier to the



“INPUT” BNC connector on the MCA card in the
PC. Connect the output of the coincidence circuit
to the gate generator module and the output of the
gate generator to the “GATE” BNC on the MCA
card. Using the Maestro-32 software package, set
the discriminators as low as possible without get-
ting into the rapidly rising spectrum of photomulti-
plier noise such that the accidental coincidence rate
would rival the true coincidence rate (see prepara-
tory question 5 above). Start a spectrum accumu-
lation and test the effects of changing the delay of
the gate pulse with respect to the signal pulse.

3. Measure the median energy E ′
γ of scattered pho-

tons and the median energy Ee of recoil electrons
as functions of the position angle θ′ of the scattered
photon detector. With both the source in the how-
itzer and the scintillator of the scattered photon
detector located≈40 cm from the recoil electron de-
tector, set the position angle of the scatter counter
at 90◦. With the coincidence requirement enabled,
accumulate a spectrum of scattered photon detec-
tor pulses on the ‘scatter’ MCA and a spectrum of
recoil electron detector pulses on the ‘target’ MCA
and measure the median channel of the pulses in the
photoelectric peaks. Repeat this dual measurement
at several position angles from just outside the pri-
mary beam profile to as near to 180◦ as you can
get. A good strategy is to take data at widely sep-
arated position angles, say 90◦, 30◦, 120◦, 150◦ and
then fill in where you have time. Plot the raw re-
sults (median energy against position angle) as you
go along to guide your measurement strategy. It
is wise to check the calibration between each mea-
surement by switching the (software based) GATE
setting to ‘OFF’ and recording in your notebook
the median channels of the photopeaks produced
by 661.6 KeV photons from the 137Cs calibration
source, the 511 KeV photons from 22Na, and the
356 KeV and 81 KeV photons of 133Ba.

Scattering Cross Section Measurements

In this part of the experiment, you will measure the
total scattering cross section per electron in plastic. The
plastic in the scintillator blocks used as absorbers in this
measurement is composed of equal numbers of carbon
and hydrogen atoms. The most tightly bound electrons
are in the K-shells of the carbon atoms where they are
bound by 0.277 KeV, which is small compared to 662
KeV. Thus, to a good approximation, the interactions
of 137Cs gamma rays in the plastic can be considered
to be the scattering of gamma rays by free electrons.
Place the scatter counter at 0◦ and remove the target
counter from the beam. Measure the counting rates in

the 661.6 KeV photopeak of the NaI scatter counter with
no absorber and with three or more different thicknesses
of plastic scintillator placed just in front of the exit hole
of the howitzer. Determine the thicknesses (in g cm−2) of
the scintillator blocks by measuring their dimensions and
mass. Plot the natural logarithm of the measured rate
as a function of the thickness and check the validity of
your data by observing whether the data points fall along
a straight line as expected for exponential attenuation.
Question: Why is it better to place the absorbers as near
as possible to the source rather than just in front of the
detector?

ANALYSIS

1. Compare your results on the angular dependence
of energies of the scattered photons and the recoil
electrons with the predictions of the Compton for-
mula. Since the theoretical relation between the
scattered photon energy E′

γ and the scattering an-
gle θ, is non-linear, one can anticipate that a plot of
the measured energy versus position angle will be
fitted only by a curve. However, an easy manipu-
lation of the Compton formula yields a linear rela-
tion between 1/E′

γ and 1-cos θ. Plot 1/E
′
γ against

(1 − cos θ) with appropriate error estimates. On
the same graph plot the theoretical curve of 1/E ′

γ

against (1− cos θ) based on the Compton formula.
Do a similar analysis of the recoil electron data on
a separate graph. Plot 1/Ee against a function of
θ such that the expected relation is linear. Com-
ment on the degree of conformance of the theory
to your experimental results and discuss possible
causes of any systematic differences. To what ex-
tent do your data conform to the principle of the
conservation of energy as applied to the Compton
scattering process?

2. Compute the total interaction cross section per
electron. The attenuation of a collimated beam of
particles by interactions in a slab of material of
thickness x (cm) is described by the formula

I(x) = I0e
−µx (2)

where I0 is the initial intensity and µ is the to-
tal linear attenuation coefficient (cm-1). In plastic
scintillator the attenuation of 661.6 keV photons is
due almost entirely to Compton scattering. Under
this circumstance the total attenuation coefficient
is related to the Compton scattering cross section
per electron, which we call σtotal, by the equation

σtotal =
µ

ne
(3)



where ne is the number of electrons cm
−3 of the

material. To find µ from your data, you should
fit an exponential directly to the data, determining
the best-fit parameters and their errors. Alterna-
tively, you may plot the natural log of the measured
values of I/I0 against x . Then determine the slope
(and its error) of the straight line that best fits the
data by linear regression. In either case, calculate
the number of electrons cm−3 of scintillator (CH)n,
and find σtotal.
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SUGGESTED THEORETICAL TOPICS

1. Relativistic mechanics and the Compton shift.

2. Derivation of the Thomson differential and total
cross section for unpolarized photons.

APPENDIX
DERIVATION OF THE COMPTON

SCATTERING FORMULA

Consider the interaction between a photon with mo-
mentum vector pγ (and zero rest mass) and an electron
initially at rest with rest mass me. Call p

′
γ and p′

e
the

momenta of the photon and the electron after the inter-
action, respectively. By conservation of momentum, the
relation between the initial and final momenta is

pγ = p′
γ + p′

e
(4)

Rearranging and squaring both sides we obtain

p2
γ + p′2γ − 2pγ · p

′
γ = p′2

e
(5)

The total relativistic energy E and momentum p of
a particle are related to its rest mass m by the invari-
ant relation p · pc2 − E2 = −m2c4. By conservation of
energy,

pγ +mec = p′γ +
√

m2
ec

2 + p′2e (6)

Rearranging and squaring both sides, we obtain

p2
γ+p′2γ −2pγp

′
γ+2mec(pγ−p′γ)+m2

ec
2 = m2

ec
2+p′2e (7)

Subtraction of (2) from (4) and rearrangement yields

mec(pγ − p′γ) = pγp
′
γ − pγ · p

′
γ (8)

Finally, dividing both sides by mecpγp
′
γ , we obtain for

the relation between the energies of the incident and the
scattered photons the equation

1

E′
γ

−
1

Eγ

=
1

mec2
(1− cos θ) (9)

where θ is the angle between their final momentum
vectors.


