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USE_OF THE ORTEC SYSTEM

DESCRIBTION:

The ORTEC system is a single channel analyzer-.ccunting
system. It consists of a pre-amplifier, an amplifier, a single _
channel analyzer, and. counter/timer. The following is a basic
describtion and set-up quide for this equipment. You will need
. this equipment for more than Jjust one lab therefore it is
recommended that you keep this guide and bring it to every lab.

ﬁODEL 113 SCINTILLATION PREAMPLIFIER:

Basic operation as a prebamplifier..The "INPUT CAP pF”
switch will be in the "0" position unless atherwtsg stated. .

MODEL 48% AMFLIFIER:

. Basic operation as a. amplifier. The gain - controls operate .
to amplify inéoming signals. -The coarse gain will double the
size of any signal as the. .dial is increased.. Fine Qgin also
-increases the gain but only within the constraintsof the coarse
gain setting.. o _ : A L

- Place -the other switches in “POS" and "UNIFOLAR": unlecg .
otherwise stated. : ' ' '

MODEL =31 TIMING-SINGLE-CHANNEL ANALYZER3

This unit can perform many functions from delaying the pulse
train to discriminating the output. The SCA will be-described by
function consisting of appropriage controls.

DELAY FUNCTION:

' The incoming pulses <from the amplifier can be delayed as
much as 11 microsec. - The range is determined by the -toggle
switch and the exact value by the "DELAY" dial. Under normal
operation the toggle will be in the ".1-1.1lusec*" position and the
"DELAY" dial 1locked in the "oO» position. This will. ensure
minimum delay. : ‘ -
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DISCRIMIATOR FUNCTION:
There are three (3) modes of discriminations:
TOGGLE SWITCH IN “INT™

Only the "L0WERJJB&&JL4H44~i:—£n~apept*eﬂ—setthmrthirtnﬁcrf*‘f—

level threshold in a range from 0 to 1ov

TOGGLE SWITCH IN "NOR" , - '
"LOWER LEVEL" dial and "UPPER LEVEL” dial act indepandently,
therefore the Upper threshold has to be greater than.the
Iowervthreshold or there is not output. Both dials operate
in a range from o-10V,

TOGGLE SWITCH IN "WIN® : '

"LOWER LEVEL" djal acts as the threshold and the "WINDOW"
dial is added to it. Lower level operates in a range of

O - 10V and the window is 0 - 1 V. This allows the movement
of the window by just thanging -the threshold.

MODEL 871 TIMER AND COUNTER:

Instrument consists of an 8S-decade counter-and. an 8-decada
presettable counter with time.-base.. -Operates as a counting
device with the ability to count for - specific units gf time,
rezero itself and count again. '

~ DISPLAY SECTION:

TIMER: display is in timer condition . ..
SELECT: determines condition of display .
TEST: illuminates a}ll LED (00003008) _
TIMER: ’ ’ '
INC M & INC N: illuminates two LED in Saquential.number
from O .- ?, read as M- times ten to.the N . ‘For example
M=3S.and N = 2 would equal 3500 or S times ten ta’theizu

used with one of the following. -
TIME BASE SELECT: determines: the unit of time. to: use with
~INC M & INC N. 1If-selected to O.1sec-<then the timed count
would be 500 x 0.t Sec = 50 sec or if selected-to MIN. it
would he 500 minutes. ‘EXT is for an external -timer. :
DWELL: .Determines the -time between the-end-of;the.cduntvand¢
and .the beginning of the next. - This will delay-the count
from 1 — 135 seconds. When-in operation the-count. is.
always reset before new count.  When in :off the count does
, not resume. ' , :
STOP:
Pushbutton switch selectsvnontountingtcondition-fcr both
portions of the instrument. : : ;
RESET: _ :
Pushbutton switch resets. the internal registers for both



counting -portions of t

register and turns aoff
COUNT:

PUShbutfon switch

he instrument and for the time base
the OVFL indicator.

enables counting condition for both
portions of the instrument,

provided the timer is not

at its preset level.

If you have any other

the ORTEC equipment, consult the

manual.

questidﬂé}cpncerning the operation of
instructor -or the technical
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m scintillation detectors

6.1 INTRODUCTION
Scintiliators are materials—solids, liquids, gases~that produce sparks or scintillations

¥l . . [P PP : .

o . of light when lonizing radiation passes through them, The first solid material 1o be !
i used as 3 particle delector was 3 scintillator, 1t was used by Rutherford, in 1910, in
A his alpha-scattering experiments, In his experimental sel Ip, alpha particles hit a zinc I

sullide screan and produced scintillations, which were dounted with or without the

help of a micrrscope—a very inefficient process, inaccurate and time consuming, The

method was abandoned for about 30 years and was remefmbered again when advanced

electronics made possible amplification of the light produded in the scintillator, !

S The amount of light produced in tie scintillator is very small. It must be ampli.

_ fied before it can be recorded as a pulse or in any other way, The amplification or
multiplication of the scintillator's light is achieved with 1 device known as the phoro- {

u

nudtiplier tube (of photosube). Uts name denotes its netion: It accepts a small
L amount of light, amplifics it many times, and delivers & strong pulse at its output.
N C Amplifications of the order of 10* are cammon for many commercial pholomulti-
plier tubes. Apart from the phototube, a detection system that uses a scintillator js
no different from any ather (Fig. 6.1). r

" The operation of a scintillation counter may be divided into two broad sleps: i

1 Absorption of incident radiation encrgy by the scifitillator and production of
photens in the visible part of the eleciromagnetic spectrum '

2 Amplification of the light by the photemniltiplier tuhe and: proGuction of the ¢
output puise -~ '

The sections that follow analyze these two steps in de
scimillators are divided, for the present discussion, into th

1 Inorganic scintiliators
2° Organic scintillators
3 Gascous scintillators

6.2 INORGANIC SCINTILLATORS (CRYS

tail. The different 1ypes of
ee groups:

STAL

SCINTILLATORS)
Most of the inorganic scintillators are crystals of the alk
iodides,. that contain a small concentration of an imp
CsI(T). Cal(Na), Lil(Eu). and CaFy(Lu). The element in|

| metals, in particular alkalj
rity. Examples are Nal(Ti),
parentheses is the impurity

or activator, Although (he aclivator has 3 relatively small concentration—e.g , thallium
in Nal(Tl) is 10> on a per male basis-it is the agent that is responsible for the lumi-

nescence of the crysial,

195
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Scaler..

!

Light-tight cover

- L Preamplilier Amplifier Discriminator
—— Phototube , '
A——— .
N\ HV -Oscilloscope Multichannel
Scintillator analyzer

FIG, 6.t A detection system using a scintillator. .
6.2.1 The Mechanism of the Scintillation Process
The luminescence of inorganic scintillators can be understood in terms of tle allowed
and forbidden energy bands of a erystal. The electronic energy states of i atom are
discrele energy levels, which in an energy. level diagram are represented as discrete
lines. In a crystal, the allowed energy states widen into bands (Fig. 6.2); In the ground
staie of the crystal, the uppermost allowed band that contains electronsiis completely
filled. This is called the. valence: band, The next allowed-band is-empty (i the ground
state) and is called the conduction band, An electron may obiain enougli.energy from
incident radiation 1o move from the valence 1o the conduction band, Once there. the
electron is free to move anywhere in the Jattice. The removed electron:leaves behind
a hole in the valence band, which can also move. Sometimes, the energy- given to the
electron is not sufficient lo raise it to the conduction. band.. Instead, the eiectron

remains electrosiatically. bound to the hole in' the valence band. The electron-hole .

pair thus formed is called an exciton, In terms of encrgy states, the exciton corre.

~———— Conduciion band
{normally- empty)

/ Electrons

p Electron ————— Exciton band

—= Excited s1ates of
~— BCLIVBIOF Cenier

Energy ——e

Exciton
/

= Ground stste ol

b4

Olr;er totbidden and
sliowed energy bands

S Valence band
{normally fulj) -

FIG, 6.2 Allowed and fbrbiddan energy bands of a crystal.

corresponds Lo elevation of the electron to a state

than the conduction band, Thus, the exciton states form a thin band, with upper level .

coincicing with the lower level of the conduction
exciton band is of the order of i &V, while the ga
bands is of the order of 8 ¢V,
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higher than the valence but lowes

band (Fig. 6.2). The width of the

b between valence and conduction

In addition 1o the exciton band, energy states may be created between valence

and conduction bands because of crystal imperf
important are the: states created by the activator at
alom may exist in the ground state or in one of
excited state may be the result of 2 photon absorp
or of the successive capture of an electron and a h
atlom from the cxcited 1o the ground state, if al)
photon in times of the order of 10~% s, If this ph
part of the electromagnetic spectrum, it contribut
tion of a scintillation is the result of the occurrence

1 lonizing radiation passes through the crystal,
Electrons are raised to the conduction band,
Holes are created in the valence band,

Excitons are formed.

. Activation centers are raised 1o the excited st
and cxcitons,

Dezexcitation is followed by the emission of a ph

“r bW

(=}

clions or impurities. Particularly
ms such as thallium. The activator
its excited states, Elevation to an
ion or of the capture of an exciton
ole. The transition of the impurity
owed, results in the emission of a
ton has a wavelength in the visible
es 10 a scintillation. Thus, produc-
of these events:

tes by absorbing electrons, holes,

ton.

The light emitted by a scintillator is primagly the result of transitions of the

activator atoms, and- not of the crvsial. Since mos

of the incident energy goes to the

lattice of the crystal-eventually becoming heati-the appearance of luminescence

produced by the activator atoms means that en
crystal 10 the impurity. For Nal(TI) scintillators,
energy appears as thallium luminescence.!

The magnitude of the light output and the +

“two of the mos! important properties of any scint

number of pholoelecirons genesated at the input
Sec. 6.5}, which in tum affects the puise height pr

ergy is transferred from the host
about 12 percent of the incident

avelength of the cmitted light are
Wator, The light output affects the

oduced at the output of the count.

ing system. Information about the wavelength-is necessary in order to match the

scintillator with the proper photomultiplier tube. E
and CsI(TI) are shown in Fig. 6.3. Also shown in
phototube cathode materials, Table 6.1 gives the n
inorganic scintillators,

The light output of the scintillators depends
the temperature response of Nal(Tl), Cy(T1), and Cs

6.2.2 Time Dependence of Photon Em

prission spectra of Nal(T1), CsI(Na),
Fig. 6.3 are the responses of two
nost important properties of some

on temperature. Figure 6.4 shows
(Na).

ission

Since the photons are emitted as a result of decayﬁ of excited states, the time of their
emission depends on the decay constants of the dif{ercm states involved. Experiments

show that the emission of light follows an exponent

M) = Noe="T

al decay law of the form

6.1)

of the photomultiplier tube (see.

[,
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10

Bialkali PMT,

& oy
i

Anthracene

PMT spectral sensitivity, relative units
(%)
]

CsHim
y / sl(l

1 ) gt
300 350 400 450 ‘600 . 850 600
Wavelength, nm . iy
FIG. 6.3 Emission spectra of Nal(Tl), Csi(Tl), Csi(Na), and anlllr:a_‘ci':'_
pared to the spectral response. of two photocathode materials. (From,
HARSHAW Rescarch Laboratory Report.) g

where Mr) = number of photons emitted at time ¢
T'= decay time of the scintillator (sec Table 6.1) g

Most of the excited siates in a scintillator Jjave essentiaily the same lifetime T,
There are, however, some states with longer lifetimes contributing a slow-compnnem
in the decay of the scintillaior known as.afterglow. 11 is present (o some extent in al)
Inorganic scintillators and may be important in certain measureiments where (he
integrated output of the pholotube is used. Two scintillators with negligible alterglow
are CaF,(Eu) and Bi, Gey0,; (bismutly orthogermanate), _
o In a_counting system using a scintiliator, the light produced by tlie crvsial js
amplified by a photomultiplier tube and is transformed into an elecisic current having
the exponential behavior given by Eq. 6.1. This current. is fed into an RC cireuit (see
Sec. 10.2) as shown in Fig.6.5,and a voltage pulse is prodiiced of tfe form!

) = Va(e!"RC — g-111y . o (6.)

TABLE 6.1 Properties of Certain Inorganic Scintiliators

Scintiblation Decay

Wavelength
) of maximum efficiency lime Density
Materia) emission (nm) (relative, %) {(ws) (10’ kg/my)
Nal(T1) 410 100 0:23 3.67
- CaF, (Eu) 438 50 0.94 KN}

-~ Csl(Na) 420 80 0.6} - 4.51
Csl(T)) 568 . 45 1.80 - 4.5)
Bi,Ge,0,, 480 8 0.30 .13
Cdwo 530 20 . - 090 7.90
* LilEw) 470 30 0.94 3.49

1001 Naiimy
at : .
'gf 8o~
3
E 60~ \
)

M
2 40F . oy
3
&
20
11
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\

CstiNa)

i i
=100 60 =20 0+20 +60 +100 +140
Crysal lemperature, *C

FIG. 6.4 Temperature dependence oflighl output of Nal(TI); Csl(T), and
Csl(Na). (From HARSHAW Research Laboratory Report.)

In practice, the value

of RC is selected 1o be of the order of a few hundreds of

microseconds. Thus, for short limes—i.e., TS RC, which is the timespan of interes(—

Eq. 6.2 takes the fonn
)= Vol —e-1'T)

Notice that the rate 3 whie
T. In certain measurement

(6.29)

h the pulse rises (risetime) is determined by the decay time
S €-2., coincidence-anticoincidence measurements (Chap,

10), the timing characteristics of the pulse are exlremely important,

0L ==

viiv,

}: iy e tIT
Phototube _L Vi) Top eamplifier
RS C (
(4 l
(s}

L] SR SRR

FIG.6.5 (o) A voltag

shape of the pulse for RC > T,

Time

(b} .
¢ puise results from the exponential current. (5) The
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6.2.3 Importanf Proper(ies.of Certain
Inorganic Scintillators

Nal(TI) :
Nal(T1) is the most commonly used scintillator for gamma rays. It has'been produced
in single crystals of up to 0.75 m (~30 in) in diameter and considerabls thickness
(0.25 m =10 in). Its relatively high density (3.67X 10* kg/m®) and high atomic

number combined with (he large volume, make it a y.riy detector with. very high ~

elficiency. Although-semiconductor detectors (Chaps. 7 and 12) have better energy
resolution, they cannot replace the Nal(TI) in experiments where large detector
volumes are needed. ;

The emission spectnim of Nal(Tl) peaks al. 410 nm, and the Ii'g}i't-bonv.exsion :

efficiency is the highest of all the inorganic scintillators (Table 6.1): As'a mnalerial,

- Nal(Tl) has many undesirable properties. It is brittle and sensitive to-temperalure

gradients and thermal shocks. 1t is also so hygroscopic that it should.be kept encap-
sulated at all times, Nal always contains a small amount of potassium, which creates
a certain background because of the radioactive K.

CsI(T1)
CsI(TI) has a higher density (4.51 X 10° kg/m*) and higher atomic number than Nal:
therefore its efficiency for gamma detection is-higher. The light-conversion efficiency
of Csl(tl) is about 45 percent of that for Nal(Tl) af room temperature. At liquid
nitrogen temperatures (77K), pure Csl has a light output equal to that of Nal(TI) at.

1oom temperature and a decay constant equal 10 10-% 5. The emission spectrum of

CsI(TI) extends-from 420 to.about 600 nm. .

Csl is not hygroscopic. Being softer and more plastic than Nal. it can withstand
severe shocks, acceleration, and vibration, as well as large temperature gradiznts and
sudden temperature changes. These propertics make it suitable for space experiments,
Finally, Csl does not conlain potassium.

Csi(Na)
The density and atomic number of CsI(Na) are the same as those of CsI(TI). The licht-
conversion efficiency is about 85 percent of that for Nal(Tl). Its emission specirum
extends from 320 to 540 nm (see Fig. 6.3). Csl(Na) is slightly hygroscopic.

CaF,(Eu) ‘ .
CaF,(Eu) consists of low-atomic-number materials, and for this reason makes ap
elficient detector for § particles® and x-rays' with low gamma seasitivity, It is similar
10 Pyrex and can be shaped {0 any geometry by prinding and polishing. 11s insolubility
and inertness make it suitable for measurements. involving liquid radioisotopes. The
light-conversion efficiency of CaF, (Eu) is about 50 percent of that for Nal(Tl). The
emission spectrum extends from about 405 to 490 nm,

Li(Eu)
Lil(Eu) is an efficient thermal-neutron detector through the reaction §Li(n, a)}H. The
alpha particle and the triton, both charged particles, produce the scintillations. Lil
has a density of 4.06 X 10 kg/m”, decay time of about 1.1 s, and emission spectrum
peaking at 470 nm. Its conversion efficiency is about one-third of that for Nal. It is
very hygroscopic and is subject to radiation damage as a resull of exposure lo neulrons.

OTHER INORGANIC SCINTILLATORS
Many other scintillators have been developed for,
BisGe,0,,, CdWO,, and more recently® MF, : UF
the following: Ca, Sr, Ba. This last scintillaor ¢
Ce as the fluorescing agent has been used for detect]

6.3 ORGANIC SCINTKLLAfORS
The malerials that are efficient organic ‘scintillatg
compounds. They consist of planar molecules m
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special applications. Examples are
4:CcFy, where M stands for one of

Maining 2 percent UF, and using
on of fission fragments,

rs belong to the class of aromatic

ade up of benzcnoid rings. Twa

examples are toluene and anthracene, having the stiuctures shown in Fig. 6.6.

Organic scintillators are formed by combi

: . . ing appropriate compounds. They
are classified as unitary, binary, ternary, and so on, depending on.the number of

compounds in the mixture. The substance with fhe highest concentration is callec
the solvent, The others are called solutes. A bindry scintillator consists of a solvent
and 2 solute, while a lemnary scintillator is made U a solvent, a primary solute, and

a sccondary solute. Table 6.2 lists the most commorlu

compounds used,

6.3.1 The Mechanism of the Scintillation Process

The piduction of light in organic scintillators is the result of molecular transitions, -

Consider the energy-leve] diagram of Fig. 6.7, which shows how the potential energy
of a rpolccule cl?angcs with interatomic distance. Trhe ground state of the molecule is
at point A4, which coincides with the minimum |of the potential energy. lonizing

radiation passing through the scintillator may give

energy to the molccule and raise

it 1o an excited state, i.e., the transition Ao = 4, may occur. The position A4; is not
the point of minimum eneipy. The niolecule will release energy through lattice vibra.
tions (that energy is eventually dissipated as heat)|and move 10 point 8,. The point
B, is still an excited state and, in some cases, the njolecule will underpo the transition

By = By accompanied by the emission of a photor

with energy equal 1o Ep —Lp, .

This transition, if allowed, takes place at times of the order 107% . It should be nots¢
that the energy of the emitted photon (Es, = Ep, ) is less than the energy that caused

the excitation (EA' ~ £y, ). This difference is very

important because otherwise the

emission spectrum of the scintillator would completely coincide with its absorption

spectiui and no scintillations would be produced

« A more detailed description of

the scintillation process is given in the refercnces (se¢ Birks and reference 6).
One of the important differences between inprganic and organic scintillators is

in the response time; which is less than 10 ns for th

latter (response time of inorganic

scintillators is ~1 us, see Table 6.1) and makes them suitable for fast timing measure.
ments (see Chap. 10). Table 6.3 lists important properties of some organic scintillators,

FIG. 6.6 Molecular structure qr (a) toluene and (b) anthracene.
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6.6 THE PHOTOMULTIPLIER TUBE

6.6.1 General Description
The photomultiplier tube or phototube is an integral part of a scintillation counter.
Without the amplification produced by the pholomuitiplier, a scintiliator is uesless
as a radiation detector. The photomultiplier is essentially a fast amplifier, which in
times of 10°* s amplifies an incident pulse of visible light:by a factor of 10% or more.

A photomultiplier consists of an evacuated glass tube with a photocathode at
‘its entrance and several-dynodes in the interior (Fig. 6.13). The photons produced
in the scintillator enter the phototube and hit the photocathode, which is made of a
material that emits electrons when light strikes it. The electrons emitted i)y the photo-
cathode are guided, with the help of an electric field, towards the first.dvnode, which
is coated with a substance that emits secondary electrons, if electrons impinge upon it,
The secondary electrons from the first dynode miove towards the second, from there
towards the third, and so on, Typical commercial phatotubes may have up to 15 dy-
nodes. The production of secondary electrons by the successive dynodes results in a
final amplification of the number-of electrons as shown in the next section.

The electrons produced in the phototube are directed from one dynode 1o the
next by an electric field established by applying a successively increasing positive
high voltage to each dynode. The voltage difference between two-successive dynodes
is of the order of 80-120 V (see-Sec, 6.6.2), _ '

* The photocathode material used in most commercial plmlotubes-?‘i:'s.:'a compound
of cesium and antimony (Cs-Sb). The material used to coat the dvhodes is either
Cs:Sb or silver-magnesium- (Ag-Mg). The secondary emission rate of the dynodes
depends not only on the type of surfuce but aiso on the voltage applicd.

A very important parameler of every photomultiplier tube is the spectral sensi-
tivity of its photocathode. For best results, the spectrum of the scintillator should
match the sensitivity of the photocathode. The Cs-Sb surface has 3 maximum sensi-
tivily at 440 nm, which agrees well with the spectral response of most scintillators
(Tables 6.1 and 6.3). Such a response, called S-11, is shown in Fig. 6.3. Other re-
sponses of commercial phototubes are known as $-13, 8:20, etc.

Another imporiant parameter of a phototube is the magnitudé of its dark
current, The dark current consists mainly of electsons. emitted by the cathode after

Photocathods

Ligh-tight \ _~4| &
cover =
' £

It

Inci / ' :
redintion AN AP

Dynodes Dynodes . A

* FIG, 6,13 Schematic diagram of the interior of 3 photomultiplier tube,
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FIG. 6.14 Two dynode arrangements in commfrcial phototubes: (o) Model

6342 RCA, 1-10 are dynodes, 11 is anode; (b) Model 6292 DuMont.

diameter photocathode may release in the dark as many as 10* electrons/s at room
temperature. Cooling of the cathode reduces this source of noise by a factor of about
2 per 10-15°C reduction in temperature, Thermionic emission may also take place
from the dynodes and the glass wall of the tube, but this contribution is smali, Elec-
trons. may be released [rom the photocathode asLa| result of its bombardment by
positive -ions coming from ionization of the residual gas in the tube. Finally, light
emitied as a result of ion recombination may re}em electrons upon hitting the

thermal energy is absorbed. This process is called thI:miomc emission, and a 50-mm-

cathode or the dynodes. Obviously, the magnitude|of the dark current is important
in cases where the radiation source is very weak, Both the dark current and the spectral
response should be considered when a phototube is to be purchased.

Recall that the electrons are guided from one dynode to the next by an electric
field. If a magnetic field is present, it may deflect the electrons in such a way that not
all of them hit the next dynode, and the amplification is reduced. Even the earth’s
weak magnetic field may sometimes cause this undesirable effect. The influence of
the magnetic field- may be minimized by surrounding the photomultiplier tube with &
cvlindrical sheet of metal, called u-meral. The p-metal is commercially available in
various shapes and sizes, .

Commercizl photomultiplier tubes are made with s variety of geometrical ar-
tangements of photocathede and dynodes. In general, the photocathode is deposited
as a semitransparent layer on the inner suiface of the end window of the phototube
(Fig. 6.14). The extemnal surface of the window is, IL\ most pholotubes, flat for easies



210 MEASUREMENT AND DETECTION OF RADIATION

optical coupling with the scintillator (see Sec. 6.7). Two different geometries for
the dynodes are shown in Fig. 6.14.

6.6.2 Electron Mulliplication in a Photomultiplicr
The electron multiplication Af in a photomultiplier can be written as:

M=(0,6,)65€2) (Opn) ' (6.3)
where

n = number of dynodes -

.. __number of electrons collected by ith dynode
number of electrons emitted by (i — 1)th.dynode

&

_ __humber of electrons emitted by ith dynode
number of electrons impinging upon ith dynode

{

1£6; and ¢ are constant for all dynodes, then i

M=(0e)" (6.4)

The quantity € depends on the geometry. The quantity ¢ d;e.p.t’:.n‘ds on the voltage
between two successive dynodes and on the material of which the dynode js made,
The dependence of 8 on voltage is of the fonn

8=k ‘ (6.5)

where V= I; = V;_; = potential dilference between two successive dynodes, as-
sumed the same for dynodes.
k, a = constants (the value of  is about 0.7)
Using Eq. 6.5, the multiplication M becomes

M= "(kVe)" = 1o (6.6)

where C = (ek)" = constant, independent of the vollage.

Equation 6.6 indicates that the value of M increases with the vollage ¥ and the
number of stages n. The number of dynodes is limited, because- as n increases, the
charge density between two dynodes distorts the electric field and-hinders the emis-
sion of electrons from the previous dynode with the lower voltage. In commercial
photomultipliers, the number of dynodes.is 10 or more. If one takes n = 10 and
€0 = 4,2 typical value, the value of M becomes equal to 10¢,

To apply the electric field 1o the dynodes, a power supply: provides a voltage
adequate for all the dynodes. A voltage divider, usually an integral part of the pre-
amplifier, distributes the voltage to the individual dynodes. When reference is made to
Phototube voltage; one means the total voltage applied. For example, if 900 V are ap-
plied 1o a phototube with 10 dynodes, the voltage between any two dynodes is 100 V.,

P
s
v,
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6.7 ASSEMBLY OF A SCINTILLATION COUNTER

AND-THE ROLE OF LIGHT PIPES

A scintillation counter consists of the scintilla

tor and the photomulliplier tube. It is

extremely important that these two compongnts be ‘coupled in such a way thata
maximum amount of light enters the phototybe and strikes the photocathode. This
section presents a briefl discussion of the problems encountered during the assembly
of a scintillation counter, with some of the methods used 1o solve them.

A solid scintillator is coupled to the ph

ptomultiplier through the end window

of the tube (Fig. 6.15). During the transfer from the scintillator to the photocathode,

light may be lost by leaving through the sides

being reflected back to the scintillator when it |
To avoid loss of light through the sides

with a materal that reflects toward the cryst

and front face of the scintillator, or by
its the window of the phototube.

nd front face, the scintillator is painted
the light that would otherwise escape.

Examples of reflecting materials commercially javailable are 2lpha alumina and Al, 0.

To avoid reflection of light from the end window of the phototube, a trans-
parent viscous fluid (such as Dow-Corning 200 Silicone fuid) is placed between the
scintillator and the phototube (Fig. 6.15). The optical fluid minimizes reflection

because it reduces the change of the index o{ refraction during the passage of light

from the scintillator to the phototube. A s

arp change in the index of refraction

results in a small critical angle of reflection, which in turn increases total reflection.

In certain experiments, the scintillator

as to be a certain distance away from

the photocathiode. Such is the case if the phototube should be protecied from the
radiation impinging upon the scintillator or from a magnetic field. Then a light pipe

is inlcrposed between the scintillator and the)

phototube. The light pipe is made of

a material transparent to the light of the scintillator. Lucite, quartz, plexiglass, and

glass have been used in many applications 9
and shapes. Light pipes of several feet—some

form light pipes of different lengths
imes with bends—have been used with

success. The optical coupling of the light pipe at both ends is accomplished by the

same methods used to couple the scintillator di
One of the major reasons for using sc
sizes. In fact, commercially available scintills

ectly to the phototube,
intillators is their availability in large
tors are larger than the biggest com-

mercial photomultipliers. In cases where the scintillator is too large, multiple photo-

tubes are coupled to the same crystal. Figure
to six photomultipliers.

Optical coupling fluid Ligh

|

6.16 shows a Nal(T1) crystal coupled

t-tight metallic.cover

Light may be (S nan

lost through
sides or front
{ace

4 PhotmL\uhlplicr tube

Light reflected

FIG. 6.15 Assembly of a scintillation counter,
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IflC. 6.16 A _spe_cial 30-in (0.762-m) diameter scintillator crystal coh;;,l‘éd' to
six photomultiplier tubes (from HARSHAW Chemical Company),

.When 3 liquid scintillator is used, the phciotube is optically cou;')l'ed to the
scintillator through a window of the vessel containing the liquid scintillator. The

elficiency of such a counting system increases by using a large volume of liquid and
more than one photomultiplier tube (Fig. 6.17).

6.8 DEAD.TIME OF SCINTILLATION COUNTERS
The dead time or resolving time is the minimum time that can clapse after the arrival
of two successive particles and still result in two Separate pulses (see Sec; 2.20). For
a scintillation counter this time is equal to the sum of three time intervals:.

1 Time it takes to produi:e the scintillation, essentially equal to the decay time of
the scintillator (see Eq. 6.1 and Tables 6.1 and 6.3). '
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2 Time it takes for electron multiplication in the photot
3 Time il takes to amplify the signal and record it by

ube, of the order of 20-40 ns.
8 scaler. The recovery time of

commercial scalers is of the order of 1 us, The timé taken for amplification and

discrimination is negligible,

By adding the three above components, the resulti
counter is of the order of 1-5 us. This is much shorter tJ
counters, whiclh is of the order of tens to hundreds of mic

Scintillators are delectors with fast response. As s
risetime of the pulse is very short for all of them. Short
surements that depend on the time of arrival of the partic

6.9 SOURCES OF BACKGROUND IN A
SCINTILLATION COUNTER
One of the major sources of background in a scintillatig

ng dead time of a scintillation
1an the dead time of gas-(illed
troscconds,

ecn in Tables 6.1 and 6.3, the .
risetime is important in mea.
le (see Chap. 10).

n counter is the dark current

of the phototube (see Sec. 6.6.1). Other background surces are naturally occurring

radioisotopes, cosmic rays, and phosphorescing substance

S,

The holder of a liquid scintillator may contain small amounts of naturally oc.

curring isotopes. In particular, “°K is always present (

sotopic abundance of “K is

0.01 percent). Another isotope, '*C, is a constituent of conlemporary organic ma-

terials. Solvents, however, may be obtained from peg
carbons without C,

roleum, consisting of hydro-

The term phosphorescence refers to delayed emission of light as a result of de.

excitation of atoms or molecules. Phosphorescent haﬂ

{-lives may extend to hours.

This source of background may originate in phosphorescent substances contained in

the glass of the phototube, the walls of the sample holde

, or the sample itself,

Cosmic rays. which are highly cnergetic charged particles, produce background

in all types of detectors, and scintillators are no excep
background, as well as that of the other sources mentig
two counlers are used in coincidence or anticoincidence,

/

Photomultiplier

/

Liquid
} scintillator

N\

N

Photomultiplier

jon. The effect of cosmic-ray
ned earlier, will be reduced if

FIG. 6.17 A counting system using a liquid scintillator and [our photo-

multiplier tubes,
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Low background
housing [stainiess steel]
Magnetic shieig
Low-backgroun‘d

{Beryllium) voltage-dividerbase
Entrance window
(csitTh) Low-noise E
Scintillator B A photomultiplier |. =
[NsI(TN)

Scinilisior A -4 Lo'w-backg,round

optical window : l .

FIG. 6.18 A Phoswich detector (from HARSHAW Chemical Co)4

6.10 THE PHOSWICH DETECTOR
The phoswich detector. is used for the detection of low-level radiatiofiiin the presence
of considerable background. It consists of two different:scintillators coupled together
and mounled on a single photomultiplier. tube." By utilizing the- difference in the
decay constants of the two phosphors, differentiation between events: 1aking place in
the two delectors is possible, The combination of crystals used depends on the types
of particles being present in the radiation field under investigation, |

The basic structure of a phoswich detector is shown in Fig. 6,18.. A thin scintil-
lator. (scintillator A) is. coupled to a Jarger crystal (scintillator B), wliich in turn is

coupled 1o the cathode of a single phototube, Two examples of scintillators used are
these: )

1 Nal(Tl) is the thin scintilator (A) and Csi(T}) is the. thick one (B). Pulses origi-
nating in the two crystals are differcntiated based on the difference between the
0.25-us dccay‘conmnt of the Nal(T!) and the 1-us decay consiant of the CsI(Th.
Slow pulses come from particles losing energy in the CsI(TI) or in both crystals
simultaneously. In a mixed low-energy-high-energy photon field,. the relatively
fast pulses of the Nal(Tl) will come from the soft. component of the radiation.
[Soft photons will not reach the Csl(T1).] Phoswich detectors of s type have
been used in x-ray and y-ray astronomy, in detection-of plutonium in the environ-
ment, and in other cases of mixed-radiation fields. -

2 CaF,(Eu) is the thin scintillator (A) and-Nal(T)) is the.thick one (B). This co;nbi}la-

tion is used for measurements of low-energy beta particles in the presence ‘of a
gamma background. The thin (0.1 mm) CaF,(Eu) crystal detects the betas, but is
essentially transparent to gammas because of its relatively low atomic number and
thickness. A quartz window is usually placed between the two scintillators 1o stop
the betas that did not deposit all their energy in the CaF,(Eu). The fast pulses of
the Nal(T)), which are due to pammas, are time-discriminated against the slower

p\:ilses ;’rom the CaF,(Eu) (r = 0.94 us). Thus, the background due to gammas is
reduced. - »

PROBLEMS

6.1 If the dead time of a delection using 2 scintillator is ] us. what is the gross count.
ing rate that will result in 3 loss of 2 percent of the counts?

6.3

6.4

6.5

6.6

Birks, J. B., The Theory and Practice of Scintillanon Couni
Fenyves, E., and iaiman, O., The Physical Principles of|

Price, W, J., Nuclear Radiation Detection, McGraw-Hill, Ne
Sncll, A. I (ed.), Nuclear Instrumenis and Their Uses, Wile

A typical dead time for a scintillation detecto‘r is 5 ps. For a gas counter, the
corresponding number is 200 ps. If a sample cofinted with 2 gas counter results in
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8 percent lass of gross, counts due to dead timej, what is the corresponding loss.in

a scintillation counter that records the same gro
A paraflel beam of, 1.5-MeV gammas strikes

0.0047 m? /kg)?

s counting rate?
T2S-mm thick Nal crystal. What

fraction of these gammas will have at least oIe interaction in the crystal (u=

What is the range of 2-MeV electrons in a pl

stic scintillator? Assume that the

composition of the scintillator is C\oHyy (0 = 1/02 X 10° kg/m?).

Consider two electrons, one with kinetic ener
Which electron will lose more energy going th

1 MeV, the other with 10 MeV,
ough a 1-mm-thick plastic scintile

lator? Consider both jonization and radiation lgss. Composition of the scintillator

is given in Prob. 6.4, For radiation loss, use
_NyZ} + NeZt

2o =
M NuZy + NeZe

A phoswich detector consists of a 1-mm thic|
25-mm-thick Csl(Tl) scintillator. A 0.1-mm-
the Nal(TI) crystal. If the detector is exposed
x-rays and 1.5-MeV a rays, what are the frac
of photon in each scintillator? -
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and the detector aperture has a radius of 20 mny (F=1). What is the standard
error of the result if the error of the gross' counting rate is known with an
accuracy of £5 percent and the background with £3 percent? Dead. timeis | us.
A point isotropic source is located at the cenler of a hemispherical 27 counter.
The efficiency of this detector for the particles emitted by tlie source is 85
percent. The saturation backscattering factor. is 1.5. The background 25 ¢ |

. counts/min. What is. the strength of the source if 3000 counts are recorded in
1 min? What is the standard error of this measurement?
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9.1 INTRODUCTION s
Spectroscopy is the aspect of radiation measurer
encrgy distribution of particles emitted by a rag
nuclear reaction. - ‘

This introduction to spectroscopy is comp
cusses methods’ of analysis of spectroscopic data
details on speciroscopy of photons, charged. par
discussed the following broad subjects:

| Definition ofdi(fe'renljnl and integral spectra
2 Energy resolution of-the detector
3 The function of a multichannel analyzer (MCA)

ents that deals with measuring the
fioactive source or produced by a

lemented by Chap. 11, which dis-
and Chaps. 12-14, which present
ticles, and neutrons, This chapter

9.2 DEFINITION OF ENERGY SPECTRA

A particle energy spectrum is a function giving the
their energy. There are two kinds of energy spectra
" The differential energy spectrum, the most

distribution of particles in terms of
differential and integral,
conunonly studied distribution, Is

also known as an energy spectrum. It is a function n(E) with the following meaning:

WEYdE = num‘ber of particles with energies t

etween £ and £ +dE

or 1(E) = number of particles per unit energy interval

The quanltity n(E) dE is represented ‘by the cross-hdtched area of Fig. 9.1,
The integral energy spectrum is a function V(E), where N(E) is the number of
patticles with energy greater than or equal to £. The quantity M(E) is represented by

the hatched area of Fig, 9.1. The integral energy
energy spectrum n(E) are related by

ME) = / w(E)YdE
E

The two examples that follow illustrate the relati
trum and an integral spectrum,

EXAMPLE 9.1

spectrum N(E) and the differential

9.1)

onship between a differential spec-

Consider 2 monoenergetic source cmiliing particlfs with energy £y. The differential
energy spectrum n(E) is shown in Fig, 9.2, Since there are no particles with energy
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|

E E+aE HH

n(E}

FIG.9.1 A differential energy spectrum, The quantity n(E) dE.js equal to the
number of particles between £ and £ + dE (cross-hatched area),

different than Ey,, the value of n(E) is equal to zero for any encrgy oher than £ = L.

The corresponding integral spectrum N(E) is.shown in Fig. 9.3 It indicates {hat
there are no particles with £ > £,. Furthermore, the value of N(E) is constant for
E & Ey since all the. particles have energy Eo and only those particles exist. In other

words: :
MN(E5) = number of particles with energy grealer than or eqlldigib- Lo = NME,)
= number of particles with énergies greater than-or eql,li.i,ii:"lo £, (Fig.9.3)

EXAMPLE 9.2

Consider the energy spectrum shown in Fig. 9.4, According o this spectrum there are
10 particles .per MeV at 11, 12, and 13 MeV. The total number of particles is 30. The
integral spectrum is shown in Fig. 9.5. Is value at different energies are:

N(14)=0  no particles above £ = 14 MeV
M(13)=10 10 particles at £ = 13 MeV and above
N(12)=20 20 particles at £ =12 MeV and above '
(7R
[
1
E
o £,

FIG.9.2 A monoenesrgetic spectrum. All parlicles have energy E,,
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o

N(E)

! €
0 E, E,

FIG. 9.3 The integral spectrum of a monoen ergetic source,

N(11)=30 30 particles at £ = 11 MeV and above
N(10) =30 30 particles at £= 10 MeV and above
N(0)=30 .30 particles above £=0

The determination of encrgy spectra is based on the measurement of pulse-
height spectra, as shown in the following sections. Therefore, the definitions of dif-
ferential and Integral spectra given in this sectioh in terms of energy could be ex-
pressed equivalently in terms of pulse height. The telationship between particle energy
and pulse height is discussed in Sec. 9.5, '

9.3 MEASUREMENT OF AN INTEGRAL SPECTRUM

WITH A SINGLE-CHANNEL ANALYZER (SCA)
Measurement of an integral spectrum means lo count all particles that have energy
greater than or equal to a certain energy £ or, equivalently, to record all particles that
produce pulse height greater than or equal to a gertain pulse height V. A device is
needed Lhat can sort out pulses according to heiglit. Such a device is a single-channel
analyzer (SCA) operating as a discriminator (integral mode). If the discriminatof Is
sel at-Vp volts, all pulses with height less than V, will be rejected, while ail pulses with
heights abave Vo will be recorded, Therefore, a single discriminator can measure an
Integral energy spectrum. The measurement proceeds as follows,

Consider the differential pulse spectrum shown in Fig. 9.6 for which all the
pulses have exactly the same height V5. To record this spectrum, one starts with the

nlE)

LA - L. & Mev

0 9 10 11 12 13 14
FIG.92.4 The energy spectrum considered in Example 9.2,
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F1G. 9.5 The inlegral spectrum corresponding to that of IFig. 9.4,

discriminator threshold set very high (higher than ¥,) and then lowers the, threshald
by a certain amount AV (or AE). in successive steps. Table 9.1 shows.the results of
this measurement, where N(I) is the number of pulses higher than ofequsl to V. A
plot of these results Is shown in Fig. 9.7. :

9.4 MEASUREMENT OF A DIFFERENTIAL

SPECTRUM WITH AN SCA it
Measurement of a differential energy spectrum amounts {o the detennination of the
number of particles within a certain energy interval AL for several valies of energy;
or, equivalently, it amounts to the determination of the number of pulses within a
certain Interval AV, for several puilse heights. An SCA operating inthe differential
mode Is the device that Is used for such a measurement. B

If the lower threshold of the SCA is-set at ¥, (or £,) and the window has a
width AV (or AE), then only pulses with height between ¥, and V; + AV are re-
corded. All pulses outside this range are rejected. To measure the pulse spectrum of
Fig. 9.6, one starts by setting the lower threshold at ¥, where Vi > Vg, with a
certaln window AV (e.g., AV = 0,1 V) and then keeps lowering the lower threshold
of the SCA. Table 9.2 shows the results of the measurement whese a(Vyavis the
number of pulses with height between ¥ and V + AV Figure 9.8 sliows these results.

7% S -

s
T

L.t 11 V, volts

Vi Vet v, v, v,

v, :

FIG. 9.6 A dilferential pulse spectrum consisling of pulses with the same
height V. ) .
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TABLE 9.1 Measurement of-Integral

Spectrum
Discriminator
Threshold N(V)
Ve> v, 0

) 0
¥, 0
Ve <V, N,
o Ny
Ve N,
Vi<V, N,

It is assumed that the width is AV = V;— V., wlrere ¥V} are the successive settings

of the lower threshold of the SCA. It is imporlanﬁ to note that one never ineasures

the value of n(), but anly the product n(V) AV,

9.5 THE.RELATIONSHIP BETWEEN PULSE HEIGHT
DISTRIBUTION AND ENERGY SPECTRUM
To determine the encrgy spectrum of particles emjtied by a source, one measures,
with the help of a detector and appropriate electronics, the pulse-height distributlon

produced by these particles. Fundamental requirements for the detector and the
electronics are as follows: :

1 The particle should deposit all its energy or a kjown constant fraction of it in the
detector, A
2 The voltage pulse produced by the detector shoyld be proportional to the particle
-encrgy dissipated in it, or a known relationship should exist between energy dissi-
pated and pulse heiglhit, .
3 The clectronic amplification should be the same for all pulse heights,

Since the relationship between pulse-height distribulion and energy spectrum depends
on these three requirements, it Is important to discuss them in some detail,
Charged particies deposit all their energy in the detector, as long as their range Is

N, 4 T
- [
S : ]
3 '
2 [
I
I
I

i 1 ] 1 L 1 1 |

v, Vi Y, Vs VIV, V)V,

Discriminator level
Ve
FI1G.9.7 The integral spectrum corresponding to the pulse spectrum
of Fig. 9.6.
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TABLE 9.2 Messurement of a Differential
- Specteum

SCA lhresh(_:ld a(Nav

V>V,
L)

Vl .

Vl < V.l

ococzocoo0
-,

)
Vi<V,

smaller than the size of the detector. Gammas do not necessarily deposit all their
energy in the detector, regardiess of detector size. Neutrons are- detected indirectly
through other particles produced by nuclear reactions. The enetgy:deposited in the
detector depends not only on the energy of the. neulron but alsovon the encrgy of
the seaction products, ’ e

The events that transform the particle energy. into a voltage pulse are stalistical
In nature. As a result, even if all the particles deposit. exactly the same energy in the
detector, the output pulses will not be the same but“they will have a-certain distribu-
tion. . .
The state of commercial electronics is such that the amplification is essentially
the same for all pulse heights (see also Sec. 10.1 1). 4

As a result of incomplete energy deposilion and the statistical nature of the
events that ‘take place in the detector, the shape of the pulse-height distribution is
different from that of the source encigy spectrum. In other words, two spectra are
involved in every measurement: ’

I The source spectrum is the energy spectrum of particles emitled by the source,
2 The measured spectrum is the measured pulse-height spectrum (or distribution).

Figure 9.9 shows as an example the squrce and the measured spectrum of a mono-
energetic gamma source. The objective of thé measurement is to obtain the spectrum
of Fig. 9.9a, bul the observer actually measures the: distribution shown by Fig. 9.9b.
The task of the observer Is, therefore, lo apply appropriate corrections to the mea-
sured spectrum to finally obtain the source spectrum.

L Y O
g
13
1 Ld 11
] Vi Ve tVVa v,
Lower thrashold of the SCA
. v, )

FI1G. 9.8 A differential energy spectrum measured with an SCA.
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FIG. 9.9 (a) The source enerpy spectrum of 3 monocnergct'ic 'ga'm'ma source,
(&) The pulse height distribulion obtained with a Nal(Tl) scintillation counter,

9.6 ENERGY RESOLUTION
The performance of a detector used for energy measurements is characterized b)t the
width of the pulse distribution of a monoenergefic source (Fig. 9.10). The width,
measured at half of the maximum of the bell-shaped curve, is indicated by I’ or by
FWILIM (full width hall maximum). The ability of|a detectos to identify particles of
different encrgics, called the energy resolution, is given either in terms of T or in
terms of the ratio R(Ey), where

R(Ey) = FI; (9.2)

The widlh I is given In encrgy units, while the raio R(£,) is given as a percentage.
The Uhree most important factors affecting the encrry resolution are:

1 Statistical Nuctuations in the number of clmrgelﬂlmers produced in the detector
2 Electronic noise in detector ftself, the preamplifier, and the amplifier
3 Incompiete colicction of the charge produced injthe deteclor

9.6.1 The Effect of Statistical Fluctuations:

The Fano Factor y
To discuss the effect of the statistical fluctuations on encrgy r.efolulion, consider a
monaenergelic source of charged particles being detected by a silicon semiconductor

|
detector. (The discussion would apply to a gas-filled counter as weu.) The average

»

4
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FIG. 9.10 The energy resolution of the detector is given by the width I" or the
ratio P/Eo.

energy w needed lo produce one. electron-hole pair in silicon is 3.66 eV-irnllhough the
energy gap (£;) is 1.1 eV. This difference between w and £y shows that part of the
energy of the incident particles is dissipated into processes.that do not generate charge
carriers. Any process that consumes energy witliout producing electron-lhole pairs is,
of course, useless to the generation of the dp_lécmr signal. If the energy: deposited in
the detector is £, the average number of charge carriers is. Ejw, I Ulie process of
electron-hole generation were purely statistical, Poisson stalistics would-apply and tlie
standard deviation of the number of pairs would be P

" _ ' SNCR)

Experience has shown that the fluctuations are smaller than what Eq. 9.3 gives. The
observed statistical fluctuations are expressed in ténns of the-Fano factor F,! where

Fz‘(smndard deviation of the number of pairs produced)?
' number of pairs produced

or, using Eq. 9.3,

o= \/%«E - (94

The two extreme values of FFare 0 and 1.

£ =0_means that there are no slatistical flucluations in the number of pairs.
produced. That would be the case if all the energy was used:for production of charge
carriers, F=| means lhat the number of pairs produced is governed: by Poisson
statistics, . :

Fano factors have been calculated and also measured.>* For semiconductor
detectors, F values as.low as 0,06 have been reported.* For gas-filled counters, re.

f
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ported F values lie between 0.2 and 0.5. Values of F < | mean that the generation of .
clectron-hole pairs does not exactly follow Poisson statistics. Since Poisson stalistics

applies to outcomes that are independent, il seems
counler are interdependent,

The width T of a Gaussian distribution, such
relaled 1o the standard deviation o by

=2 V21In 2 wo=2355we

Combining Eqs. 9.4 and 9.5,
Pr=22(n Wik

that the jonization evenls in a

s that shown in Fig, 9.10, Is

(9.5)

(9.6)

Equation 9.5 shows that the. width 'y, which is due to the statistical fluctuations, is
roughtly proportional to the square root of the energy (the Fano factor Js a weak

function of encrgy). :

To compare thic conlribulion of the statistical flhctuations to the resolution of

different types of deleclors at a certain energy, one
write for detectors | and 2

B_,_l‘l E_ W|F|
Ry, 1ET Y wFy

can use Eqs. 9.2 and 9.6 and

9.7

It can be scen from Eq. 9.7 that the resolution is better for the detector with the

smaller average encrgy needed for the creation of a

charge carrier pair (and smaller

Fano factor). Thus, the encrgy resolution of a semigonduclor detector (w =3 ¢V,

7<0.1) should be expecled to be much better tha

A the resolution of a gas-filled

counter (w= 30 eV, IF=~0.2), and indeed it is (see Chaps. 12 and 13).

9.6.2 The Effect of Electronic Noise
on Energy Resolution :

The electronic noise consists of a small voltage variation around the zero line (Fig.

9.11), with average voltage §,, # 0. To see the effect o

the noise on the energy resolu-

tion, consider pulses of constant height V. In the absence of noise, the FWHM of

the distribution of these pulses Is zero. If noise is p
imposed on the noise with the results that the pul
more (Fig. 9.12), and that the pulses form a Gaussia

resent, the puises will be super-
s-are nol of equal height any
distribution centered at V and

laving a width equal to T, = 2+/21n 2 ¢,. The width I, Is due to the noise only
and has nolhing to do with statistical effects in the detector.

v Time

F1G.9.11 The clectronic noise,
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~ Or, one can write

282 MEASUREMENT AND DETECTION OF RADIATION

'n =221 20,

an).

—e Volts

lo} ‘ (6)

FIG.9.12 (a) The pulses are superimposed on the noise, as a result of which

(b) they show a distribution with a width which depends on the standard
deviation of the noise,

The signal-to-noise ratio is {requently the quantily usced to indicate the magni-
tude of the noise, It is defined by:

mean pulse height V

noise standard deviation o,

Signal-to-noise ratio =

VIin? k
LNy R AT S 08)
On i n R . 6,
where R is given by Eq. 9.2, This last equation may be rcerillen as ’“
R==4. _ _ ‘ (9.84)

to show that the higher the signal-to-noise ratio is, the better the resolution becomes
(other things being equal, of course).

9.6.3 The Effect of Incomplete Charge Collection
The effect of incomplete charge collection in gas counlers is small compared to the

- effect of the statistical fluctuations. In semiconducior detectors, incomplete charge

collection is due to lrapping of carrers. The amount of charge trapped is-approxi.
mately proportional to the energy deposited in the detector, wliich in turn is propor-
tional to the energy of the incident particles.” For this reason, the resolution is af-
fected by trapping effects more at high energy than at low. energy. As discussed in
Chap. 7, trapping eflfects depend on the material of which the delector is made and
on radiation damage suffered by the semiconductor. Usually, the effect of incomplete
charge collection is included in the stalistical flucluations.

- 9.6.4 The Total Width I
The total width I" (or the total energy sesolution) is obtained by adding in.quadrature

the contributions from the statistical effects () and from the noise and incomplele
charge collection (T,,). Thus,

TR T ——

T R RO TN

B TR £C o p -

e
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r=vIT+17

For gas and scintillator counters, the main contribut
Nluctuations. For semiconductor detectors at low energ

(9.9}

on comes [rom the statistical
ies, measurements have shown '

that ', R Iy. Athigher energies this is reversed, since [y ls essentially independent of

encrgy while I'y increases with it (see Eq. 9.6),

9.7 DETERMINATION OF THE ENERG
RESOLUTION-THE RESPONSE FUNCT

Y
ION

Depending on the type and energy of the incident palicle and the type of the detec-

sian (Fig. 9.10) or a more complicated function (Fig

. tor, 2 monocnergetic source produces a pulse-height distribution that may be a Gaus-

9.9). In either case, one con-

cludes that although all the particles start at the source with the same energy, there is
a probability that they may be recorded within a range of energies. That probability
Is given by the response function or energy resolution \function R(E, E' ) of the detec-

tion system, defined as:

R(E, E') dE = probability that a particle emitted by the source with energy £’
* will be recorded with energy between £ and £ + dE

One measures, of course, a pulse-height distribution, but the energy calibration of the

syslem provides a one-lo-one correspondence between
defines

energy and pulse height, If one

S(7) dE = source spectrum = number of parllcle:ﬂ emitted by the source

wilh encrgy between £ and £ + dE
and

M(F) dE = measured spectrum = number of parti
energy between £ and £ + dE

cles recorded as having

then the three functions R(E, £’), S(£), and M(E) are related by

ME) = / R(E, E)S(E) dE'
]

(9.10)

Equation 9.10 is an integral equation with the source spectrum S(E) being the un-
knowa. The procedure by which S(E) is obtained, altér R(E, E') and M{E) have been

determined, is called wnfolding of the measured spect
discussed in Chaps. 11-14,

rum. Methods of unfolding are

To detemnine the response function of a detection system at energy £, the

energy spectrum of a monocnergetic source emittin,
recorded. Since the resolution changes with energy,

particles with that energy Is
the measurement is repeated

using several sources spanning the energy range of interest. The response function can
also be calculated, as shown in Chap, 12-14, Figure 9-13 shows response functions for

several commonly encountered cases.
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CASEL: Ey —E, > I ©
The measured spectrum is shown in Fig. 9.15 for this case. The system can resolve the -
wo peaks—Le., ilie two peaks can be identified as two separate energies.
CASEI: £y —E, = 2T '
This case is shown in Fig. 9.16. The peaks can still be resbived,
CASENL: E, —E, =T _
Tliis case is shown in Fig. 9.17. The solid line shows how tlie measured spectrum will
look as the sum of the two peaks (dashed lines).

alg)

1]

e
113}

1]
by
' (0]
[ %]
Ly
b
i €
T E, &,
} m ® “".' FIG.9.14  Source spectrum consisting of two distinct energies.
' Y
if ‘
— E
. 3 o ol ‘
. ' ‘ . : FIG.9.15 Measurcd spectrum for Case I: 2l <E; —E,.
. 1 .
) ) ' ) N 6 MeV , . i
»li FIG.9.13 TFour examples of response functions, (a) 5-MeV Alpha particies F [0}
" 'm detected by a silicon surface barirer detecior (Chap. 13), or 20-keV x-rays q 2
" delected by a Si(Li) reactor (Chap. 12). (b) 1-MeV Gammia ray detected.by a 7

Nal(TI) crystal (Chap. 12). (c) 1-MeV Electrons detected by a plastic scintil-
lator.(Chap. 13).(d) 5-MeV Neutrons detected by an NE-213 organic scintil- )
lator (Chap, 14). . e [

E

FIG. 9.16 Mecasured spectrum for case II: 20 = £} —E,.
9.8 THE IMPORTANCE OF GOOD ENERGY
RESOLUTION : ! .
The importance of good energy resolution becomes obvious if the energy spectium to
be measured consists of several energies. ‘Consider as an example the source spectrum
of Fig. 9.14, consisting of two energies £y and £,. Assume that this spectrum is [

. measured with a system having energy resolution equal to I, and examine the fol-
lowing cases. : :

M(E)}

E

T

tr may be different at £ and E, . However, the difference is ver li ince: P
%, . y : 1y small since £, and £, are . ) = -—F
close. For the present discussion, the same 1" will be used at E,and £y, d F1G.9.17 Measured spectrum for Cas.c NI T = £ i
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1t is obvious that it is difficult to identify two distinct peaks if £; — Ey.=T,and
the situation will be worse if £, — £y <T'.

The three cases examined above intend to show how important good encigy
resolution is for the measurement of spectra with many energy peaks. If the response
function of the detector is not known and the measured spectrum shows no well-
identified peaks, the following criterion is used for the energy resolution required 1o
idenlily the peaks of about equal magnitude:

To be able to resoive two encrgy peaks at £, and £, the rcsolu(ion: of
the system should be such that I’ <6 - Bl

9.9 BRIEF DESCRIPTION OF A MULTICHANNEL

ANALYZER (MCA) -

To measure an energy spectrum of a radioaclive source meaps to record:
height distribution produced by the particles emitted from ihe sourced-which is
achieved with the use of an instrument called the multichannel analyzer (MCA). Multi-
channel analyzers are used in cither of two different modes: the pulse-heighit.analysis
(PHA) mode or the mudtichannel scaling (MCS) mode, ' e

The PUHA mode is the tradiational function of a MCA and is used td:sort oul
incoming pulses according to their height and store the number of puises of a particu-
lar height in a corresponding address of the MCA memory called the channel munber.

The MCS mode is used to count events as a function of time. The! individual
channels of the memory count all incoming pulses_for 3 presel time width Ar. After
time Af, the counting operation is switched automatically to the next channel in the
memory, thus producing in the end a time sequence ol the radiation being delected.
For example, if the radiation source Is a short-lived isutope, the MCS mode will
provide the exponential decay curve that can be used for the measurcment of the
half-life of this isotope.

In the PHA mode, an MCA performs th
adjacent to one another. When only one SCA with width AE is used, the experimenter
has to sweep the spectrum by moving. the lower threshold-of the SCA mariually (see
Sec. 9.4). On the other hand, if one had many SCAs, all counting simultanecusly, the
whole spectrum would be recorded simultaneously. This is exactly what the MCA
does, although its principle of operation is nol based on a series of SCAs. -

Figure 9.18 shows a simplified block diagram of 3 MCA. In the PIA inude, the

' PHA Anaslog-to-digital Channel addiess. |
’ Input converter {ADC) register ‘
, [ ‘.’ Ouiput.
Wemory l lCFIT duplaﬂ . digital and/or
‘ ‘ computer

interlace
‘ MCS : 1
. input —t Data register : I -

FIG.9.18 A simplified block diagram of an MCA.
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incoming puise enters into a unit called -the analog-to-digital converter (ADC). The
ADC digitizes the pulse amplitude: it produces a number proportional Lo the height
of tlie pulse, a number which determines the channel wliere the pulse will be stored.
The size of the ADC, given in tenns of channcls, defines the absolute resalution of
the system. Actually, the ADC determines the number jof discrete parts into which
the pulse height can be subdivided. Commercial ADCs|have at the present.time a
size up to 8192 channels, with the full scale adjustable|in steps of 256, 512, 1024,
etc., channels.

The number of discrete parts (channels) into which the input pulse range (0 to
+10 V) is divided is called the conversion gain, The cont/ersion gain is set by a step-
wise control knob located on the [ront of the instrument. As an example, if the
conversion gain is set at 2048 channels, it means thatf the maximum pulse height

(10 V) is divided into that many parts, Therefore, the résolution of the MCA at this
setting is: '

10 V/2048 = 4.88 mV/channel

More details aboul the operation and characteristics of ADCs are given in Sec, 10.12.

The memory of the MCA is a data-storage unit arranged in a series of channels.
Every channel Is capable of storing up to 2?® — | data {pulses), in most cases. Com-
mercial MCAs have incmorics with up to 8192 channels.|Normally, the MCA provides

¢ function of a scries of SCAs placed -

for selection and usc of the [ull memory, of only half
Transler of data from one [raction of the memory Lo ano

of it, or of one-fourth of it.
her is also possible,

In the PHA mode, the first channcl of the region used is called channel zero
and records, in almost all late model MCAs, the live time of the analysis, in seconds.

IF the full memory or the first half or first quarter of

the memory Is used, channel

zero is the address 0000, If the second hail of a 4096 memory is used, channel zero

is address 2048; if the second quarler is used, channel ze

llow docs one determine the size of the MCA ¢

o s address 1024, am? s0 on,
emory needed for a specific '

experiment? The decision is made based on the requirements for the PHA mode. One

equation frequently used is

encrgy range of interest (keV)

Number of channels = /i

I* (keV)

(9.12)

where I" is the FWIIM of the detector used. The factor /i is equal to the number of
channels at or above the FWIIM of the peak. 1ts value is between 3 and 5,

As an example, assume that the energy range of
consider a Nal(T1) and a Ge(Li) detector, The resoluti

interest is 0 to 2.0 MeV and
on of the Nal(Tt) detector is

about 50 keV. Therelore, the minimum number of channels is (i = 5)

5 (2%8—-0> = 200 channels

The resolution of a Ge(Li) detector is about 2 keV, No

5 (-2-%0—0-> = 5000 channels

w, the number of channels is
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The user should remember that the ADC, not the memory, detennines the absolute
resolution of an MCA, An MCA with an ADC of 1000 channels and a meimory of
2000 channels has an actual resolution of only 1000 channels, ‘

The major disadvantage of every MCA is the dependence of its dead time on the '

channel where the pulse js stored. The equation for dead time is of the fonn
r=a, +a,C+a, ‘ : : (9.13)

where a,, a5, and a, are conslants given by the manufacturers and C is“the chanuel
number, Typical valies are a, = 2.5 s, a; = 0.01 to 0.02 ps/channel and a; = 0 to 7

us. Thus, il a pulse is stored in channel 2000, the dead time is 3

r 22,5 +0.02(2000) + 7 ~ 47 us

The dead-time correction should be applied separately for every ch:l!h"'ncl. using the
method shown in Sec, 2.20. : .

Commercial MCAs have a meler that shows, during counting; the percent of
dead time. They also have timers that determine the counting period in live time ot
clock time. In clock time mode, the counting continues for as long-as the clock is
set up. In live time- mode, an automatic correction for dead time is petformed. In this
case, the percent dead time indication can be used to delermine thi¢ approximate
amount of actual time the counting will fake. For example, if the. clock is set o
count for 5 min (in live mode) and the dead time indicator shows 25 percent, the
approximate actual time of this measurement is going to be, Lt

live time _ _300s -
} — (dcad time fraction) 1—0.25

Actual time = =400s

Modern MCAs can. do much more than store the number of pulses in the
memory., They are, essentially, hard-wired minicomputers that may be.able to inte-
grate the area under a spectrum, find the energy of a peak and, in some cases, select

" the isotope that emits a photon of certain energy. Also marketed today:are. MCAs that

are connecled with minicomputers of their own, have their own library: of programs,
and can analyze quantitalively any spectrum. Most of the controls are on a push-
button console located in front of a large cathode-ray tube. "

.
1

9.10 CALIBRATION OF A MULTICHANNEL

ANALYZER ‘ :
The calibration of an MCA follows these sieps: o

1. Determination of range .of energies involved. Assume this'is 0K EKE,,
MeV). o
( V)2. Determination of presmplifier-amplifier setting. Using a source: which emits
particles of known cnergy, one observes the signal generaled on the screen of the
oscilloscope. 1t should be kept in mind that the maximum possible signal at the output
of the amplifier is 10 V, In energy spectruin measurements, one should try to stay in
the range 0-9 V, .

* INTROD
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Assume that the particle energy £, results |lj pulse height ¥, . Is this amplifica-

tion proper for obtaining a pulse height V,, < 10

the vbserver should use the fact that pulse height an

Therefore;

Y for energy £,,,7 To find this out,
d particle energy are proportional.

Il ¥,y <10V, then the amplification selling is proper..If V,,, > 10 V, the amplifica-

tion should be reduced. (If V,, <2V, amplificati
practice, but not necessary, to use the full rang
maximum pulse V,,, can be changed by changing the

on should be increased. It is good
of allowed voltage pulses.) The
smplifier setting,

3. Detennination of MCA settings. One first decides the part of the MCA

memory to be used. Assume, that the MCA has a
been decided 1o use 256 channcls, one-fourth of

1024-channel memory and it has
the memory. Also assume that s

spectrum of a kl!l)Wlll source with energy £, is recorded and that the peak is registered
in channel Cy. Will the energy £,, be registered in Cj, <256, or will it be out of scale?

The channel number and energy are almost p

fore
C G E,
Faay A e

roportional,! fe., & ~ C,. There-

11 Gy <256, the setting is proper and inay be used. If Cm > 256, a new setting
should be employed. This can be done in one of two ways or a combination of the two:

1 The fraction of the memory selected may be cha
of 1024, instead of 256.

2 The conversion gain may be changed. In the ex
recorded in channel 300 with conversion gain

nged. One may use 526 channels

mple discussed here, if 3 peak Is
{ 1024, that same peak will be

recorded in channcl 150 If the conversion gain is switched to 512,

There are analyzer models that do not allow
such an MCA, if C,,, is greater than the.total memo
retum to step 2 and decrease ¥, by reducing the gai

4. Determination of the energy-channel relat
means finding the expression that relates particle
particular energy is stored. That equation is written ir

E:'a[ +a)C+aJC,

change of conversion gain, For
ry of the instrument, one should
n of the amplifier.

onship. Calibration of the MCA
energy to the channel where a
1 the form

(9.14)

where C = channel number and a, , a;, 45, . . . are constants,

The constants a,, ay, ay, ... are determined
with known energy. In principle, one needs as man

¥The correction equation is E =4 + bC, but 4 is sma
lecled; proper evaluation ofa and b is given in stcp 4 of the ¢

by recording spectra of sources
y energies as there are constanls,

I and for this argument it may be neg-
alibration procedure.
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In practice, a large number. of sources is recorded with energics covering' the whole

-range of interest and the constants are then delennmed by a least-squares [itting

process (see Chap. 11).

Most detection systems are esscnually linear, which means that Eq. 9. 14 takes
the form

E=a, +4,C ' S a5y

EXAMPLE 9.3
Obtain the calibration constants for an MCA based on the spectrum”shown in l'lg
9.19. The peaks correspond to. the following three energies:

E, =0662MeV C, =160

By =1.173MeV  C; =282.5

Ey=1332MeV  Cy =320

ANSWER
Plotting enesgy versus channel on linear graph paper; one obtains tlie:line shown in
Fig: 9.20, which indicates that the lincar equation, Eq: 9.15, applie . and one caw
determine the constants 4, and a; from the slope and the zero mlcrccpl of the straight
line. From Fig. 9.19, the value of a; is

'29%(())—33’_(])% =4.15 keVIchahnel , o

a; =

f
The constant a, is equal to the zero-intercept of the line.! In the present case, it is
almost zero. Based on these fesulls, the calibration equation of this MCA-is £ = 4.15C.

5. Calculation of lhé energy resolution, By definition, the energy resolution is
R =T/E, where [ Is the FWHM ol the peak of energy £..Therelore, using Eq. 9.15,

P_f(a +a,Cr)—(ay —a:C;) _a3(Cp —CL)

R= E - E

(9.16)

=

TMost commercial MCAs have s hand-screw adjustment that.maskesa, equal.:'i"o. ze10,

500 t+ " Ey E, E, f
400 }+ * . LI
4] r : ’
c
‘:3'300- —_—— B .
200 t+ .o *
M .
100 M ) .. . . .o

120 140 160 180 200 220 240 260 280 300 320 340
Channel number
FI1G. 9.19 A gamma spectrum used [or calibration of an MCA,
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Slope Is equal 10 8,

i L 1

I 1 1 1 1 1 | i

"0 20 40 60 B0 100 120 140 160 180 200 220 240 260 280 300 320

* Channel number

FIG. 9.20 Plot of encrgy versus channel number. In this case, the relationship

is linear,

w]lere Cp and C,; are the channel numbers on eitlier side of the peak at half of its
maximum,. If a, is zero, the resolution is given by

R=

0(Cr —C) _Cp—C,

[} Cpenk

For peak £, (Fig. 9.18),

CL = |58 Cpelk = 160

Therefore

162 — 158

R=""1%0

Cpuk

=2.5%

CR = 162

of  I'=a,(Cq —CL)=4.15(4) = 16.6 keV

PROBLEMS

(9.17)

9.1  Sketch the integral spectrum for the diffferential spectrum shown In the figure

below.

n{£)
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9.2 Sketch the dilferential ehexgy spectrum for the integral spectrum shown in the

9.3

9.7

figure below,

N(E]

. ‘ . i g
2 4 6 8 10 12 14 -,
Sketch the integral spectrum for the differential spectrum showi
below., ' :

n the figure

nlE)

2 4 & 8 10 12

If the energy resolution of a Nal(TI) scintillator system is 11 perceilt at 600 keV,
what is the width I" of a peak at that energy?

What is the maximum energy resolution neesssary lo resolve two. peaks al 720
keV and 755 keV?

Prove that if a detection system is known lo be linear the calibrnlidu constants
dre given by o

_E1C| _E|C1 _El—E-‘

“TTa=a “ToTq

where £, and £, are two energies recorded in channels C, and Cy; respectively.
Shown in the figure below Is the spectrum of 2 Na, with its decay scheme. De-
termine the caliitation constants of the MCA which recorded this spectrum,
based on the two peaks of the * Na:spectrum.

g
T 160 .
€ EC10%
£
S 120 1.277 MeV
8 'c. : ¥
2 w0 ' 0
- M Ne :
3
40
-
VU W W N VRS S UK N NUY U N S W U SN SN R 1 Channel

20 40 60 80 100 120 140

O AW -

9.8

9.9

9.10

Fano, Ui, Phys. Rev. 12:26 (1947
van Roosbroeck, W., Phys. Rev, 139A:1702 (1965).
Goulding, F. S., Nucl. Instr. Meths. 43:1(1966).
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ln Prob, 9.7, the channel number cannol be read exactly. What Is the uncer-
tainly of the calibration constants 4@, and g, If the uncertainty In reading the
channel is one channel for.¢ither peak? '
Assume that the energ
of a semiconduclor detectoris | percent at ¢
emits gammas at 0.870 MeV and 0.980 Me
solved with a scintillator and which ones wit|
Cousider the two peaks shown in the accom

at £y affect the width of the peak at £ and
cither peak? :

nergics around 900 keV:, If a source
V, which of these peaks can be re-
a semiconductor detector?

panying figure, ow does the peak
vice versa? What is the widih I for

Y S W WU U ST N |
50 100 150 200 250 |300

Channel number
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EXPERIMENT 15
ACTIVATION ANALYSIS BY Mfissuammr
' OF GAMMA RAYS L

OBJECTIVE: - -

The purpose of this experiment is to introduce the student R o
to activation “analysis. Although activation can hé qompl ished .
by particles other than neutrons, this experiment involves
activation by thermalized neutrons and subsequent ana ysis by
observing the gamma ray emission of the radlolsotope formed

EQUIPMENT:

Neutron Howitzer with PuBe neutron sources : ‘ ©o ’
Indium Foils -

Model 1024D Multichannel Analyser

Scintillation Detector

GM Counter

ORTEC or RIDL associiated equipment

DISCUSSION:

When a material is bombarded or irradiated by the nuclear
particles produced from a suitable source, some of the atoms
present in the samples will: iritéract with the bombatdlng
particles. These atoms may be converted into different isotopes
of the same element, or isotopes of different elements depending
- on the -nature of the bombarding particles. 1In many cases, the
isotopes producéd are radiocactive and termed radioisetopes. If
the rediocactivity which is induced in one isotope of a mixed
material can be distinguished from all other radiocactivities
arising at the same time, or originally present, then the amount
of this induced radiocactivity is a measure of the parent isotope
and therefore of the parent element, present in the “original
material.

capture cross section
= neutron flux

decay constant

me after bombardment analysis is started
fractional abundance of the specific TSQESE?.

SR VANRNANN



in' principle,™>4l11  factors are Kknowfi.
is not known Avitk ufficient accyfacy, .
rately ang sometimes it is no& easy _to determine

In practice, .

. A. (Conseguently, —a Tomparison procedure 1is invariably used, and =

" the amount of activity from the sample is compdfed with that from
a standard amount T :
[_ng%EiEﬁégur prime—time CPU tjime.-limit—isexceededs=j
of elemant  being determined. Thus, weight of .

element in sample = Cx/Cs [weight of element in standard]. Where

Cx is the observed counting rate of the sample, and Cs that of

1

the standard measured-under-comparable conditions

In order to determine the radiocactivity assoc
[-Omega: - You have one minute to save your work and logout. ]} —

iated with a . ,
_’,,/”’ﬁ particular gamma ray energy, it is. necessary to measure the

number of counts in the photopeak. Under ideal conditions, this
can be done in one of three ways: (l)by measuring the heighth of
the photopeak, (2) by measuring the number of counts in the
channel corresponding to the center of the photopeak, or (3) by
measuring the area under the photopeak.: This procedure is left
to the discretion of the experimenter. )

SN ———
PROCEDURE: —

In this experiment, MnS04.H20, Na2C03 and a mixture. of
MnSO4.H20 and Na2CO3  are exposed to thermal neutrons (in the
~neutron howitzer) for at least 24 hours. /Thin indium foils are
attached to each capsule of the various-compounds. Standards are
make of MnSO4.H20 and plus its indium foil and of the Na2C03 plus
its indium foils. (This is done by printing out the spectrum Gf
each of the standards and thier respective foils and calculating
the. radiocactivity. By normalizing .the fluxes of the two
standards, it 1is then possible to determine the amount of
-MnS04.H20 and NaCO3_ in the unknown solution by -using the two
standards. (note record the éxact time each count is performed)

~
.

" REPORT:

Determine the weight of MnS04.H20 and.Na2C03.-in the.unknown
capsule. Remember to con;ider self-absorbtion. = Show all analysis
in your report. Explain the experimental proedure and equipment
used inm this experiment. In this experiment, MnSo4,H20 and Na2Co3
have been exposed to thermal neutrons. Why only Mn and
[ Qmega: Logging you out now. Come back after prime time. ]

Na isotopes - ' °
were detected. . -

REFERENCES:

' 1) Kaplan, Irving —'"Nuclear .
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EXPERIMENT & 4
CHARACTERISTICS OF A MULTICHANNEL ANALYZER

OBJECTIVE:

To acguaint the student with the characteristics,
advantages, and uses of a multichannel analyzer.

EQUIPMENT:

Model 1024D Multichannel Analyzer (MCA)

Sndium iodide scintillation detector and assoriatedd
counting equipment

Atomic precision pulse generator

High voltage supply
Various gamma sources

PROCEDURE:

Note: Review over the handout for the operation for the MCA
before beginning this procedure.

1. Connect the amplifier output . .to the DIRECT INPUTh of the

‘analyser and stora © the Cs-137. spectrum for an arbitrary time.

Remove the source and store backjround in the neqative mode for-
the same amount of time. 1Is the background count necessary?

2. The amplifier gain switch controls the amplification of

the pulses entering the analyser. If the amplifier gain is raised
by a factor of 2, the energy per channels calibration is lowered
by a factor of 2. Check this calibration by storing Cs-137 at
different amplifier gain settings. Plot the channel corresponding
to the photo-peak of Cs-137 versus gain setting and discuss.

3. Use fine gain in conjunction with the high voltage to
adjust calibration of the instrument to be Mev/channnel = 2 kev
(i.e. photo peak of Cs-137 (662 kev) must be seen at channel 331).

‘ Under no circumstances should the voltage be raised above 1000

Volts. Store Co-60 and determine the channels corresponding to
the photopeaks of this source. Plot channel number versus
photopeak energy and verify linearity of the MCA.  You may use

. region of interest sectioning to print out only the channels

around the photopeak.

4. Use another gamma ray source Ba-137 and determine the



. energy of the photopeak. Check your result with literature.

5. Check the linearity of the analyzer with the Atomic Pulse ,
generator (e.g., the number of channels between several pulses

which differ In equal inCrements of voltage should be the same).
Set the amplifier to minimum gain and hook up the direct ouput of
the genérator to the input of the amplifier. Analyze the output
of the generator long enough to get a good peak a each setting of
the pulse height. Stop the analyse between movements of the
pulse heighth dial. Try to get readings over the entire range
of the analyzer. Record all of the pulse height ~dial settings
and get a print out of the spectrum. Determine if the MCA is

linear over its entire range.

QUESTIONS:

l. In what ways is a multichannel analyzer more versatile
than a single channel analyzer? Name several situations in which
a multichannel analyzer could be used, but a single channel

analyzer could not.

2. If the MCA had the ability to store several spectrums, how
would this be helpful.

3. What is the effect of the amplifier gain and high voltage
on analyser output.

REPORT:

This report is more qualitative than most of the others. The
student should report characteristi¢cs of the analyzer not covered

. in the manual which he thinks are important.

REFERENCES:

1. MCA manual
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11.7  Prove that the result'_of folding an exponential function e~ with a Gaussian is
( M(E) = e"'0' 1 omaE

11.8° What is the measured speclrum M(E) if the delector response is a.step function
of the form R(E, E') = Q(&")/E’ and the source emits two types of particles at
energy Ey and £,;1

119  What is the measured spectrum M(Z) if the detector response s a step func-
tion, as in Prob. 11.8, and the source spectrum is

= S
SE)= gty B SE<E

and is zero otherwise.
11.10 The following data represent results of counting an energy peak. How does the

FWHM of the peak change if one applies (a) three-point zeroth-order smooth-
ing and (b) five-point second-order smoothing?

Channel Counts Channel i Counts s
10 12 17 34 .
11 : 10 18 26

12 14 19 18

13 14 20 10

14 24 21 12

15 30 2 9

16 40
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121 INTRODUCTION
Gamma and x-rays may be treated either as electro
called photons. An electromagnetic wave is characteri

magnetic waves or as particles
zed by its wavelength A or fre-

quency v. A photon is a particle having zero charge and zero rest mass, traveling with

the speed of light, and having an energy £ =hv, w
wave properties of a photon are used for low-energy
cases, detection of photons is based on their interactio

This chapter first examines the mechanisms of
and then discusses the spectroscopic characteristics of
v-1ay detectors.

12.2 MODES OF ENERGY DEPOSITION

IN THE DETECTOR
Photons are detected by means of the electrons they

ere h = Planck’s constant. The
easurements only. In all other
8 as particles.

detection in photon counters
the different types of x-ray and

produce when they interact in-

the material of which the detector is made, The malf\ interactions are photoelectric

effect, Compton scattering, and pair production

e electrons (or positrons) pro-

voltage pulse that signifies the passage of the photon.|The height of the voltage pulse

duced by these interactions deposit their energy in Te counter and thus generate a

sure the energy of the incident photon, the question
portional to the energy of the incident particle? T
examine how the photon interacts and what happens t

is proportional to the energy deposited in the detectob,

12.2.1 Energy Deposition by Chotons
with £ < 1.022 MeV
A photon with £ <1.022 MeV can interact only th
Compton effect, If a photoelectric interaction takes p
an electron appears with energy equal to £ — B, wher
electron. The range of electrons in a solid, either a scin
tor, is so short that it can be safely assumed that all t

electron may deposit. only part of its energy in the ¢

r. Since the objective is to mea-
ises: Is this voltage pulse pro.
provide an answer, one must
its energy.

rough the photoelectric or the
lace, the photon disappears and
« B is the binding energy of that
tillator crystal or a semiconduc-
he electron energy will be depo-

unter (Fig. 12.15), but the pro-

sited in the detector (Fig. 12.1a). If the interaction o [{(urs very close to the wall, the

bability of this happening is small. In practice, one ass
deposit all their encrgy in the detector. This energy
incident photon by the amount B, the binding energy
to the energy B?

mes that all the photoelectrons
is less than the energy cf the
of the electron. What happens
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Detector Datector
e ' A [
' R A
a8 yd
{ : 7
Incident photon Incldent photon
(s} (b)

FIG. 12.1 Asaresultofa photoelectric interaction the photon disappears. In
{a), all the energy of the electron is deposited in-the detector. In (8),.part.of the
energy is deposited in the wall. ) : —

After a pholoelectric effect takes place, an electron from one of {li& outer
atomic shells drops into the empty inner state in about 10°* s, This electrohic.transi-
tion is followed by an x-ray or by an Auger electron (see Chap. 4). The Augér-electron
will also deposit its energy in the detector. The x-ray with energy, in the low keV
range (~ 100 keV or less) interacts again photoelectrically and generates: another
electron,’ The net result of these successive interactions is tiat the part_ B of the
incident photon energy is also deposited in the counter. All these events take place
within a time of the order of 107 s, Since the formation of the voltage pulse takes
about 107* s, both parts of the encrgy—namely, £ — B = encrgy of pliotoclectron and
B = energy of the x-ray~contribute to the same. pulse, the height of which is propor-
tional o (£ — B) + B = E = incident photon energy. The conclusion. is, therefore, that
if the -photon interacts via photoelectric effect, the resulting pulse has a heiglit propor-
tional to the incident particle energy.

If Compton scattering takes place, only a fraction of the photon energy is given

to an electron. A scattered photon still exists carrying the' rest of the energy. The
energy of the electron is deposited in the detector. But what happens to the energy of
the scattered photon? . .

The scattered photon may or may not interact again.inside the detector. The
probability of a second interaction depends on the size of the counter (Fig.;

tFor thin detectors, or detectors made of high-Z material—e.g., CdTe or Hgl, —sorne x-rays
may escape, thus forming the so-called “‘escape peaks’ (sec Sec. 12.9).

Detector . ' Detector . ) |,-.: :
e v ; v
7 S, . g
\ Scattered . -
v photon e |
. o . Scattered N
‘ : \\ photon interacts % -
T ' inside this
1 1 larger detector
FIG.12.2 Asaresult of Compton scattering, part of the photon energy may
escape, ) _

A GAMMA AND

the position of the first interaction, on the energy of the scattered photon, and on the -

material ol which the detector is made. Unless the dete
always a chance that the scattered photon may escape,

formed with height proportional to an energy which i
incident photon.

-
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ctor is infinite in size, there is
in which case a pulse will be
s Jess than the energy of the

‘From the study of the Compton effect (Chap. 4), it is known that Compton
electrons have an energy range from zero vp to 3 maximum energy Ty, ax Which is

E

Toa = E— ———
max 1+ 2E/mc?

(12.1)

where mc? =0.511 MeV, the rest mass energy of the e:fclron.Therefore, if the inter-

action is Compton scaltering, pulses are produced fi
heights distributed from V=0V, corresponding to

height V. corresponding to thé maximum energy
illustrate how a monoenergetic. photon spectrum is re
electric and Compton interactions.

'om Compton electrons with
Tmin =0, up to a maximum
Tmax- Figures 123 to 12.5
corded as a result of photo-

Figure 12.3 shows the source spectrum. In the Tase of petfect energy resolu-

tion, this monocnergetic source produces in an MCA

he measured spectrum shown

by Fig. 12.4. Some photons produce pulses that register in channel C,, corresponding
to the source cnergy X£g, and thus contribute to the| main peak of the spectrum,
which is called the full-energy peak. The Compton elelctrons are responsible for the
continuous part of the spectrum, extending from zero channel up to channel CCand
called the Compton continuum. The end of the Co pton continuum, called the
Compton edge, corresponds to the energy given by Eq.|12.1. Since no detector exists

with perfect encrgy resolution, the measured spectrum Igoks like that of Fig. 12.5.
Sometimes the Complon interaction occurs verI close to the surface of the

detector or in the material of the protective cover s
12.6). Then there is a high probability that the electra
of the scattered photon is deposited in the detector. The
scattered photon is given by '
‘E
Emin = T30 /me?

rrounding the detector (Fig.
n escapes and only the energy
‘minimum energy Ep;q of the

(12.2)

'fnnckscaucring.may also take place In the source itsell, or in the shield surrounding the

detector.

nlE)

£

£

FIG. 12.3 A monoenergetic gamma spectrum (source spectrum),

£ .
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nic)

0

FIG. 12.4 The
Fig. 12.3, In the
resolution),

Occasionally a rather

observed in y-ray spectra,

cc o,

Channel number

- : i,
pulse height spectrum obtained from-the source spectium of
absence of statistical elfects in the detector (perfect.energy

e
et

broad peak, corresponding to the energy given b "Eq-, 12.2,is

This peak s called the backscatter peak (Fig, 12:5),

The fraction of counts recorded outside the full:energy peak depends on the
energy of the gamma and on the size of the detector, The energy of the photon deter-
mines the ratio ofu of the Compton scattering coefficient to the totaf: attenuvation
coefficient, The lower the gamma energy is, the smaller this ratio beconies. Then a
greater fraction of particles interacts photoelectrically and-is recorded,in- the full-
energy peak, thus reducing the Compton continuum part of the spectium. As an
example, consider gammas. with' energy 100 keV and 1 MeV, and a Ge(LiY detector.
For 100-keV gammas in germanium, the ratio ofu is 0.9/3.6 ~0.25 (Fig. 12.27),
which indicates that 25 percent of the Interactions are Compton and 75 percent
photoelectric. The number of pulses in the Compton continuum should be equal to or
less than one-thisd the number recorded under the fullencrgy peak. At I MeV, the

Backscatter
nic) | Poak

pesk

Compton
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FIG. 12.5 The measured
12.3. The statistical effect
Compton continuum part of the spectrum, The dashed line shows the pectrum
that would have been recorded in the absence of the Compton continuum,

Channel number
C, ’

pulse height spectrum for the source spectrum of Fig, -

8 in the detector broaden both-the peak and-the

. The kinetic energy of the pair is deposited in the

Protective

cover \

FIG. 12,6 1If Compton scattering occurs close to the surface of the detector,

the only energy deposited may be that of the sc

ttered photon,

ratio o/u is about 0.4/0.42 = 0.95, which means thdt about 95 percent of the inter-

actions are Compton and only § percent photoelectric. Thus, the Compton’ con-
tinuum due to 1-MeV photons is the largest part of the spectrum.

The magnitude of the Compton continuum is
detector (Fig. 12.2). The larger the detector is, the g

also affected by the size of the
eater the probability of a second

Compton interaction. If the detector size could become infinite, the Compton con-

tinuum would disappear.

12.2.2 Energy Deposition by Photons
with £ > 1.022 MeV
Il £> 1022 MeV, pair production is possible, 'in add
Compton scattering. As a result of pair production
electron-positron pair appears, at the expense of ]

1
pair's rest masses. The total kinetic energy of the elect

Te-t Ter=T=£—1,022 MeV

ition to photoelectric effect and
the photon disappears and an
022 MeV transformed into the
on-positron pair is

counter (the arguments are the

same as for photoelectrons or Compton electrons), Therefore, pulses proportional to

the energy 7= E —1.022 MeV are certainly prod
energy of 1.022 MeV?

ced. But, what happens to the

The positron slows down and reaches the end of its range in a very short time,
shorter than the time needed for pulse formation. Sometimes while in flight, but most

of the time at the end of its track, it combines wi
annihilate, and two gammas are emitted, each with

h an atomic electron, the two
energy 0.51.1 MeV.! There are

several possibilities for the fate of these annihilation gammas,

' The energy of both annihilation gammas is deposit
height proportional to energy

(E-1022)+1022=F

is produced.

ed in the detector, Then, a pulse

There is a small probability that three gammas may be emitted. This event has a negligible

elfect on spectroscopy measurements.
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2 Both annihilation photons escape. A pulse height proportional to energ.y E~-1022
MeV is formed.

3 One annihilation photon escapes. A pulse height proportional to energy
E—1.022 MeV +0.511 MeV = E—~0.511 MeV

is formed.

If the pair production event takes place on or close Lo the surface of the detec-
tor, It is possible that only one of the annihilation photons-enters the couriter. In such
a case, a pulse height proportional to energy 0.511 MeV is formed. ]

Peaks corresponding to these energies could be identified, but this does not
mean that they are observed in every y-ray spectrum, The number, eneigy, and inten-
sity of peaks depends on the size of the detector, the geometry of the Source (is it
collimated or not?), and-the enesgies of the gammas in the spectrum. If a‘:source emits
only one gamma, the measured spectrum will certainly show

1 The full-energy peak, corresponding to £ (this Is the highest energy peak)"
2 The Compton edge, cotresponding to energy ‘

N
E 1 + 2E/mc?

Other peaks that may be observed are: w
3 Backscatter peak, with energy

—E___
1 + 2E/mc?

4 The single-escape peak with energy (£ —0.511) MeV
5 The double-escape peak with energy (E — 1.022) MeV-

Figure 12.7 presents the spectrum of * Na. The:single- and double-€scape peaks
due to the 2.754-MeV gamma are clearly shown, The single- and double-escape peaks

" are very important when complex gammia spectra are recorded. The -observer should

be extremely careful to-avoid identifying them falsely .as peaks produced-by gammas
emitted from the source. . ’

If the source is a positron emilter, a peak at 0.51'1 MeV is always present. The
positron-emilting isolope **Na is such an example, It emits only one gamma with
energy 1.274 MeV, yet its spectrum shows two peaks. The second peak is produced by

- 0.511-MeV annihilation photons emitted after a positron annihilates (Fig. 12.8).

The Complon continuum, present in gamma energy spectra recorded ‘either by
a Nal(Tl) scintillator or by a Ge(Li) detector, is a nuisance that impedes.the analysis
of complex spectra. It Is therefore desirable to eliminate or at least reduce that part

* . of the spectrum relative to the gamma-encrgy peak. One way to achieve. this is to.use

two. detectors and operate them in anticoincidence. Such an arrangement. known as
the Compton-suppression spectrometer, is shown in Fig. 12,9, A large Nal(T1) scintil-

- Chap. 4.4.2 of Bertolini-Coche).
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T T T T 1 ¥ WL i
E, = 1368 keV
2000 |- .
X
c . Double escape of |
g 1800 . b Ey=2154Kev
5 b oms2uy
X
8 1000} Ef = 2754 keV
8 .
L Single escape of
500 - £ = 2754 keV -
h/\“ 2243 ke
1

A ] i
01002W3W4005006W7W8W900
Channel number
FIG. 12.7 A gamma spectrum showing single- and double-escape peaks (from

4000 .
3600 |- 0.511 MeV ]
3200} |

28090 - 1

2000 | .

1600 |

Counts per channel
Ll
1

1200 | ' .

800 | .

1.274 MaV
400 |- 7

R\

200 400 600 B0O 1000 [1200 1400 1600
Channsl number

FIG. 12.8 The * Na spectrum showing the 1.274-MeV peak and the 0.511-McV
peak that is due to annihilation gammas.
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Pb collimator Nal{Ti)

FIG. 12.9 Diagram of a Compton suppression spectrometer using»':a Nal(T1)
and a Ge(Li) detector. The two detectors are operated in anticoincidence,
with the Ge(Li) recording the energy spectrum. L.

lator surrounds a Ge(Li) detector, and the two detectors are opcraled.;,-fign anticoinci-
dence. The energy spectrum of the central detector [the Ge(Li) in this case] will

consist of pulses that result from total energy absorption in that detector. Figure

12.10 shows the * Co spectrum obtained with and without Compton suppression.

1

12.3  EFFICIENCY OF X-RAY AND GAMMA-RAY
DETECTORS: DEFINITIONS

There are four types of efficiency reported in the literature:

I Total detectorvefﬁciency

‘2 Full-energy peak elficiency

3 Double-escape peak efficiency
4 Single-escape peak efficiency

T T Y T T T T T T ¥ T T T T
3 1173.2 kev, 1332.5 keV J
10 [ : it
E No Compton suppression E
] . :
§ f : .3
. - J
.4 o ]
g 10°L
g E Compton suppressed E
10 i ]
1 i 1 1 1 1 1 i 1 1 1 ! i 1 1 1 ]
0 400 800 1200 1600 2000 2400 2800
Channel number

FIG. 12,10 The *Co spectruin recorded with and without Compton suppres- -
sion. Notice that the ordinate is in logarithmic scale, ‘
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The first two are much more frequently used than| the last two. All four efficiencles *

may be intrinsic, absolute, or relative. The individual definitions are as follows,
Intrinsic total detector efficiency is the probability that a gamma of a given

energy which strikes the detector will be recorded. The geometry assumed for the -

calculation or measurement of this efficiency is shown in Fig. 12.11.

Absolute total detector efficiency is the probability that a gamma emitted from
a specific source will be recorded in the detector. The geometry assumed for the
absolute efficiency is shown in Fig. 12.12. The intrinsic efficiency (Fig. 12.11) de-
pends on the energy of the gamma, E, and the size of the detector L. The total effi-
ciency (Fig. 12.12) depends on, in addition to £ aJld L, the radius of the detector R
and the source-detector distance d. Therefore the|total efficiency, as defined here,
is the product of intrinsic efficiency times the soli angle fraction (see also Chap. 8).

Full-energy peak efficiency is defined as follows:

: ( ounts in ful]-)
(Full-cnergy peak) _ (!otal detector) \ [energy peak / (123)

elficiency T\ efficiency total counts in
spectrum

called the peak-to-total ratio (P). Figure 12.13 shows how P is measured.

The double-escape peak efficiency is important if the energy of the gamma £ is
greater than about 1.5 MeV, in which case pair production becomes Important. The
energy of the double-escape peak, equal to £ ~ 1.022 MeV, Is used for identification
of certain isotopes. This kind of efficiency is defined|by

The ratio by which the total detector efﬁc'I:ncy Is multiplied in Eq, 12.3 is

: ' (counts in double-)
( Double-escape) - (total detector) escape peak (12.4)
peak efficiency efficiency total counts in
( spectrum- )

The single-escape peak efficiency is important also for £> 1.5 MeV, and its

+ definition is analogous to that of the double-escape peak.

. ' ' (counts in single-)
Single-escape \ _ total'detector) \ ¢scape P“jf (12.5)
peak efficiency efficiency total counts m)
spectrum

Incident besm )
FIG. 12.11 The geometry assumed in the defipition of intrinsic efficiency.
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FIG. 12.12 The geometry assumed in the definition of absolute eff; iciency,

The.double- and single-escape peak efficiencies are used with semiconductor detectors
only. In the above definitions, if the total detector efficiency is replaced by intrinsic,
the corresponding full-energy, single-, and double-escape peak efficiencies ‘are also
considered intrinsic. ' ;

Relative efficiency may be obtained for all the cases discussed above. ln;'!"g-‘eneral,

L (absolute efficiency), '
R
(Relative efficiency),; = fficiency of a standard . (12.6)
* where the subscript { refers to ahy one of the efficiencies defined earlier.

124 DETECTION OF PHOTONS WITH Nal(T1)
SCINTILLATION COUNTERS t

Of all the scintillators existing in the market, the-Nal crystal activated with 'i"l;z.illium, :

Nal(T1), is the most widely used for the detection of v rays. Nal(T}) scintillation

. ' LI =T T T T
10° ' g

T TT Ty
\\'
AR |

Caunts per channel

£ o v pegl

1

200 - 600 1000

Channel number : .
FIG. 12.13 The peak-to-total ratio is equal to the number of counts under the
peak (V) divided by the total number of counts (V) .
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counters are used when the encrgy resolution is not the most important factor of the

measurement. They have the following advantages over Ge(Li) and Si(Li) detectors:

I They can be obtained in almost any shape and size. Nal(Tl) crystals with size 0.20
m (8 in) diameter by 0.20 m (8 in) thickness are commercially available.

2 They have rather high efficiency (see Sec. 12.3.1).

3 They cost less than semiconductor detectors.

A disadvantage of all scintillation counters, in addition to their inferior energy
tesolution relative to Si(Li) and Ge(Li) detectors, is the necessary coupling to a photo-
multiplier tube,

Nal(T1) detectors are offered in the market today|either as crystals that may be
ordered {o size or as integral assemblies mounted to ar appropriate photomultiplier
tube.'”? The integral assemblies are hermetically sealed by an aluminum housing,
Often, the housing is chrome-plated for easier cleaning. The phototube itself is covered
by an antimagnetic p-metal that reduces gain perturbdtions caused by electric and
magnelic fields surrounding the unit.

The front face of the assembly is usually the 'jtvindow" through which the

photons pass before they enter into the crystal. The window should be as thin as
possible to minimize the number of interactions of the incident photons in the ma-
terials of the window. Commercially available Nal(T1) cL)unlers used for y-ray detec-
tion have an aluminum window, which may be as thin as 0.5 mm (0.02 in). X-ray
scintiflation counters usually have a beryllium windo , which may be as thin as
0.13 mm (0.005 in). Beryllium is an excellent material because it causes less absorp-
tion thanks to its low atomic number (Z = 4),

12.4.1 Efficiency of Nal(Tl) Detectors

The intrinsic efficiency of Nal(TI) detectors (see Fig. 12.11) is essentially equal to
I —exp [—u(F)L], where

u(£) = total attenuation coefTicient in Nal for photpns with energy £
L = length of the crystal

A plot of u(E) for Nal as a function of photon energy is shown in Fig. 12.14,

The efficlency increases with crystal size, The user should be aware, however,
that when the detector volume increases, the background counting rate increases too.
In fact, the background is roughly proportional to the crystal volume, while the
elficiency increases with size at a slower than linear rate Thus, there may be a practi.
cal upper limit to a useful detector size {or a given experiment.

Calculated total efficiencies of a Nal crystal are given in Fig. 12,15 for several
source-detector distances. They have been obtained by integrating Eq. 8.20, whic!I Is
repeated here (refer to Fig. 12.12 for symbols):

/o " S0 —exp [~(EY@)] } sin @ o
€(£) =

k (8.20)
(5/2) /o " sin do |
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T lllllllll T =TT T TT7
100} 10
10} -0
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; 1%
L I~ - il":i
Total L
1 )
-
gl
0.1 }— 101,
E Compton '
= Photoelectric .
[ Pair
production
- AN N
0.01 Ll RN Ll
0.01 01 1 10

Energy (MeV)

FIG, 12.14 The photon attenuation coefficients for Nal(T) (fiom ref. 3),

or,

ol
/ {1 —exp [~u(E)L/cos 6]} sin 6 do
€(E) = =

1 —cos 8,

0.
4, 4= ox0 (et o) @fcos o313y
* I =cosby

where 8, =tan~! (R/d + L)
0o =tan"! (R/d)

&
Pt
% +

‘
'
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In Fig. 12.15, note that the efficiency decreases with energy up to about S MeV. Be-
yond that point, it starts increasing because of the| increase in the pair production’
probability. Figure 12.16 shows how the peak-to-total ratio (see Fig. 12.13) changes

with energy for a source located 0,10 m from detectots of-different sizes. ’

12.4.2  Analysis of Scintillation _Detecfor
Energy Spectra '

Nal(Tl) scintillators are seldom used as gamma-ray spectrometers because their energy
resolution is Inferior to that of semiconductor detéctors. Despite this fact, a brief

discussion of the methods of analysis of Nal(Ti) spe

point out differences and similarities between the Jesponses of Nal(T1) and Ge(Li)

detectors.

If a Nal(Tl) scintillator is used to detect a photon spectrum consisting of many
gamma energies, the measured spectrum will be the|summation of spectra similar to
those shown in Fig. 12.5, To identify individual engrgies from a complex spectrum,

knowledge of the detector response function.

. one unfolds the measured spectrum (see Chap. 11), Unfolding, in turn, requires the

Response functions of Nal(TI) detectors, obtained by Heath et al.,%* are shown

in Fig. 12.17. These authors measured the respoml

for several gamma energies and

then used an interpolation scheme to derive the three-dimensional plot of Fig. 12.17.

A modified Gaussian of the form

. 2
X —X
Hx) = yo 3 1+ay(x ~x0)* + ay(x —x0) exp [—-L—-b—"-)—
o
Source-to-detector distance {cm)
50Fd.0° V LINLJSLLILJL L SR N 10 0 1 I e
:l.O - :
2.0 " s
3.0 > ":// :
4.0 ==
v Lppumsn ‘3
56.0 ]
5F | pe®
Iy - .
S 110.0 . o™ o
2 :
& o -1
ki 15.0 \/ -1
R
.20.0\/ -::
05 E : : e ]
L -
bllunl WO BN N N ERIT] |
0.05 0.10 0.20 050 1.0 20 50 100 200

Gamma-ray snergy, MeV
FIG. 12.15 Calculated efficiencies of a 3" X 3"

distances (from ref. 3).

J

(76.2-mm X 76.2-mm)
Nal(T1) scintillator as a function of energy for different source-detector

(12.7)
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08

Crystsl dimensions
{diameter X height)
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®9” X 8.5" 03" x 3"
0.7
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Peak-to-total ratio
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0 1 I ! !
0 05 1.0 15 20 25 3.0
Energy, MeV .
- FIG. 12,16 Peak-to-total ratio as a function of energy lor Nal(T1) scintillators
of different sizes. The source-to-detector distance is 0.10 m (from ref. 3).

- gave a successful fit to individual gamma peaks, The five. parameters Yo, Xo, bo, @y,
‘and a; were determined by least-squares fit, The parameter. xo shows. llie location of

the peak, and by is related to the FWHM by ' = 2:/2{In 2)b,. Figure.12.18 shows the
measured and calculated response functions for '37Cs. Unfolding of the spectrum was
achieved by using these response functions in a computer program that determines

“energy and- intensity of Individual gammas based on a least-squares. and iteration

technique.* .

The energy resolution of Nal(Tl) detectors is quoted in terms of the percent
tesolution for the 0.662-MeV gamma of '3Cs, At the present time (1982), using the
best electronics available, this resolution is about 6 percent and the FWHM is about

40 keV. As mentioned in Chap. 9, the FWHM s rouglily: proportional to-the square -

foot of the energy, For this reason, the resolution in percent deteriorales as the
energy decreases. For 10-keV x-rays, the best resolution achieved is about 40 percent,
which makes the FWHM about 4 keV,
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12.5 DETECTION OF GAMMAS WITH AN
NE 213 ORGANIC SCINTILLATOR

The NE 213 organic scintillator has emerged as one of| the leading fast neutron spec-
trometers (see Chap. 14). As a.gamma spectrometer, the NE 213 scintillator has an

to that of semiconductor detectors. There are certa

applications, however, where

clficiency lower than that of Nal(T1) and an energy re«Jlution which is poor compared
in
f:

high energy resolution is not the most important

clor. One such application is

delection of gammas in a mixed neutron-gamma field, There, the ability of the NE
213 scintillator to discriminate against neutrons makes it an attractive gamma detec-

tor.

Because gammas are detected by the NE 213 scintillator mainly through Comp-
ton interactions. the response function of the detector! consists of the Compton con-
tinuum. The response function has been calculated® and measured” for several gamina
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4.8 COMMAND KEY SUMMARY

F1

iFZ

Clrl F2
JF3

JAIEX

"~ Up-Arrow

Down-Arrow
Right-Arrow
Left-Arrow
Page-Up
Page-Down
Cirl-Home
Ctrl-End

Ctrl Left Arrow
Ctrl Right:Arrow

Ctrt Page Up

Ctrl Page Down

Home
End

Alt A
AltR

Esc

F4

F5

F6 ‘.
F7
Del
F9

AltF9

F10

T+ A condensed listing of standard key commandsf@llows: e

Toggle data acquisition.

Toggle erase enable.

Erase spectrum if erase enabled.

Preset data acquisition time.

Exit to DOS .
Increase the vertical scale. Increase ﬂlspiay offset

. Dacrease the vertical scale. Decrease, display offset

Move the cursor one channel to the right _

" Move the cursor one channe! to the left.

Move the cursor right 1/32 of the display.
Move the cursor left 1/32 of the display.
Move the cursor to channel zero.

Move the cursor to the last channel. .
Move cursor one pixel column to the tight.
Move cursor one pixel column to the left,
Move cursor one RO! to the right.

Move cursor one RO to the left.

Move the cursor to first channel in window.
Move the cursor to last channel in window.
Toggle centroid and resolution calculations.
Toggle RO display mode.

Toggie between menu key bars. Aborts long calculations.

Select expanded display mode.

Enter a spectrum identification code.

Load a binary spectrum file into memory.
Save a spectrum as a binary disk file.

Clear RO containing current cursor channel.
Start RO in current chaninel.

‘Select RO display colors.

Fnd ROI'in current channel.

Right Arrow

Left Arrow
Up Arrow
Down Arrow
Page Up
Page Down
Home

End

Esc

Return

Line Editof Keys

Right Arrow

Left Arrow
Home

End

Insert
ctrlY

Back Arrow
Deal

Esc

Return

‘Pull-Down Menu Keys™ ’

Move one menu to the right.

Move one menu to the left.
Move up one menu choice.
Move down one menit choice.
Move ta first menu choice.
Move to last menu choice.

- Move to first menu choice.

Move to last menu choice.
Exit puil-down menu.
Select current menu choice.

Move the cursor one character to the right. | '

Move the cursor one character to the left.

Move to first character positlon
Move to end of edit data.

Toggle between insert and overlay modes.‘f‘

Delete entire line of data.
Destructive backspace.

Deiste ourrent character.

Exit editor void current work.
Exit editor accept current work.
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SAFE HANDLING OF RADIOACTIVE MATERIAL

1, Safety Rules: Handling of any radioactive material requires obeying

certain safety rules and regulations, For the purpose of the eiperimcnts
carried out in this laboratory, the following elementary safety rules are .
a must for the students involved in radioactivity work: A film badge and/
or dosimeters have to be worn by cach person involved, Regardless of dose,
Tubber gloves are always to be worn when directly handling radxoactxve

materials in order to avoid contamination. Any rndxochemicnl processing *

must be done in a well vented hood. ‘Before performing any experiment,
) t. \ .
the students should always check the shielding thickness and/or the lengths ?

of the tongs required so that the total dose received be less than the

The survey meters should be calibrated and checked for °

AJ

proper operation befbre being usecd. "
2, Radiation Quantitics and Units: The roentgen .is one of the carliest

-

units of measuring radiation. Its most up-to-date definition is the de-
 §
finition is the exposuro of X- or gamma- radxatxon so that the assocxated

corpuscular emission (electrons producea by the X- or gamma-rays) per

0 001293 gram of air produces,‘xn air, ions csrrylng one esu of electricity
\

of either sign, Often, there ariscs confusion on what actually is the

quantity whose unit is the roentgon. It should become clear that the roent-.

gcn measures. the ability of radiation to ionize air and not the intensity of
radiation or the one;gy absorbod'direptiy. The quantity related to the
1ocal biological and chemical effects-of radiation is the absorbed dose
(the ﬁuantit; of radiation absorbed pe} unit mass by the body or by any

portion of the body. The unit of this Quantity
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For heavy particles, B is given by: . ‘."
QAmy® /_. . :

B=Z[h = - ( -7 ;o

Z = atomic number of the absorber

g = v/e (e =

—

velocity of light in vacuum)
_I

whore

= geometric-mean excitation and lorization potentlal
of absorbing atoms, )
For clectrons, B is almost oonstant [or E up to nelrly 0.5 Mev.
Thorefore, JE '

c/l) .. g ’
The rate of energy loss pansen throuyzh a minimum at about 1 Mev, and

risco as the logarithm of E above 3 Mw.

Ir I dinotes the cpaecific
lonlzation and ) the energy loss per ion pair

7
'

»
[ 4

I’meﬁo or approxi-
mately 3llev for electrons in air, then one can wri.te:

dE
/ elx = TM

Heavy particleo. -The heavy particles lise encrgy by enr'ii.n-
tlon, mostly by jonization, and very 1ittle by other processes,

]
&,

I\n .
impontant property of the heavy. particles is that they are 1n1txllly
monoenergetic of the heavy particlen, the alphas were extensively -
rtudled and thére exist fairly accurate empirical range formul’or.‘ Lor
" them,. Such a formula which is better than 1% Accurate for the entley

ranze 4-11 Mev and better than 4% accurate for the range 1] 15 Hov
15 the following ones

!

[0,005B (r&e_v) + 0,285] 53/2

R(cm). =
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This formula is for aif at normal conditions (15' C and 760 mm Hg).

At lower energies:

At higher cenergles: R < E2

It wos noticed that for various absorbing materials, the quantlty 556;
14
1o approximotely constant, Therefore, onc can find the range in varlous

vubitancos by comparison with the range in alr., For this purpore;, tho
Drafg-Kleoman formula io good to approximately 15%s

-4 }//10 R
Y R — - — 4 CI’
RJ(C'") 2 3.2~ lo™ F(J/(hl) ar (o)
Range formulas for other (than alpha) heavy particles can be derived

4

from the general range formula,

For an enefgy decroment from El to EZ: v v 3
Ron (€, — _/ o T / ey
2h Rl A W v By
( /{x e’z £N‘ b 3( )
If vz__ ol T .

i M
z_M(V) T F(v)
Where F(v) is essentlally the above integral eQaluated between O and v,
Flnally, we can write for protons for example: -

R0V = &’r_ﬁ'_p o —c
Me 2p

Where, in air, at normal conditions, ¢ = 0.20 cm  for E 2 500 Kev and
™ . 6 = 0.02 cm for E = 6,7 Kev

llence, in air, at nhormal conditions and E > 500 Kevi
R, (v) = 1,007 R (v) =~-0.20cm
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Slnce for the non-relativistio case: E% = 5%%;12 » We can alno writez
. " .

Rp (Ep) = 1,007 R, (3.972 Bp) = 0.2 om

where
(3 972 Ep).means that the alpha particle range is evaluated at
"3.972 Ep, ' 4
TFor the same Z but different M, we can write

M
pZA' (b) .;’-:. RZM. (E'} h/u'rcf S E = --—-;1-—-

b, Fiusion fragments:s They are nucleides of mans number hetweon

T2 and 160, They difrerfrrom the alpha particles in tiat thcir'nct

charge dcéerecases continuounl& during slowing down and that dug to tholr

.Q

Anereased nuclear charge, the nuclear collislons are Important, An

cmpirical formula giving the range of a fissilon Trogment and which 10

avvurate to 10p is the following one:

R (mg/bmz) = 1(132/3 (Mov)
wvhere the value of K varies for various materialse;

Ma t:cr;ln_..].. - K
Alr : 0.14
Aé . 0.19

A 0.50

. C. Dlectroﬁs‘ In thia paragraph, the beta particlee (electronn

emlttod from radioactive decay of nuclei)ame also included,

Due to their small weight, the elecirons have very complicated
(non—linear) paths and for this reason, their ranges differ very mich
from their pathlengths, Electrons loge energy to thg absorberc by -

citation and ionization like the heavy charged particles but alno by
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another process called Bremsstrahlung (electromagnetic radiatlon), Tho

rate of energy loss due to radlation is given by the approximate rela-

VEREIE

tion

Where:
E = atomlc nunber of the abisorber
* N .= denslty of the aboorber
E = electron energy ;
mel = equivalent rest mass of the electron (0,51 Hev)

For the cake of compérison, the ratlo of the radiative to colliuiqn

cnergy loss is given by: ‘ : .
JE : o '
(QAIL- ~ ,Z[;£2124
s ) joo
¢I)) -

JNeemzptrahlung becomes 1mportant only in the Bcv energy range. In

order to calculate the electron ranggs, two cmpirical formulas can be

useds
_ L.2¢5 — o.cy84 Iy E (Mev)
/. R ("'!J/(,,,’) = 4/2 E : |
. fer C.0l Mev < E< 3 Mer and

2. R = 530EF — Jog Jor JMer < E< 20 Mev

For ﬁn (maxtmum beta energy) between 0,1 and !t Mev, the relative in-

fenoity in the absorption curve for a opecific beta-particle can be

,7¢,n1

. ——— e

falrly well represented by the formula *
o E 114

Relative intensity = €
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The special unit of abs,or.bed' dose is the "rad.,"
1 rad = 100 erg/g = 1/100 Joule/kg

Absorbed Dose Rate is the quotient of AD by A%, where AD 1is the in-

crement in absorbed dose in time At A
Absorbed dose rate = —-/S-g—-

.Spec:lal unitss rad/d, rad/min, rad/h, etc.

P'trticle Fl\\ence or Fluence () of paréicles is the quotient of A N

by Aa, Whe;‘e AN is the number of particles that enter a sp1ere of

S gase . cmn e -

T Aa
Partlcle Flux Densitg or Flux Density ( ?0 ) of particles is the qxoticnt

of A by  At, where AD is the particle fluence in time Ats
24

T =2

Jt can also be referred to as particle fluence rate,"

cigs~-ectional area Aa . @ ' AN . ,. . y

Yuerpy Fluence (F) of particles is the quotient of AEp by -Aa, wiere
A-EF is the sum of the ehergies, eXelusive of rest energiee, of all
the pax';ticles which ent_bb a sphere of cross-sectional area A a:

F o= AEe
- T ha _
Jnergy | Flux Densitl or Intensitx (1) 48 the quotient of AF by At,

.
- creu

where AF 1is ‘the_energy fluence in time At
I =42 o
At -

It can also be referred to as energy fluence rata.



pargo 15--
- Safe handling of radiocactive material

Kerma (K) 1is the quotient of A E by Am, where AE, 1s the oum of
the initial kinetioc energies of all the charged particles liberated by'-
indirectly lonizing particles in a volume element of a specified ma}:epiul ’

.A m is the mass of the matter in that volume element;
K = AEx
E A,
Note: A Ek’ the sum of the initial kinetio energies of the charged

. particles 1iberated. by indirectly lonizing particles, includes ﬁo‘c oni.y
the linetio energy that these partioles expénd in collisions but aslso
the cnergy they radiate 1:n bremsstrahlung, Also,' the encrgy of any .

- eharged par}:icles is included where these are produced in secondary

?

procesges occurring within the volume eiement. ‘Thus, the energy of’ the
7

r
.

Angér ele'ctr_ons is paré of A E. .

'The kerma rate for a specified materlal 1e,oonven1en6 to dpocr.lbe

the field of indirectlf :L'qnizing particles for the purpose of dosimelbry.
_ When cl.xarged partiqlé equ_ilibr'ium exists at the posi.t;lon.'n_nd in
the material of in.tex‘e.st and bremsstrahlung 1os_sea are negligible, the

l(crma: io also useful in dos:lmetry and is then equal to the absorbed

donce at that point,

At high energies of X, gamma rays or neutrons, the kerma 1s less
thon tlie absorbed dose, In general, Af the rangs of directly ionizing

particles becomes comparable with the mean frece path of the 1nd1rectl¥_ : .

lonizing particies , no-equilibrium will exist,

-

Jlerma rate is tﬁe quotient of Ak by At, where Ak 1s the increment

in Xemna in time A¢t,
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Exposure (X) is the quotient of A§ by A m, vhere AQ 18 the oum of
the elcétrical charges on all the ions of one sign produced in alr when
all the electrons (negations and positions), liberated by photons in a

volume element of air whose mass 18 A m are completely stopped fin airs

The special unit of exposure is the roentgen (R)
1R = 2.58 X 10"1! Coulomb/kg =— 1 esu/0.001293 g air

. : . )
Note: A Q does not include 1onization.arising from the absorption of

.brcmsntrahlung emitted by the seocondary electrons, ’

Id
R4

Exposure Rate 18 the quotient of AX by A4t, where AX 1s the 1ncr,e'ment

in exposure in time At, - .
A : _

at
Special units: R/s, R/min, R/h, eto.

Exposure Rate

Mass "Attenuation Coefficient (/"‘ //’ ) of a material for 1ndirectly
ioniéing particles 1is the quotient of an by the producbfof () » N and dl,
where N is the number of particles incident normally upon a la_yer of

thiclkness dl and density /a and dN is the number of particles that ex-

perience interattdons in this layer

[ AN
; f’ - N d C
The term "interactions" means processes whereby the energy Hr direction

of the indireoctly ionizing particles 1s altered.
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For X or gamma radiations: :
{ (1 ('ol'
A= -C, + —— — .2
where-E::= mass photoelectric attenuation ocoefficient,
()
%<k = pass attenuation coefficient for coherent scattering

ﬁ&,::pair—production mass attenuation coefficient
(J

Note: In the above equation, it i1s assumed that the nuolear 1ntenactions

lﬁ

= total Compton mass attenuation coefficient,

are not important whioh is true for X- or gamma-rays of energy of a few

Mev's. 7

Maso energy transfer coefficient (/A—) of a material for indircctly
ionizing particles is the quotient hf dnk by the product of E, {u, nna

dl, where E is the sum of the energies (excluding rest energies) of‘the

indirectly lonizing particles incident normally upon a léyer‘of thickness
Al and density (0 and dEk is the sum of the kinetio energies of all the

charged particles 1iberated in this layer
/Uk — ____ .£Q§5
B E:(-’ o

- The relation ‘between energy fluence and korma may be written ass

o e
K=o

For X-or gamma-rays of energy hY

A Ta O~ ' :
Jiﬁl = — 4 t . _Ka_ - [Nuclear interactions are
' It v C here neglected]

vhereg

.:L T 5’
'75. _::’-éi‘ (, /:v
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-

(——Z = the photoeleotric mass attenuation coerficient, J = average

- energy emitted as -fluorescent radiation per photon absorbed, ) and

G &  Eg
- ¢ c N
(-T = total Compton mass attenuation coefficient,
=e = average energy of the Compton electrona per scattered photon,) and

o=ty .._—.-

Ka . [ _ mct

( A—- = mass attenuation coeffioient for pair production, mc:2 electron

rest energy.)

naen energy - absorption coofficient [ / _.yof a material for 1nd1roc|:1y

ionizing particles 1s / A (1—0) where Q@ is the proportion of the cncry_,y

of secondary charged par'ciclee that 18 lost to Bramsstrahlunz; in the
?
'

m.xter:}.al .

Notes: For air, /{—(Q'-is. proportional to the quotient of exposure by

. fluence,

/l‘" and / ‘en 30 not differ appreciably unless the kinetic energiea of
the nccondary particlea are comparable with or larger than their rest

chargy.

lnss ctopping power (-37) of a material for charged particles ic the

quotlent of dEB by the product of dl and /’ ', where dEB 1s the average

cnerry lost by the qhafged particle of specified energy in traversing
a path length d1, and € is the _density of the mediums ' -
_..-;;:. ":Z . / . (ll—s .
P B p P7a
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Notes dE8 denotes energy lost due to ionization, electronic excitation
and radiation, When bremsstrahlung losses are to be excluded,

must be multiplied by an appropriate factor less than unity.

Lincar Energy Transfer (L) of charged particles in a medium is the

quotient of dEL by dl where dEL is the average energy locally imparted
to the medium by a charggd particle of specified energy in traversing

a distance dl, ) ] = ALy
: ¢ :
Note: The stopping power refers to energy imparted within a limited,

volume while the linear energy transfer refers to the loss of energy

regardless of where this energy is absorbed, ’ )

14

Average energy (W) expended in a gas per ion palr formed is the quoHfient

“of E by N, where N_ is the average number of ilon pairs formed when a

charged particle of initial energy E is completely stopped by thé-gaa.

W_ _E -,
- TN

" .

Note: Ions aris’ng from the absorption of Bremsstrahlung emitted by

the charged particles are not inoluded in N,

Netivity (A) " cf a quantity of a radioactivd nucleide 1s the quotient

of ANby At, where 4 N is the number of nuclear transformations

wlxich ocour 3n this quantity in time At.
A = AN

- ——

. At
Special unit of activity: Curie (Ci)

106 = 3,7x1000 s-1

 (exactly)



|
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: A . 'UNITS
Hame Symbol “Dimcnsionsig MIKSA egs Specinl
" 2
Kerma rate. . im'l'l'"l ng.ls'l erg g‘l g~1
Fxposure X - Qﬂ"l cxg"l esu g_l R (Roentgen)
Expooure rate sees Ql"lT-l | CKg-ls'l esu g'ls'!‘ Re~1’ eta,
Finca attenua- - .
tion coeff, Vol T m? Kg™* em? g=1
Mano cnergy . :
Transfer coeff, ztaaf B X m2 Kg"l cng'l
lilid energy
Uen . !
absorption /-‘-—— 2 -1 2 . -1 2 -1 o
. coell, ¢ - LM mn® Xg em® g
> . ' .
Mass stopping S _ - ! - ¢
power 7 B2 M .1 In? Kg"l. erg em? g"l ),
[} .
Jincar energy - ! o . -
transfer L EL2 : ot ‘erg em L 7 Kev ( /.(Iu) !
Average energy W E 4 . -
per lon pair . W "B J erg - ev
Activity A 1 . g1 '_a."l - Ci (Cixrié) _
Specific )
Gamma~-ray i -
conctant r QL2 M1 sz}(g"l esu'cng‘l rRm?h~1lci~t
Done equiva~ . |
lent DE - rem

-

-—ﬂ'
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' APPERDIX 2 .

.’-

Foernmlas for GOOmr\h‘V Calenlatlons

The Geometry" of tho apoz‘tura for poin\. nouroo, Ol’ s is defincd

as the fraotion of tho Lohl Bolid (mgle cu‘btcndbd by the aperture, 1,0,
v P '
N 441 . :
For a point aouroe nna a dotcoior with a alrcullyr npnrture of radtua n .

(the point a_ouroe ‘baing on tho nzio of tho apux*l,nro):

["';73"";)’3 £10-2)

Vhere D is the distanoo from the point couroco to tho plane of the

f 2
I 4

npnrture. _ _
For a point source of{ the axio of a ciw‘vulnv npox‘ture by a perpendfc\1~
lar distance equal to (: and (0// 4 1} ’

. . . > 2."
s ey 3 RS *‘R" b~ 2R e
67’ - 67,."' }'(a LS +3L / R)

- . L e h y '/ L
AR {-') (3“'*2 L)Z ir
=.= G_f, 4‘ ; I ’}12-::'/ 14.” (0’!)‘ /L k_:o .k
Where ‘ e . .. - .. | :
é_/)“, (4 - 9J<// ))7”"‘
/‘ﬂk e -

L'I—

- B (;M ~xl/ /v?u;- ag 41) !

and G r/ is givén by the above formula,
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