LAB 2: Experiments in Nuclear Physics
John A. J. Matthews and Paul R. Schwoebel
Purpose
Introduce the student to some of the basic techniques and approaches used in nuclear physics.
Reading Assignment
Reading required as per references in text of experiment.
Preface

This laboratory is divided into two sections. The first section is an introduction to gamma-ray
spectroscopy. J-ray spectroscopy is of both fundamental and applied interest. The techniques
introduced in j+ray spectroscopy will be expanded upon and used in the second section to
measure the mean-life of the muon. The mean life of the muon is directly related to the
fundamental strength of the Weak Nuclear Force; one of the four fundamental forces in nature.

Part 1: Gamma-Ray Spectroscopy

Introduction

The decay of many radionuclides involves the emission of J~rays. Processes that leave the
daughter in an excited state can lead to gamma emission. Alpha emission and beta emission
precede gamma decay in the natural radionuclides. For example, there can be a large difference
between the nuclear spin of the ground states of the parent and the daughter. Then the beta
transition directly to the ground state of the daughter is forbidden and therefore most of the
transitions leave the daughter in an excited state. Decay schemes for some radionuclides are
shown below.

0Co 5.26yr 187Cs  30yr 57Co
; B 0.31 MeV < B 0.51 MeV Electron Capture _—
Ey= 1.17 MeV Ey: 0.66 MeV Ey= 0.122 MeV
\ 4 Y

E,=0.014 MeV

57Fe (stable)

137Ba (stable)
Ey= 1.33 MeV

—Y
60Ni (stable)

Often the half-life of the parent is very long relative to the half-life of the daughter. In this case
gamma decay is in transient equilibrium with the decay of the parent and the j+ray intensity falls
off with the half-life of the parent. This is the reason it is customary to name the parent as the ¥
ray source.

y-ray spectroscopy has a number of important uses in the applied sciences. For example, it can
be used to identifying much of the elemental composition of an unknown sample. To do this the
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unknown sample is irradiated with neutrons which makes the sample radio active. This is so-
called ‘neutron-activation”. One can then measure the yrays (and B-rays) and sample half-life to
determine the constituents and their relative concentrations. This technique is used in the
petroleum industry and areas of geology, medicine, and criminology, to name a few.

To learn about pray spectroscopy and standard instrumentation used in nuclear physics you will:

Observe yray energy spectra,’

Identify the processes taking place,”®

Complete an energy calibration of the apparatus. * '
Determine the identity of an unknown isotope.

Determine the attenuation coefficients of jrays as a function of yray energy.> ' "

SR L

Procedure:

A radioactive jray source is placed near a Nal(Tl) scintillation detector. The Nal(Tl) absorbs
the y-ray and gives a light burst proportional to the amount of energy absorbed. The light is
converted into electrons by a photocathode mounted on the input of a photomultiplier tube
(PMT). The PMT is interfaced by the PMT base to a high voltage power supply and amplifier
(or preamplifier plus amplifier). The PMT outputs a current pulse which is proportional to, and
much greater than, the initial photoelectron current. Finally a multichannel analyzer (MCA)
digitizes the pulses and stores a histogram of the number of pulses versus pulse amplitude. This
is shown schematically in Fig. 1.

Nal(Th)| pmT | BASE PRE » MCA

HV

Fig. 1: Schematic drawing of the electronics for j-ray spectroscopy. The Nal(Th)
scintillator crystal, PMT, and PMT Base are a single unit. The high voltage
applied to the base is negative and less than 1500 V. The preamp and amplifier
are typically Nuclear Instrumentation Modules (NIM) powered by a NIM crate.

The MCA is a special purpose electronics plug-in board in a PC.
1. Observe y-ray energy spectra, identify the processes taking place, energy calibration the
apparatus, and determine the identity of an unknown isotope.

Using the 'Y’Cs source, observe the output from the anode output of the PMT base on an
oscilloscope using 50€2 termination. The pulse will be negative. Set the high voltage on the
PMT so that the pulses are > 50-100 mV. Typically ~ positive 1000 V is adequate high voltage;
do not exceed +1500V. If you use a preamplifier (before the amplifier) then connect the anode
output to the input of the preamp. If you do not use a preamplifier, then change from the anode
to the dynode output of the PMT base. The pulse will now be positive and about one-half the size
of the anode signal. This pulse can go directly into the amplifier (which typically want positive
polarity signals). Before continuing it is instructive to see the y-ray line(s) directly on the
oscilloscope. Each line will appear as a brighter band. To see this you will need to get the
correct trigger polarity: negative if you take the signal from the anode output of the PMT base or
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positive if you take the signal from the dynode output of the PMT base. You will also need a
sweep rate that is matched to the time response of the Nal(T1) detector. Once you find the signal,
vary the high voltage (modestly) to see how the signal magnitude varies with applied high
voltage. At this point you may want to determine what voltage change will cause a doubling of
the signal amplitude!

A preamplifier-amplifier combination, or simply an amplifier, is used to shape the pulse. Pulse
shaping is important for high rate applications and/or for minimizing electronic noise. These
units also provide additional amplification if needed. Generally these modules perform best at
or below the midrange of their settings. To see how the amplifier changes the pulse, pass the
signal (from the PMT base) through channel 1 of the oscilloscope and into the input of the
amplifier (check that you have the polarity correct). Look at the output of the amplifier in
channel 2 of the oscilloscope to check that it is not clipped, i.e. limited in amplitude, and that it
meets the input specifications of the MCA. For example for the PCA-3 card the input signal
specifications are:

e (to+10 volts,

e unipolar or positive edge leading bipolar,

e pulse rise times from 0.5 to 30 us.

Finally look at the signal on the MCA. For simple applications you should set the MCA to
accumulate/display the maximum number of channels. The final choice of high voltage and
amplifier gain settings should place the highest energy y-ray line near the upper end of the MCA
range. As different combinations of high voltage and amplifier gain will result in the same
amplitude signal you may want to investigate which combination gives you the sharpest signal:
1.e. the narrowest line for a fixed signal amplitude. At this point you should also accumulate -
ray spectra from the “’Co source to learn the range of y-ray energies and the number of distinct
lines. Then you should consider building a cave, from lead bricks, to shield the Nal(T1) detector
from extraneous (i.e. background) y-rays. Where does this background come from? You should
also experiment with the distance between the source and the front of the Nal(TI) detector. Does
this make any discernable difference other than count rate? A good rule of thumb is to place the
source at least 2 detector diameters from the detector. Why? The effective solid angle of the
detector is then (77 )/4md’, where r is the detector radius and d is the source-to-detector distance.
With your optimal setup you should accumulate a spectrum from each of the y-ray sources. Do
the spectra look different from your first spectra? How and why? Do the spectra look like the
text book spectra? Identify as many of the features and lines as you can. Now take individual
spectra for a couple sources such as the ’Cs and ®Co. You may also want to try the *’Co source
if it is not too old. Do this in as short a time period as is possible. Repeat to be sure that your
peaks have not drifted! Fit the peaks with the PCA3 program on the PC to determine the channel
numbers for the center of each y-ray line. If the DAQ electronics and the MCA are linear there
should be a linear relation between peak channel number and y-ray energy. To check this make
a plot of channel number versus energy. Are the points in a line? Does the curve go through
(0,0) or is there an offset? To what energy does channel 1 correspond? Now get an unknown y
source from the instructor. Using references '’ identify the unknown source.

Other issues you should consider include:

Do you have a circuit diagram including all equipment device types/numbers, SETTINGS, etc so
that you could easily rebuild your setup. Have you sketched pulse shapes at different places in
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the circuit? What should you check for when looking at pulse shapes? What change in phototube
high voltage results in a 100% increase in the observed y-ray pulse heights (i.e. channel number
in MCA)?

To a first approximation the gamma ray line width, that is its Full-Width at Half-Maximum
(FWHM) is 2.350, and related to the statistical fluctuations in the number of photo-electrons, N,,
that are collected from the photocathode of the phototube. In turn N, o E,, thus:

o/E,= 1/VN, = I/VE,

Thus this ratio measures N,. Check this by plotting (E,/ o)’ versus E,. If the plot is linear then
our approximation was valid; that is there should be an essentially constant }~ray energy required
per observed photo-electron. What is the average )~ray energy/photo-electron in your
experiment? The inverse question is how many photoelectrons result from a 1 MeV yray?"
Does this number make sense?

Y -ray (i.e. photon) cross sections for interacting with the Nal(Tl) are rather small in the energy
range of a few hundred keV to ~MeV. The photon interaction processes include the
photoelectric effect, Compton scattering and pair production. What photon cross section is most
directly related to the total conversion of the y-ray to visible light in the energy range of this
experiment? Is this the dominant cross section at these energies? What is the dominant photon
interaction? Does this dominant process result in events in the observed y-peaks? If not how do
events get to be in the peak?

2. Measure ¥ -ray attenuation coefficients:

Just as y-rays interact with the Nal(T1) to be detected or with lead shielding to reduce
background counts, y-rays interact with all matter. The physical processes include the
photoelectric effect, Compton scattering and pair production as noted above. These cross
sections are combined (in a variety of ways depending on the precise definition) into an
absorption or attenuation coefficient, ¢. Thus following a distance, X, an initial number of y-
rays, N(0), is attenuated to a final number, N(X):

N(X) = N(0) ™

Because the photon cross sections change rapidly with energy and depend on the absorber
material's nuclear charge, it is interesting to measure u at different energies and for more than
one absorber material.

To measure the energy dependence of y, start with the "*’Cs source and the MCA. To know N(0)
for each y-ray line, you need to take (and fit) a MCA spectra with no absorber and for a known
“live-time” interval. Then take additional spectra with different thickness of absorber and for
different types of absorber. Copper and lead are available. Plot N(X,E) versus absorber
thickness, X, as you accumulate the data. Remember to include the statistical uncertainty in each
measurement, ON, in your plot:"

SN = WN

Are your statistics sufficient such that 6N << N ? If not, accumulate spectra for longer periods
of time. If spectra are accumulated for different time intervals how do you record them in one
plot? Have you taken spectra for enough absorber thicknesses to measure the X-dependence of
N(X) at small-X where N(X) ~ N(0), and also at large X where N(X) << N(0). Why is this



important? Now try the “Co source. Should your steps in absorber thickness be the same at
different j~ray energies and/or for different absorbing materials? Why or why not?

Do you need to correct for the Nal(T1) efficiency, €? Why or why not? Because you expect an
exponential decrease with absorber thickness you should plot your data on semi-log paper (or use
a log scale on the y-axis in your computer graphing program). Do your results agree with the
exponential dependence on absorber thickness? Do your results agree with smaller values for u
at larger jy-ray energies? If the answer to either of the last two questions is no, then you may
want to reconsider the geometry of your experimental setup. Can the absorber provide a
scattering path for yrays not initially directed at the Nal(T1) detector to scatter into the detector?
How can you minimize this experimental problem? Once you have a reliable experimental
geometry and analysis procedures, take sufficient spectra to measure g at several energies and for
at least two absorber materials. How do your results compare with tabulated values for u?

Part 2: Measurement of the Mean Life of the Muon

Introduction

The muon'* is an elementary particle indistinguishable from the electron except that its mass is ~
200 times greater. Muons are produced primarily from the decays of charged pions, z*, which are
themselves produced (copiously) in extensive air showers caused by cosmic rays. Primary
cosmic rays cover the spectrum from protons to intermediate mass nuclei (< iron). The primary
cosmic rays interact with nuclei in the atmosphere creating large numbers of charged and neutral
mmesons. These subsequently interact or decay. Depending on the energy of the initial cosmic
ray, millions or billions of secondary particles can be produced. This is called an extensive air
shower.

Generally the neutral mesons, 7°, decay before interacting. Depending on their energy, the
charged pions may interact with nuclei in the atmosphere or may decay, 7° — U* + v, to charged
muons and neutrinos. To understand this behavior look up the lifetimes, 7,, and masses, m,, of
charged and neutral pions. The average distance they travel (before decaying) depends on their
energy, E, and is given by:

Distance ~ (E /m.c°) c t

where c is the speed of light. What are typical distances if E, =10’ eV or if E,= 10’ eV? If this
distance is large then it is likely the 7 interacts before it decays.

Unlike pions, muons do not interact strongly. Thus to first order they will decay before they
interact. The distance a typical E, = 10° - 10" eV muon travels is thus:

Distance = (10°~10" [eV])/(105.7 [MeV])(3 x 10° [m/s])(2.197 x 10° [s]) =
6.24~62.4 [km].

Where the muon mass m, = 105.7 MeV. This distance is sufficiently great that many muons
reach the earth surface. In fact at the earth's surface muons are the dominant component of
secondary particles from cosmic ray showers. Most of the muons are of modest energy by the
time they reach ground level. Thus some will range out, i.e. stop, in a tank of liquid scintillator.
The study of the decay of these stopped muons is the basis of this experiment.

Muons decay via the weak interaction similar to the -decay of free neutrons and nucleons in
nuclei:



u —>v+e +v,

Because neutrinos only interact via the weak nuclear force, muon decay is one of very few
natural processes that only involves the weak interaction. The decay rate is actually a measure of
the strength of the weak interaction, much like the electronic charge is a measure of the strength
of the electromagnetic interaction.

As with nuclear -decay the energy (E,) spectrum of the resultant e is that for a typical three
body weak decay:'

dIT E)/dE, = (G#/127) m/ E,* (3 -4 E, Im,).
where dIis the muon decay rate. If this is integrated over possible electron energies:
r'=1/t,=G;m, /192w

where 7, is the muon lifetime and G is the Fermi coupling constant. The Fermi coupling
constant is the fundamental coupling constant of the charge changing weak interaction. Thus a
measurement of the muon lifetime provides a measurement of G, once the muon mass is known!

A fraction of the muons that reach the earth’s surface have just the correct energy to stop in a
block or tank of scintillator. As the muons stop they deposit ~ 2 MeV/(gm/cm®) in the
scintillator. Because the density of scintillator is ~1 (gm/cm’), muons deposit ~ 2 MeV/cm of
path length. This is much greater than the ~ 1 MeV/cm of typical j~rays in Part 1 of this lab.
Thus these stopping muons result in a pulse of light (in the scintillator) which is easily detected.

Roughly 5% of the ¢ will be captured into low Bohr orbits and then interact with the nucleus of
the scintillator atoms before decaying. Thus the majority of ¢~ and virtually all the stopped "
decay before interacting with electrons or nuclei in the scintillator. Each muon decay results in
an electron with a energy up to m,/2 ~ 53 MeV (i.e. neutrinos are essentially massless). These
electrons also can result in a pulse of light (in the scintillator) which is also easily detected.

If one starts a clock each time a muon stops, i.e. this defines ¢ = 0, then for a total of N,,,, stopped
muons the number of muons remaining at a time t later is:

N(t) = Nstop exp (_t /Ty)

Note: clearly this assumes that muons are not lost due to interactions with the scintillator (see
comments above). Process other than weak decays that remove muons will result in a low value
for 7,. Random accidentals will be flat in time and will result in a high value for 7,, unless you
analyze your data properly.

The number of muon decays in the time interval from ¢, and z, is:
AN(<t>) = N(t,) - N(t;) = Ny, {exp (1,/T,) - exp (-1/T)}~ N,,,, (A1) exp (-<1>/1,).

where At =1, - t, and <t> = (1, + t,)/2, and the approximate relation is valid when ACI<< 7,.
Thus a histogram of the number of the observed decays, AN(<t>), binned in time bins of width
At, is predicted to be a simple exponential in <7>/7,. A semi-log plot of AN(<r>) versus <>
will have a slope -1/1,.

Procedure



The muon decay experiment starts with a large tank of liquid scintillator viewed by two
phototubes (PMTs). If one PMT is sufficient to trigger on cosmic ray muons and on the
electrons from muon decay, why use two PMTs? The basic setup is shown schematically in Fig.
1. As depicted in Fig. 1, the difference between a through going muon and a stopped muon
followed by a -decay, is one pulse versus two pulses.

|

T
BASE PMT CINTILLATO PMT BASE |— —— SCOPE
ELECTRONICS

—
v ¥

L.

2

Fig. 1. Schematic setup for muon lifetime experiment. i, passes through the
scintillator losing some energy: A single voltage pulse appears on the scope.
U, stops in the scintillator and decays after time t to an electron: Two voltage
nilses annear an the scone

A sketch of a realistic experimental setup is shown in Fig. 2. The PMTs require negative HV
and ~ -1500 V or less should provide adequate output signals. In practice you need to adjust the
HYV for each PMT to get approximately the same output signals. Typically the PMT output
signals are discriminated with V... = 30 mV. Set the discriminator output pulse length to ~ 20
ns. Are the pulse lengths sufficient to allow for the variation in pulse timing between the 2 PMTs
and still give a coincidence? Have you adjusted the relative time delay between the two
scintillator signals so the signals are in time on average? Set the coincidence unit to require a 2-
fold coincidence. The coincidence requires that both PMTs are above threshold to avoid noise
triggers or triggers from cosmic ray muons that are clippers.

To monitor and set up your experiment pass signals of interest through the scope; i.e. put the
oscilloscope between outputs of interest and the next device in the logic/signal chain.

MCA

START
TAC

DISCRIMINATOR ||

DELAY |—

COINCIDENCE
CIRCUIT

BASE PMT [ SCINTILLATOR [ PMT BASE —
STOP

DISCRIMINATOR  |—

Fig. 2. A practical experimental arrangement for the muon lifetime experiment.

Two outputs are taken from the coincidence unit. One is delayed and used to START the TAC.
The other is used to STOP the TAC. For details on how a TAC works see Appendix 2. At first
this order appears to be counter intuitive. This is explained by Fig. 3 and by the fact that only
when the TAC receives a good START-STOP combination will it produce an output pulse. To
delay the signal to the TAC START, use the delay cable supplied with the experiment. How
much delay does this cable introduce and why was this length chosen?
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Thus all the events that have a START but no STOP within the TAC time window will result in
no TAC output. For events with a good START-STOP combination the TAC output pulse has
an amplitude proportional to the difference in time between the START and STOP. The TAC
output signal is analyzed in the MCA. This is the good news. The bad news is that if a second
muon passes through the scintillator close in time to first, then the second muon is
indistinguishable from a decay electron. This results in a random accidental signal that should
be uniform in time and thus produce a flat background. Start to think how you will analyze the
data to accommodate this background!

e

o
\/STARTSIGNAL TIMQ/:
]

|
|
|
DELAY TIME — :e
'
|
)

STOP SIGNAL TIME\l\/ \/

¢ u

TO TAC START

TO TAC STOP

FIG. 3. Sketch of the signals entering the TAC (not to scale in time). The effect of the delay is

to cut off the first part of the histogram stored in the MCA. It does not change the
exponential nature of the histogram.

Set the time window on the TAC to ~ 5-10 muon lifetimes. Thus the data at large times will be
essentially all accidentals. But don't set the time window too long or you will only be studying
accidentals. If you have time you should accumulate and analyze data taken with different TAC
time windows.

To obtain adequate statistics you will need to run for at least 24 hours. Remember to leave a big
DANGER HIGH VOLTAGE sign on you apparatus.

The raw data from the MCA 1is a histogram of counts versus channel number. You need to
calibrate the system.. That is, you supply a well defined time signal into the TAC/MCA
combination to obtain the conversion from channel number to time. This is shown schematically
in Fig. 4. Use a pulse generator followed by a discriminator (or simple splitter) to create two in-
time signals. Put one through a precision delay, e.g. BNC model 7020 digital delay NIM
module. Run with various values of delay to calibrate the full scale of the TAC/MCA. If you
take data sets with different TAC time windows you will need to calibrate for each TAC setting.
Remember to calibrate the TAC/MCA immediately before or after your data run, i.e. before you
inadvertently change something.

DELAY START
PULSER —— DIVIDER

STOP

TAC |—— MCA

FIG. 4. Arrangement for time calibration of the TAC-MCA.

The recommended technique to analyze the data is to extract an ASCII file from the MCA and
transfer this to a PC or workstation to manipulate and fit the data. You will need to correct for
background counts. Remember if your time bins become too wide then the simple 1-exponential
form is no longer correct. How does your measurement compare with the world average of 7, =
2.197 us?" If you agree within 5-10 % you are measuring the Fermi coupling constant to that
same precision!
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APPENDIX 1: Time-to-Amplitude Converters
Bill Miller, edited by Paul Schwoebel

A Time-to-Amplitude Converter (TAC) is a device that accepts a start pulse and waits for a stop
pulse. Circuitry inside the TAC determines how much time has elapsed between the two pulses.
The TAC produces a voltage pulse with an amplitude that is proportional to the elapsed time.

To use the TAC:

1. Check if there are any special power requirements like +6 V. This can usually be found on
the front panel. Some units have a rear panel switch that allows for either +12 V of +6 V. Make
sure that your NIM bin has correct voltages available.

2) Check to see what logic family the unit uses, NIM logic (a "V" looking character) or TTL (a
representation of a positive going pulse). Some units can be switched between the logics.

3) Set up the TAC for the proper time scale. If you set it up for a 1 us scale and give it a signal
with 2 us between start and stop you will not get an output from the TAC. Similarly, If you
select 1 us and deliver only 1 ns the TAC will provide no output.

4) There can be a number of extra functions on the front panel. For COINC and ANTICOINC
select ANTICOINC. GATE should be OPEN. The SCA is not important for this experiment.
Leave the ULD at 10 and the LLD at 0. Buttons or switches associated with the SCA should be
set to OFF or OUT. Anything that says DELAY is not important. This adjusts the time between
the accepted STOP signal and the TAC output pulse. For slow count rates, 10 s is nothing to
worry about.
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APPENDIX 2: Gamma-Ray Spectroscopy
EG& G ORTEC
and
EQUIPMENT MANUALS



EXPERIMENT 3

Gamma-Ray Spectroscopy
Using Nal(Tl)

EQUIPMENT NEEDED FROM EG&G ORTEC FOR
EXPERIMENTS 3.1 THROUGH 3.7, 3.9, and 3.10

Bin and Power Supply

905-3 Nal(T!) Crystal and Phototube Assembly
266 Photomultiplier Tube Base

556 High Voltage Power Supply

113 Scintillation Preamplifier

575A Amplifier

13Cs gamma source, 5 uCi 5%

SK-1G Source Kit (see Appendix)
Absorber Kit Mode! 3-Z2

Absorber Kit PbAl-23

M-Nal-3 Stand for Sodium lodide Detector

ACE-2K MCA System including suitable IBM PC (other
EG&G ORTEC MCAs may be used)
Oscilloscope

ADDITIONAL EQUIPMENT NEEDED FROMEG&G ORTEC
FOR EXPERIMENT 3.8

427A Delay Amplifier

551 Timing Single-Channel Analyzer

426 Linear Gate

875 Counter

Purpose

The purpose of this experiment is to acquaint the student
with some of the basic techniques used for measuring
gamma rays. It is based on the use of a sodium iodide (Nal)
detector that is thallium (TI) activated.

Gamma Emission

Most isotopes that are used for gamma measurements also
have betas in their decay schemes. The typical decay
scheme for the isotope will include a beta decay to a partic-
ular level followed by gamma emission to the ground state
of the final isotope. The beta particles will usually be ab-
sorbed in the surrounding material and not enter the scintil-
lator at all. This absorption is normally assured with alumi-
num absorbers (ref. 10). For this experiment the betas offer
no real problem, and so absorbers are not specified. There
will be some beta absorption by the light shield over the
phototube. The gammas, however, are quite penetrating
and will pass easily through the aluminum light shield.

Generally there are two unknowns that we would like to
investigate about a gamma source. One is the energies of the
gammas from the source; the other is the number of gammas

that leave the source per unit of time. In this experiment the
student will become familiar with some of the basic Nal(Tl)
measurements associated with gamma-emitting unknowns.

A total time of ~6 h is required to complete all the parts of
Experiment 3 (3.1 through 3.10). The complete series can
be done in two 3-h lab periods, since each is written to be
fairly independent of the others.

EXPERIMENT 3.1

Energy Calibration
Setup of Equipment

Set up the electronics in the arrangement shown in Fig. 3.1.
There are two parameters that ultimately determine the over-
all gain of the system: the high voltage that is furnished to
the phototube and the gain of the linear amplifier. The gain
of the photomultiplier tube is quite dependent upon its high
voltage. A rule of thumb for most phototubes is that a 10%
change of the high voltage will change the gain by a factor
of 2. The high-voltage value depends on the phototube being

905-3
SOURCE .
Nal(T)) 266 Dynode 13 575 ACE-2K
SCINTILLATOR PM BASE *]  PREAMPLIFIER 1 AmpLFIER [  MCASystem >
PHOTOTUSBE Readout
A
556
HV POWER
SUPPLY
Fig. 3.1. Electronic Block Diagram for Gamma-Ray Spectroscopy System

with Nal(T1) Detector.
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EXPERIMENT 3

JYEG:G ORTEC

used; consult your instruction manual for the phototube and
select a value in the middle of its normal operating range.
(The instructor may wish to recommend a value.)

Set the indicated modules as follows:

556 High Voltage: See phototube instructions and set the
fevel at about the middle of the acceptable operating range
(normally about +1000 V).

113 Scintillation Preamplifier; Set the Input Capacity switch
at 200 pF. The output pulses will be positive.

575A Amplifier: Positive input and Bipolar output. Shaping
time set to 0.5 usec. The gain will be adjusted during the
experiment.

Multichannel Analyzer: PHA Analysis mode; 1000 channels
are adequate for this experiment.

Procedure
1. Place the '"Cs source from SK-1G (Ey = 0.662 MeV)
~2 cm in front of the Nal(Tl) crystal.

2. Adjust the coarse and fine gain controls of the linear
amplifier so that the 0.662-MeV photopeak for *'Cs falls at
approximately channel 280. For the illustrations shown in
Figs. 3.2 and 3.3, the gain of the system has been set so that
1 MeV falls at about channel 420 to 425. Since the system is
linear, 2 MeV would therefore fall at approximately channel
840 to 850.

3. Accumulate the '*’Cs spectrum for a time period long
enough to determine the peak position. Figure 3.2 shows a
typical "*’Cs spectrum that has been plotted. Although these
spectra are usually plotted on semilog graph paper, the
figures shown in this experiment are plotted on linear paper

.to point out some of the features of the spectra.

4. After the “'Cs spectrum has been read out of the
MCA, erase it and replace the *’Cs source with a *°Co source
from SK-1G.

5. Accumulate the spectrum for a period of time long
enough for the spectrum to be similar to that in Fig. 3.3.

6. Read out the MCA.

EXERCISES

a. Plot both the '*’Cs and “’Co spectra and fill in items 1, 2,
and 3 in Table 3.1.

b. Fromitems 1,2 and 3in Table 3.1 make a plot of energy
of the photopeaks vs channel number. Figure 3.4 shows this
calibration for the data taken from Figs. 3.2 and 3.3. If other
calibration sources are available, additional data points can
be added to Fig. 3.4. The other entries in Table 3.1 will be
filled out in Experiment 3.3.

c. Use the energy calibration feature of the MCA and com-
pare the results with those found in Exercise b.

8147

350 T T l
PHOTOPEAK
£ = CHANNEL 280
Event Energy (MeV)  Channel No.
300 |— —
Photopeak 0.662 280
Compton edge 0.478 180
Backscatter 0.184 100
250 — —
Resolution = %5 x 100%
32
==——x 100%
280"
E 200 |~ —
H =11.5%
L]
g
-]
§ BACKSCATTER FWHM = 32 CHANNELS
150 =o€ N
COMPTON EDGE
100 |G —
50 —
0 | | l i | I
0 40 80 120 200 240 280 320 360

Channel Number

Fig. 3.2. Nal(TIl) Spectrum for **'Cs,
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Fig. 3.3. Nal(Tl) Spectrum for *Co.

Table 3.1

Event Energy (MeV) | Channel Number
1.} 0.662-MeV photopeak 0.662
2.1 1.17-MeV photopeak 1.17
3.] 1.33-MeV photopeak 1.33
4.| Compton edge 137Cs
5.| Backscatter 137Cs
6. | Backscatter 80Co

EXPERIMENT 3.2
Energy Analysis of an
Unknown Gamma Source

Purpose

The purpose here is to use the calibrated system of Experi-
ment 3.1 to measure the photopeak energies of an unknown
gamma emitter and to identify the unknown isotope.

Procedure
1. Erase the “°Co spectrum from the MCA, but do not
change any of the gain calibration settings of the system.

20 T T T

Event Energy (MeV) Channel No.
15 Photopeak 133 560 |
’ Photopeak 1.7 496
Photopeak  0.662 280

Energy (MeV)

8147

0 ! I 1

200 300 400 500 600

Channel Number

Fig. 3.4. Energy Calibration Curve for Nal(Tl) Detector.

2. Obtain an unknown gamma source from the instructor.
Accumulate a spectrum for the unknown source for a period
of time long enough to clearly identify the photopeak(s) of
the source. From the calibration curve, determine the energy
for each photopeak.

EXERCISE

Use refs. 7 and 8 to identify the unknown isotope.
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EXPERIMENT 3.3
Spectrum Analysis
of ®Co and *'Cs

Purpose

The purpose of this experiment is to explain some of the
features, other than the photopeaks, that are usually present
in a pulse-height spectrum. These are the Compton edge
and the backscatter peak.

The Compton interaction is a pure kinematic collision be-
tween a gamma photon and what might be termed a free
electron in the Nal(Tl) crystal. By this process the incident
gamma gives up only part of its energy to the electron. The
amount given to the recoil electron (and the intensity of the
light flash) depends on whether the collision is head-on or
glancing. For a head-on collision the gamma imparts the
maximum allowable energy for the Compton interaction.
The energy of the scattered gamma can be determined by
solving the energy and momentum equations for this billiard
ball collision. The solution for these equations in terms of
the scattered gamma can be written approximately as

E
E oo —2X (1
Y 1+2E, (1 cosb)
where
Ey = energy of the scattered gamma in MeV,

6 = the scattering angle for ',
Ey = the incident gamma-ray energy in MeV.

If & = 180° due to a head-on collision in which ' is scat-
tered directly back, Eq. (1) becomes
Ey
Ev=1% aE, @
As an example, we will calculate Ey for an incident gamma
energy of 1 MeV:

E '=1MeV

= 3
Y 1+a 0.20 MeV.

The energy of the recoil electron, E,, for this collision would
be 0.80 MeV. This is true since

E,=E ~E, . (4)

Then the position of the Compton edge, which is the maxi-
mum energy that can be imparted to an electron by the
Compton interaction, can be calculated by Eq. (4).

EXERCISES

a. Calculate the energy of the Compton edge for the 0.662-
MeV gammas from "’Cs. Enter this value in Table 3.1. From
your plot and calibration curve, does this calculation agree
with your measured value?

b. Backscatter occurs when gammas make Compton inter-
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actions in the material that surrounds the detector. Figure 3.5
was taken from ref. 10and isagood illustration of the various
events that can take place in a typical source—Nal(Tl) detec-
tor—lead shield arrangement. Backscattered gammas from
these interactions (Ey) make photoelectric interactions in

.the Nal(T!) when they enter the crystal. The energy of the

backscattered peak can be found by solving Eq. (2).

Solve Eq. (2) for the background gammas from '*’Cs and for
the 1.33-MeV gammas from “Co. Fill in the rest of Table 3.1.
How do your measured energies compare with the theoreti-
cal energies from Eq. (2)? If the backscatter peak is not very
pronounced in your spectrum, it can be improved by accu-
mulating a spectrum with a sheet of lead absorber placed
slightly to the left of the source in Fig. 3.1.

EXPERIMENT 3.4
Energy Resolution

Purpose

The resolution of a spectrometer is a measure of its ability to
resolve two peaks that are fairly close together in energy.
Figure 3.2 shows the gamma spectrum that was plotted for
the '*'Cs source. The resolution of the photopeak is found
by solving the following equation:

R= x 100, (5)

mlf

where
R = the resolution in percent,

S8E = the full width of the peak at half of the maximum
count level (FWHM) measured in number of
channels,

E = the channel number at the centroid of the photo-

peak.

In Fig. 3.2 the photopeak is in channel 280 and its FWHM
= 32 channels. From Eq. (5) the resolution is calculated to
be 11.5%.

EXERCISE

Calculate the resolution of the system from your '*'Cs spec-
trum. Record this value for later reference.

EXPERIMENT 3.5
Activity of a Gamma Emitter
(Relative Method)

Purpose
in Experiments 3.1 and 3.3, procedures were given for deter-
mining the energy of an unknown gamma source. Another
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Fig. 3.5. Various Events in the Vicinity of a Typical Source—Crystal
Detector—Shield Configuration.

unknown associated with the gamma source is the activity
of the source, which is usually measured in curies (Ci);
1 Ci = 3.7 x 10" disintegrations/s. Most of the sources that
are used in nuclear laboratory experiments have activities
of the order of microcuries (uCi). The purpose of this experi-
ment is to outline one procedure by which the activity of a
source can be determined, called the relative method.

in using the relative method, it is assumed that the unknown
source has already been identified from its gamma energies.
For this example, assume that the source has been found to
be "“’Cs. Then all that is necessary is to compare the activity
of the unknown source to the activity of a standard '"’'Cs
source that will be supplied by the laboratory instructor. For
convenience, call the standard source S1 and the unknown
source U1.

Procedure
1. Place the S1 source about 4 cm from the face of the
detector (or closer if necessary to get reasonable statistics)

and accumulate a spectrum for a period of live time, select-
able on the analyzer, long enough to produce a spectrum
similar to Fig. 3.2.

2. Use the cursor to determine the sum under the photo-
peak. In the example shown in Fig. 3.2, this would corre-
spond to adding up all counts in channels 240 through 320.
Define this sum to be Xg,.

3. Erasethe MCA spectrum. Remove source S1and replace
it with source U1, positioned exactly the same distance from
the crystal as the S1 source was. Accumulate a spectrum for
the same period of live time that was used in step 1. Sum the
peak as in step 2.

4. Erase the spectrum from the MCA. Remove the U1
source and accumulate background counts for the same
period of live time that was used in steps 1 and 3 above.

5. Sum the background counts in the same channels that
were used for the photopeaks in steps 2 and 3 above. Call
this sum X,.
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EXERCISE

Solve for the activity of the U1 by using the following ratio:

activity of ST Zgy — 3,

Since the efficiency of the detector is only energy depend-
ent, the standard and unknown sources do not have to be
the same isotope. It is only necessary that their gamma
energies be approximately the same (+10%) in order to get
a fairly good estimate of the absolute gamma activity of the
unknown.

EXPERIMENT 3.6
Activity of a Gamma Emitter
(Absolute Method)

Purpose

The activity of the standard used in Experiment 3.5 can be
determined by the absolute method. The purpose of this
experiment is to outline the procedure for this method. Here
the source that is to be measured will be called U1.

Procedure
1. Place the U1 source 9.3 cm away from the face of the
detector.

2. Accumulate a spectrum and note the live time that is
used.

3. Use the cursor to determine the sum under the photo-
peak, ~.,. Then erase the spectrum, remove the source, and
accumulate background for the same live time and calculate
2b.

4. Use the following formuia to calculate the activity of U1:

X1 =2 1
activity of U1 =( ul b) (7

t Ge,f ’

Table 3.2. Gamma Decay Fraction, (f), for
Some Common Isotopes.

Isotope Gam(n“;lz;\s;lergy f

137¢s 0.662 0.92
S1cr 0.323 0.09
60¢co 1.17 0.99
60Cco 1.33 0.99
22N, 1.276 0.99
22Ng 0.511 0.99
54Mn 0.842 1.00
657 1.14 0.44
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where
t = live time in seconds,
¢ = intrinsic peak efficiency for the gamma energy and
detector size used (Fig. 3.6 and ref. 10),

f = the decay fraction of the unknown activity which
is the fraction of the total disintegrations in which
the measured gamma is emitted (refs. 7 and 8 and
Table 3.2),

G = area of detector (cm?)/4ns’,

s = source-to-detector distance in cm.

0 T 1 T T T 11

| 3 x3;well 1/2x1-1/2

05— 2x2

- 1-3/4x2;
well 5/8 x 1-1/2

Intrinsic Peak Efficiency

0.1 |~ Legend:

[~ A SOLID CRYSTALS
Source at 9.3 cm

© WELL CRYSTALS
Source in well

{— lall crystal dimensions are in inches)

0.05 | ’ I I
0.2 05 1.0 2.0

Energy (MeV)

Fig. 3.6. Intrinsic Peak Efficiency of Various NaI(TI) Crystals
vs Gamma Energy.

EXPERIMENT 3.7
Mass Absorption Coefficient

Purpose

The purpose of the experiment is to measure experimentally
the mass absorption coefficient in lead for 662-keV gamma
rays.

References 2, 3, and 5 point out that gammas interact in
matter primarily by photoelectric, Compton, or pair-produc-
tion interactions. The total-mass absorption coefficient can
be measured easily with a gamma-ray spectrometer. In this
experiment we will measure the number of gammas that are
removed from the photopeak by photoelectric or Compton
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interactions that.occur in a lead absorber placed between
the source and the phototube.

From Lambert's law (ref. 1) the decrease of intensity of radi-
ation as it passes through an absorber is given by

I=lgekx, (8)
where
| = intensity after the absorber,
I, = intensity before the absorber,
u = total-mass absorption coefficient in cm’/g,

= density thickness in g/cm’.

The density thickness is the product of the density in g/em’
times the thickness in cm.

The half-value layer (HVL) is defined as the density thick-
ness of the absorbing material that will reduce the original
intensity by one-half. From Eq. (8):

In I/ly = —px. (9)
if 1/1o = 0.5 and x = HVL, In 0.5 = —u(HVL) and hence

0.693

HVL = (10}

In this experiment we will measure p in lead for the 0.662-
MeV gammas from '"’Cs. The accepted value is 0.105 cm*/g.
Values for other materials can be found in ref. 8.

Procedure

1. Place the ""Cs source about 5.0 cm from the Nal(Tl)
detector and accumulate the spectrum long enough for the
sum under the 0.662-MeV peak (¢, — ) to be at least 6000
counts. Determine (X¢; — Xb).

2. Erase the MCA and insert a piece of lead from the ab-
sorber kit between the source and the detector. Accumulate
the spectrum for the same period of live time as in step 1
above. Determine (¢ — ).

3. Erase the MCA and insert another piece of lead. Deter-
mine (S — ). Repeat with additional thicknesses of lead
until the count-sum is >>1000. Fill in the data in Table 3.3.

Table 3.3. Data for Mass Absorption Coefficient.

Absorber Absorber Thickness (mg/cmz) Zes— Zp
1 0
2
3
4
5
6
7

EXERCISES

a. Using semilog graph paper, plot | vs absorber thickness
in mg/cm?, where | = (3¢, — Sp)/live time. Determine the HVL
from this curve and calculate u from Eq. (10). How does your

‘value compare with the accepted value of 0.105 cm’/g?

b. Repeat the above experiment for the aluminum ab-
sorbers in the Absorber Kit. The u for aluminum is 0.074
cm?/g.

EXPERIMENT 3.8
The Linear Gate in
Gamma-Ray Spectroscopy

Purpose

The purpose of this'experiment is to show how a linear gate
can be used with an MCA in gamma-ray spectroscopy. The
linear gate will limit the analysis of input pulse amplitudes
to those that will be included within the photopeak.

The measurement of the mass absorption coefficient in
Experiment 3.7 required the accumulation of several com-
plete spectra, although the data of interest were included
within only a fraction of the total number of channels that
were used. The normal time for completing Experiment 3.7
is approximately 45 min. By using a linear gate, the same
information can be obtained in about 1/3 of the time. An
equivalent saving of time can also be made in Experiments
3.5 and 3.6 (Source Activity Determinations). Since the pro-
cedures are about the same as for Experiment 3.7, the
student should repeat these experiments with the linear gate
to see how much time will be saved.

See equipment list at beginning of Experiment 3 for addi-
tional equipment required for Experiment 3.8.

Connect the system components as shown in Fig. 3.7. Con-
nectthe bipolar cutput of the 575A Amplifier to both the 427A
Delay and the 551 Timing Single-Channel Analyzer. Con-
nect the Delay output to the linear Input of the 426 Linear
Gate and connect the gate output to the analyzer input.
Connect the SCA output to both the 875 Counter input and
the Enable input of the Linear Gate.

The Linear Gate is a module that permits linear pulses to be
passed only during the time interval that follows each En-
able input. In normal operation the adjusted time interval
will allow only one linear pulse to be furnished into the MCA.

The Timing Single-Channel Analyzer determines whether
each input pulse amplitude is within the window and gener-
ates a logic output pulse for each input pulse that satisfies
the criteria. By adjusting the lower and upper levels of its
window, the 551 then can determine what portion of the
spectrum is gated through for analysis in the MCA. This is
true since it delivers the enable logic pulse to open the linear
gate.
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From the standpoint of timing, one would like to have the
logic pulse arrive at the enable input of the linear gate just
prior to the arrival of the corresponding linear pulse that is
to be gated. Since the amplifier provides a bipolar output to
the SCA, and since the SCA generates an output at 50% of
full amplitude on the trailing edge of the positive lobe, the
SCA output will occur at about 2 us after the onset of the
pulse. Thus, if the 427A Delay is set for 3 us and the 426
Linear Gate width is adjusted to maximum, 4 us, the gate
passes the input pulse for a period from 1 us before the
delayed pulse reaches the 426 until 3 us of elapsed pulse
time. This passes the positive portion of the bipotar puise,
which is all that affects the MCA measurement; the negative
portion of the bipolar puise is not used.

The inclusion of a counter in Fig. 3.7 permits a direct total
of the counts to be observed, and the adjustment of the win-
dow width will limit these to the peak area. This simplifies the
summing of counts for peak area integrations.

Figure 3.8 shows how Fig. 3.2 might look if the window of the
SCA were set properly to just span the '’Cs photopeak.
Since the MCA has a live display while it is accumulating, it
is quite simple to adjust the window of the SCA properly.

The single-channel principle and the control of the linear
gate are examined here with individual modules. Both func-
tions are also included in the MCA, so the separate modules
are not required for other experimental applications.

Module Settings:

Use the same settings for the high-voltage power supply,
preamplifier, and amplifier that were used for Experiment
3.1. Set the 426 Linear Gate for Normal with its Gate Width
control fully clockwise for 4 us. Set the 875 Counter for count
and use the Positive input from one of the Pos Out connec-
tors on the 551 Timing SCA; reset the 875 Counter to zero.
Set the 551 Timing SCA for Normal operation, the Lower-
Level control at 030, the Upper-Level control fully clockwise

350
i T I T I I ]
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£, = 0.662 MeV
300 - —
250 |- ]
LOWER UPPER
T 200 LEVEL LEVEL -
H
]
£ SINGLE-CHANNEL _____ | -
8 ol AE WINDOW —
[
100 }- // \ —
N \
)
The dashed curve represents the \
5O |— Portion that was gated away with 1
the Linear Gate. \
\ ~- 0 S g
050! o
° ] ! 1 1 !
80 120 160 200 240 280 320 360
Channel Number
Fig. 3.8. 9’Cs Spectrum with the Linear Gate.

at 1000 divisions, and Delay at minimum for 0.1 us. Set the
427A Delay Amplifier for a 3-us delay.

Procedure

1. Place the ’'Cs source from SK-1G about 4 or 5 cm from
the crystal face. Accumulate a spectrum in the MCA while
adjusting the E and the AE window on the 551 Timing SCA.
Set the window so that it just brackets the photopeak as in
Fig. 3.8. You are now ready to make the first measurements.

2. Clear the MCA and reset the counter to zero. Start both
at the same time and accumulate for a period of time long
enough to obtain about 6000 counts in the counter. Record

505-3
Nal(Tl)

SCINTILLATOR 266

PM BASE

. 113
PREAMPLIFIER

* AND
PHOTOTUBE

575A

AMPLIFIER b
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P DELAY
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SOURCE Y

556
HV POWER
SuUPPLY

426 Readout

LINEAR -
GATE
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TIMING >
SCA

ACE-2K
MCA System

'

875
COUNTER

Fig. 3.7. Block Diagram of Electronics for Gamma-Ray Spectrometry System with a Linear Gate.
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the total elapsed time for the measurement, the average dead
time from the MCA, and the count in the counter. Read out
the analyzer and then clear both the MCA and the counter.

3. Place the first lead absorber between the source and the
detector as in Experiment 3.7 and accumulate for the same
period of time that was used in step 2above. Record only the
counter counts and the total elapsed time. It is not necessary
to read out the MCA for each spectrum since the counter is
summing the counts under the photopeak. You should ob-
serve the MCA for each spectrum to make sure that the
proper spectrum is being stored.

4. Repeat step 3 for each added absorber thickness that
was used in Experiment 3.7. Make a background run with the
source removed, and fill in Table 3.4 as in Experiment 3.7.

Table 3.4
Absorber Absorber Thickness (mg/cm’) Ses — 3
1 0
2
3
4
5
6
7

5. Calculate the same data as in Experiment 3.7, Exercises
aand b.

6. Instep2theoutputof the MCA was read. Sum this output
spectrum and compare it with the counter sum that was
taken from the same run. The counter sum should be slightly
larger since it does not suffer from dead-time corrections at
these counting rates. The MCA does suffer, because it re-
quires some amount of time to measure and store each pulse
and thus does not actually analyze as many pulses as have
been furnished to it. The MCA sum should be equal to the
counter count times the percent of live time, which is equal to
the live time of the MCA divided by the clock time for the
spectrum accumulation.

EXPERIMENT 3.9
Sum Peak Analysis

Figure 3.3 shows the two pronounced peaks in *°Co. Figure
3.9 shows the decay scheme of *°Co.

Most of the time the decay occurs by gemission to the 2.507-
MeV excited state of “Ni. Subsequent decay to the ground
state always occurs by gamma emission to the 1.3325-MeV
level (a 1.174-MeV gamma) followed almost simultaneously
by the 1.3325-MeV gamma to the ground state. In Experi-

ment 19 we will show that these two events are in coincidence
and have an angular correlation that deviates from an iso-
tropic distribution by only 16%. For the purposes of this
experiment we can assume that each of these gammas are
isotropically distributed. In other words, if y; goes in a par-
ticular direction, v, can go in any of the 4 steradians that it
wishes. There is a certain probability that it will go in the
same direction as v,. If this occurs within the resolving time
of the detector, v, and v, will be summed and hence a sum
peak will show up in the spectrum. From the definitions in
Experiment 3.6, the number of counts, X;, under the v, peak
is given by:

3 = GhHtA, (11)

where A is the activity of the sample and t is the time. In a
similar calculation, the sum. 3, for v; is given by:

22 = ﬂsztA. (12)

From Egs. (11) and (12) the number of counts in the sum
peak, 3, is given by:

5, = aief ,GPAL [W(0°)], (13)

where W(0°) is a term that accounts for the angular correla-
tion function. For the case of “Co, Eq. (13) is quite simple.
3 becomes:

(2 g, = aeG’At, (14)

since W(0°) = 1.0.

In this experiment we will show that the sum peak for ®’Co
has an energy of 2.507 MeV and that its sum is given by
Eq. (14).
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Fig. 3.9. The Decay Scheme of *Co.

Procedure
1. Set up the electronics as shown in Fig. 3.1.

2. Usethe gammas from the source kit to calibrate the MCA
so that full scale is ~3.0 MeV. For 1024 channels this would
put the '¥’Cs (0.662 MeV) peak at approximately channel 225.

3. Construct a calibration curve as in Experiment 3.1.

4. Place the “’Co source from the source kit at exactly 9.3
cm from the face of the detector. Count for a period of time
long enough so that the area under the sum peak is ~1000
counts. This procedure was outlined in Experiment 3.6.
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EXERCISES

a. Verify that the energy of the sum peak is 2.507 MeV.
Subtract the background from the sum peak and verify its
sum from Eq. (14).

b. Repeat this sum peak analysis for the *’Na source. Figure
3.10 shows the decay scheme for *?Na and a typical spectrum
with the sum peak.

22Na 2,60y
8* 90% !
EC 10%
1.274 MeV =—————e———. 5 0.05%
A" Annihilation 0 —L Svfm
0.511 Mev 22N,

1.274 MeV

Sum Peak
1.785 MeV

Counts (Log Scale)

Channel Number (Relative)

Fig. 3.10. Sum Peak for the 22Na Source from Source Kit SK-1G.

EXPERIMENT 3.10
Photoelectric Absorption

Purpose

The purpose of this experiment is to study the photoelectric
absorption of photons and verify the strong dependence of
this process on the atomic number of the absorbing material.

When a gamma of energy <150 keV interacts with matter,
the interaction has a high probability of being photoelectric.
in the photoelectric interaction, the photon interacts with
one of the tightly bound electrons in the material. The elec-
tron, in general, is knocked out of the atom with an energy
given by:

Ee = hf — ,Eh,

where f is the frequency of the photon and E, is the binding
energy of the electron that is involved in the interaction. The
probability of photoelectric interaction is dependent on the
atomic number of the absorbing material and the energy of
the gamma or x-ray photon. Although it is difficult to write
out an exact analytic expression for this probability, it can
be shown that for low energy photons
K-z

= , 15
o £ (15)
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where K is a constant, Z is the atomic number, and n is us-
ually between 4 and 5.

Procedure
The set up for this experiment is the same as for Experiment
3.7.

1. “Place the ’CO source ~3.8 cm from the Nal detector.
Accumulate for a time period long enough to get reasonable
statistics in the 122-keV line. As in Experiment 3.7, 5 — 3
should be at least 6000 counts.

2. Clear the MCA and place the thinnest aluminum ab-
sorber between the source and the detector. Count for the
same period of time as in step 1. Repeat for the other two
aluminum absorbers.

3. Repeat steps 1and 2 for the other thin absorbers, Fe, Cu,
Mo, Sn, Ta, and Pb, in the Modei 3-Z2 source kit. Note: The
counting time might have to be increased as the atomic
number of the absorber is increased.

EXERCISES

a. For the three measurements made with the thin alumi-
num foils, calculate and average u, Eq. (9). Repeat for the
other absorbers.

b. Make a plot of u vs Z**/E% from your experimental data.
How do your results compare to the theory?
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Time-to-Ampl itude Converter/SCA |

The EG&G ORTEC Model 567 Time-
to-Amplitude Converter/Single-
Channel Analyzer (TAC/SCA), meas-
ures the time interval between start
and stop input pulses, generates an
analog output pulse proportional to
the measured time, and provides
built-in single-channel analysis of the
analog signal. Additional gating mod-
ules are not necessary with this unit,
and timing experiments requiring time
ranges of 10 ns to 2 ms may be
performed with single-channel analy-
sis, giving the experimenter unparal-
leled flexibility in analyzing random
nuclear events that occur within a
selected time range. Time ranges from
50 ns to 2 ms are provided via the
front-panel controls.

Separate gating (anticoincidence or
coincidence) of the start and stop
inputs eliminates unwanted events
-from the time spectra via externally
nposed energy or timing restrictions.
The Model 567 also incorporates a
built-in SCA inhibit feature in which a
TAC output is available only if the
output pulse falls within the window
restrictions imposed by the SCA. This
feature may be switched in or out by
a convenient front-panel switch.

In addition to its start and stop input
gating capabilities, the Model 567
provides for a puised or dc-level
Reset/Inhibit signal via a front-panel
input connector. A Reset/Inhibit input
signal terminates the conversion cycle
and maintains a reset condition, in-
hibiting further TAC conversions for
the duration of the Reset/Inhibit pulse.
A TAC output pulse that is in process
at the time a Reset/Inhibit input is
received will be completed before
converter reset is initiated.

Valid Start and Valid Conversion out-
puts are provided for each accepted
start and stop input respectively. The
‘uration of the Valid Start output indi-

- cates the interval from the accepted
start until the end of reset. Valid Con-
version occurs from the end of the

internal delay after stob to the end of
reset. ’ '

The selectable TAC output width and
variable delay, which are easily ad-
justable, further serve to make the
Model 567 a flexible instrument. The
output of the TAC may be synchro-
nized with the stop signal or an exter-
nal strobe signal to further enhance
its versatility.

The single-channel analyzer section

of the Model 567 allows the experi--

menter to place very specific time
restrictions on the timing spectrum.
The SCA is operated in the Window
position, where the upper-level dis-
criminator setting is added to that of
the lower-level discriminator. The SCA
output pulse width is equal to the
time from the occurrence of the TAC
output until the end of the reset pulse
or the end of the TAC output. The syn-
chronization of the SCA output with
the stop input virtually eliminates any
time walk in the SCA output.

All Model 567 inputs are printed wiring
board (PWB) jumper-selectable to ac-
cept either negative or positive NIM-
standard signals. All inputs and out-
puts are dc-coupled so that changing
input count rates will not hinder nor-
mal operation of the Model 567. The
TAC output should be connected to
the dc-coupled input of a multichannel
analyzer (MCA) for optimum high-
count-rate performance.

~ -

For time spectroscopy in the range
from1i0nsto2 ms

Includes SCA to set a time window for
coincidence experiments

Valid Start and Valid Conversion

. outputs
® Selectable output delay and width
o Output synchronized with a stop or

external strobe signal ]

Provision to reject unwanted start or
stop input signals

Positive or negative input signals !z;
[ e . .v..f/ ; -t .'
i

RANGE (v 6}

100 ...
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Time-to-Amplitude Converter/SCA (continued)

Specifications

PERFORMANCE
Time-to-Amplitude Converter

TIME RESOLUTION FWHM <0.01% of full
scale plus 5 ps for all ranges.

TEMPERATURE INSTABILITY <10.01%/°C
(100 ppm/°C) of full scale plus 10 ps/°C, 0
to 50°C.

DIFFERENTIAL NONLINEARITY Typically
<1% from 10 ns or 2% of full scale (whichever
is greater) to 100% of fuil scale.

INTEGRAL NONLINEARITY <10.1% from
10 ns or 2% of full scale (whichever is greater)
to 100% of full scale.

RESET CYCLE Fixed 1.0 us for X1 and X10
Multipliers, fixed 5 us for X100 Multiptier, and
fixed 50 us for X1K and X10K Multipliers.
Occurs after Over Range, Strobe cycle, or Ext
Strobe Reset cycle.

START-t0-STOP CONVERSION TIME Mini-
mum <5 ns.

Single-Channel Analyzer

THRESHOLD INSTABILITY <10.01%/°C
5100 ppm/°C}) of full scale, 0 to 50°C (refer-
_iced to +12 V NIM bin).

"THRESHOLD NONLINEARITY  <+0.5% of full
scale.

comﬁds (Front Panel)

RANGE (ns) Three-position rotary switch se-
lects full scale time interval of 50, 100, or
200 ns between accepted Start and Stop input
gignals.

MULTIPLIER Flve-position rotary switch ex-
tends time range by a muitiplying factor of 1,
“10, 100, 1K, or 10K.

DELAY 20-turn screwdriver-adjustable po-
tentiometer varies the deiay of the TAC and
SCA outputs from 0.5 us to 10.5 us, relative to
an accepted Stop input signal; operable in the
Int Strobe mode only.

STROBE MODE Two-position locking toggle
switch selects either internal or External source
for initiating the strobe cycle to strobe valid
information from the TAC and SCA outputs.

START GATE MODE Two-position locking
toggle switch selects Coincidence or Anti-
coincidence mode of operation for the Start
circuitry. Start circuitry is enabled in the Coinc
position or inhibited in the Anti position during
the interval of a Start Gate input signal.

STOP GATE MODE Two-position locking
toggle switch selects Coincidence or Anti-
coincidence mode of operation for the Stop
csircuitry. Stop circuitry is enabled in the Coinc
position or inhibited in the Anti position during
the interval of a Stop Gate input signal.

SCA WINDOW (AT) 10-turn precision locking
potentiometer sets the SCA upper-level dis-
cniminator threshold from 0.05 V to 10.05 V

Ve the L twar c_ayel [T gerting,

SCA LOWER .LEVEL (T) 10-turn precision
locking potentiometer sets the SCA lower-
level discriminator threshold from 0.05 V to
10.05 V.

TAC INHIBIT Two-position lockmg toggle
switch. In the Inhibit position, the TAC outputis
available only if the output amplitude is within
the SCA window. In the Out position, the SCA
has no effect on the TAC output.

CONTROLS (Rear Panel)

EXT STROBE RESET Two-position locking
toggle switch allows the converter to be reset
nominally 10 us or 100 us after an accepted
Stop input signat if an Ext Strobe signal has not
been received.

INPUTS

All six front-panel inputs listed below are dc-
coupled, edge-triggered, and printed wiring
board (PWB) jumper selectable to accept either
negative or positive NIM-standard signals. Input
impedance is 50 (2 in the negative position and
>1K in the positive position, The threshold is
nominally —~400 mV in the negative position
and +2 V in the positive position.

STROBE Provides an external means to
strobe a valid output signal from the TAC in the
Ext Strobe mode. The input signal, exceeding
threshold within the Ext Strobe Reset interval
after the Stop input, initiates the read cycle for
the linear gate to the TAC output. Factory-set
in the positive input position. Ext Strobe Reset
interval has a minimum value of ~0.5 us and a
maximum value of nominaily 10 us or 100 us,
switch-selectable on rear panei.

START Time conversion initiated when Start
input signai exceeds threshold. Factory-set in
negative input position.

STOP Time conversion terminated when Stop
input signal exceeds threshold. Factory-set in
negative input position.

RESET/INHIB Terminates conversion cycle
and maintains reset condition, inhibiting further
TAC conversions, for the duration of the reset
cycle or the Reset/inhib puise, whichever is
longer. A TAC output pulse in process at the
time of a Reset/Inhib signal will be completed
before converter reset is initiated. Factory-set
in the positive input position.

START GATE Provides an external means of
gating the Start circuitry in either Coincidence
or Anticoincidence with the Start input signal.
Start Gate input signal must cross threshold
=10 ns prior to the Start input signal and
overtap the trigger edge of the signal. Factory-
set in the positive input position.

STOP GATE Provides an external means of
gating the Stop circuitry in either Coincidence
or Anticoincidence with the Stop input signal.
Stop Gate input signal must cross threshold
>10 ns prior to the Stop input signal and
overiap the trigger edge of the signal. Factory-
set in the positive input position.

4

OUTPUTS

TAC Front- and rear-panel BNC connectors
provide unipolar pulse.

Amplitude 0 to +10 V proportional to Start/
Stop input time difference. .
Time End of delay period in Int Strobe mode;
prompt with Strobe input in Ext Strobe mode.
Width Adjustable by PWB potentiometer from
1usto3ps.

impedance Front panel Z, <10 £; rear panel
a3 Q.

Rise Time ~250 ns.

Fall Time ~250ns.

VALID START Rear-panel BNC connector
provides NIM-standard slow positive logic level
signal.

Amplitude Nominally +5 V. Complement sig-
nal selectable by PWB jumper.

Time and Width From accepted Startinputto
end of reset

Impedance Z,<10Q.

Rise Time <50 ns.

Fall Time <50 ns.

VALID CONV Rear-panel BNC connector .

provides NiM-standard slow positive logic |eve! !
signal to indicate a Valid Conversion. :
Amptitude Nominally +5 V. Complement sug-
nali seiectable by PWB jumper. ;
Time and Width From end of internal delay
after Stop to end of reset. It
impedance Z, <1000 ;
Rise Time <50 ns.
Fall Time <50 ns.

SCA Front- and rear-panel connectors pro
vide NiM-standard slow positive logic Ievei ’
signals. : <
Amplitude Nommally +5V. Compiement sug
nal selectable by PWB jumper.

Time and Width From start of TAC linear out-
put to either end of reset or end of linear

output, PWB selectable Factory-set at end of '

reset.
impedance
Rise Time
Fail Time

<50 ns.
<50 ns.

POWER REQUIRED +24 V, 95 mA; +12
210 mA; —24 V, 185 mA; —12 V330 mA.

WEIGHT : 7
Net 1.4 kg (31b).
Shipping 3.2 kg (7 Ib).

DIMENSIONS NIM-standard double-wide
module 6.90 X 22.13 cm (2.70 X 8.714in)} per
TID-20893 (Rev). :

Ordering Information

To order, specily:

Model Description
567 Time-to-Amplitude
Converter/SCA



Scientific Disciminator

' FEATURES

* INDIVIDUAL THRESHOLD AND WIDTH CONTROLS
¢ LINEAR SUMMED OUTPUT

® BOTH FAST VETO AND BIN GATE

* LOW COST

® EIGHT (8) CHANNELS IN A SINGLE
WIDTH NIM MODULE

DESCRIPTION

The Model 705 was specifically designed for modern
experiments with large counter arrays, offering high per-
formance and reliability at a reasonable cost. The 705
features eight (8) totally independent channels with in-
dividual threshold and width controls. In addition, a fast
veto input and a summed output are common to all
channels.

Each channel has a threshold adjustment continuously
variable from -10 mV to —1 VoIt with a front panel test
point providing a DC voltage ten (10) times the actual
threshold setting. Likewise, each channel has a non-
updating regeneration circuit for adjustable output widths
from 6 nSEC to 150 nSEC.

A unique summed output is common to all eight chan-
nels providing —1 mA of current for each activated channel,
thus allowing a fast decision to be made on the number of
channels simultaneously hit. Up to 16 channels can be
“OR'D" directly by cable to other summed outputs allowing
a versatile scheme to form a trigger.

A fast veto input allows simuitaneous inhibiting of all
channeis to reject unwanted events early in the system.
Similarly, a bin gate will inhibit the entire module when
applied via the rear connector.

The outputs are the current source type with one pair
of negative bridged outputs and one complement for each »
channel. When only one output of the bridged pair is used,
a double-amplitude NIM puilse (-32mA} is generated, g e
when both connectors are used normal NIM levels (-16mA)
are produced. The outputs have crisp, clean transitions, and
their shapes are unaffected by the loading conditions of
the other outputs.




INPUT CHARACTERISTICS

General:

One LEMO connector input per channel; 50
ohms, + 1%, DC coupled:; less than +2%
input reflection for a 2.0 nSEC input risetime.
Input protection clamps at +.7 Volts and -5
Volts and can withstand +2 amps for 1 uSEC
with no damage to the input.

OUTPUT CHARACTERISTIC

General: :

Three LEMO connector outputs per channel;
One negative bridged pair and one comple-
mentary output; The bridged outputs deliver
-32mA into a single 50 ohm load {-1.6 volts),

or -16mA (-800mV) when both outputs 50 ohm
terminated. The complement is quiescently -16mA

{-800mV) and goes to OmA during output. The
output rise and fall times are less than
1.5 nSEC from 10% to 90% levels.

Width Control:

One control per channel; 15-turn screwdriver
adjustment; outputs continuously variable
Fast Veto: from 6 nSEC to 150 nSEC non-updating

One LEMO connector input common to all +.2%]°C stability.

eight (8} channels; accepts normal NIM level Summed Output:

pulse {- 500 mV), 50 ohms, direct coupled; One LEMO connector output common to all

must precede the negative edge of input pulse eight (8) channels; —1 m AP output pulse

by 5 nSEC; 5 nSEC minimum input width. (=50 mV into 50 ohms] for each channel

" fired. Output duration is equal to the out-

Bin Gate: put width setting of the respective channel.
Output rise and fall times less than 2.5 nSEC
into 50 ohms. Up to 16 channels can be direct-
ly “OR'D” by cable.

Threshold:

-10mV to -1 Volit; 15-turn screwdriver ad-
Jjustment; better than +0.2%/°C stability; front
panel test point provides a DC voltage ten
{10} times the actual threshold setting.

Rear panel slide switch enables or disables
slow bin gate in accordance with TID-20893.

GENERAL PERFORMANCE

Continuous Repetition Rate:
Greater than 75 MHz, with output width set at minimum.
Pulse-Pair Resolution:
Better than 12 nSEC, with output width set at minimum.
input to Output Delay:
Less than 9 nSEC.
Mulitiple Pulsing:
One and only one output pulse regardiess of input pulse amplitude or duration.
Power Supply Requirements:

- 6 Volts @ 420 mA + 6 Volts @ 415 mA

—12 Volts @ 165 mA +12Volts@ O mA

—24 Volts@ 80 mA +24 Volts@ 80 mA
115 Voits AC @ 65 mA

NOTE: All currents are within NIM specification limits permitting a full powered bin to be
operated without overloading.
Operating Temperature:
0°C to 70°C ambient.
Packaging:
Standard single width NIM module in accordance with TID-20893 and section ND-524.
Quality Control:
Standard 36-hour, cycled burn-in with switched power cycles.

Options:

Call Phillips Scientific to find out about available options.




MODEL 705 OCTAL DISCRIMINATOR

(FRONT PANEL DESCRIPTION)

Standard #1 NIM Packaging
in accordance with
TID-20893

Threshold Control; 15-turn
Screwdriver Adjustment,
Variable from =25 mV

to -1 Volt

50 Ohm Input
: Threshold Monitor; Test

Point provides a DC
Voltage 10 times the
actual Threshold Setting
(=250 mV to -10 V)

One Complemented NIM Output?
Quiescently -16 mA (-800 mV)
Goes to 0 mA (0 Volts) during
output. '

Output Width Control;
15-turn Screwdriver

6 nSec to 150 nSec.

Double amplitude bridged
~output; -32 mA (-1.6 Volts
across 50 ohms, -.8 Volt

Fast Inhlblt Input accepts
normal NIM logic (=500 mV)
50 Ohm Impedance

| “ Linear summed output; .

NOTE: Bin Gate Enable/
Disable Switch on Rear
Panel permits Inhibiting
‘'via Bin Connector.

Requirements

‘Adjustment, Variable from

with two 50 ohm terminations)

Woltage and Current MAkaf

Phillips Sclentific 13 Ackerman Avenue ¢ Suffern. New York 10901 * USA + (914) 357-9417




FEATURES

MODEL «»

® VERSATILE LOGIC MODULE WITH MAJORITY LEVEL SELECTION 755

GUAD FOUR~TOLD

® FOUR INDEPENDENT CHANNELS -, tosic
® 125 MHz RATE CAPABILITY

® DEADTIMELESS UPDATING OUTPUTS
® FAST ANTI-COINCIDENCE CAPABILITY

DESCRIPTION

The model 755 logic unit contains four channels of four input
logic with veto in a single width NIM module. Logic AND, OR
majority logic, fan-in/fan-out, and anti-coincidence functions
can be performed with this versatile module. All functions are
direct coupled and operate to over 125 MHz with input overlap
times as narrow as 1 nSEC.

Each channel has four logic inputs, an anti-coincidence input, v
a coincidence level switch, and five outputs with common width come
control. The inputs are enabled by connecting the input cable to the ' S
desired input, eliminating errors often occuring with switched
inputs. The setting of the coincidence level switch then determines
whether a logic OR, AND, or majority logic function will produce
an output.

After the inputs have satisfied the logic function desired,
triggering of an updating regenerative stage produces a standard-
ized output pulse, variable from 4 nSEC to 1 uSEC, independent
of the input puise shapes or overlap times. The updating feature
ensures deadtimeless operation, while the double-pulse resolution
is 7.5 nSEC for fast counting applications.

The outputs are the current source type with two pairs of
negative bridged outputs and one complement for each channel.
When only one output of a bridged pair is used, a double-amplitude
NIM pulse (-32 mA] is generated for driving long cables with
narrow pulse widths. The outputs have transition times of typically
1.0 nSEC, and their shapes are virtually unaffected by the loading
conditions of the other outputs.

wipTH  OuT



INPUT CHARACTERISTICS
A B, C, D1

OUTPUT CHARACTERISTICS

Four inputs per section, LEMO connectors;
accepts NIM level logic signals (-500 mV); 50
ohm input impedance direct coupled; input
reflections are less than +5% for a 1 nSEC rise-
time. Inputs are protected against damage from
450 volt input transients. Inputs respond to a

1 nSEC or greater input width.

Five outputs per section, two pairs of negative
bridged and one compiemented NIM. The two
pairs of bridged outputs are quiescently 0 mA
and -32 mA during output. {-1.6 V into 50 ohms
or -8 Vinto 25 ohms). The complemented
output is quiescently -16 mA and 0 mA during
output. Risetimes and falitimes are less than 1.5

Fast Veto: nSEC, and the output pulse shapes are
One input per section, LEMO connector; accepts optimized when the bridged outputs are 50 ohm
NIM level logic signal (-500 mV); 50 ohm input terminated.

Width Control:

One control per section; 15-tum screwdriver
adjustment. Outputs are continuously variable
from 4 nSEC to 1 USEC; better than 0.15%/°C.
Updating Operation:
The output pulse will be extended if a new input
pulse occurs while the output is active. This
provides deadtimeless operation and 100% duty
cycle can be achieved.

impedance, direct coupled; less than £5% input
reflection for a 1 nSEC risetime, protected against
damage +50 volt input transients. Requires a 3.5
nSEC minimum input width in time with the input
pulse leading edge to inhibit.

Bin Gate:

Rear-panel slide switch enables or disables the
slow bin gate via the rear connector. Signal levels
are in accordance with the TID-20893 standard.

GENERAL PERFORMANCE

Functions:

Logic AND, OR, majority logic, and logic fan-in/fan-out. All functions have leading edge inhibit with standard-
ized outputs.

Rate:

150 MHz minimum, input to output. Typically 160 MHz.
Double-Puise Resolution:

Less than 6.5 nSEC; Typically 6 nSEC with output width set at minimum.
Input to Output Delay:

Less than 8 nSEC.
Muitiple Puising:

One and only one output pulse regardless of input puise amplitude or duration.
Power Supply Requirements:

-6V @ 400 mA +6 V @ 250 mA
12V @ 165 mA +HZV@ 0 mA
-24 V @ 60 mA +24 V@ 35 mA

115 VAC @ 60 mA
Note: All currents within NIM specifications limits allowing a full-powered bin to be
operated without overioading.
Operating Temperature:
O°C to 70°C ambient.

Packaging:

Standard single width NIM module in accordance with TID-20893 and Section 524.
Options:

Call Phillips Scientific to find out about available options.




MODEL 755 QUAD FOUR-FOLD MAJORITY LOGIC UNIT

(FRONT PANMEL DESCRIPTION)

Standard #1 NIM Packaging
in accordance with
TID-20893

Four Logic Inputs; Accepts
Normal NIM Logic (=500 mV)
50 ohm Impelance

Four Position Coincidence
Level Switch; Selects

Logical "OR", "AND",
or Majority Logic
Functions.

One Complemented NIM
Output. Quiescently
-16 mA (-800 mV). Goes

to 0 mA (0 Volts) during
output.

NOTE: Bin Gate Enable/
Disable Switch on Rear
Panel permits Inhibiting
via Bin Connector.

Output Width Control;
15-turn Screwdriver
Adjustment, Variable from
4 nSec to 1 uSec.

Two pairs of bridged §

outputs; each pair delivers
=32 mA (-1.6 Volts across
50 ohms, -.8 Veolt with
both outputs 5C ohm
terminated).

Fast Inhibit Input accepts
normal NIM Logic (=500 mV)
50 ohm Impedance

Voltage and Current
Requirements

Phillips Scientific 13 Ackerman Avenue + Suffern. New York 10901 ¢ USA « (914] 357-9417






