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1. INTRODUCTION

Gamma-Rays From.Special Nuclear Materials

All samples of nuclear material commonly found in the nuclear
fuel cycle émit.measurable améunts of natural radioactivity. The
. emitted radiation consists of neutrons, alpha—, beta-, and gaﬁlma-rays.
These radiations are produced when the heavy elements .such as uranium,
plutohium, and thorium undergo natural nuclear transformations into
different elements. Elements which undergo these natural transforma-
tibns are called "unstable' and a parameter used to characterize their
instability is the half-life.

The half-life of an unstable element is the time required for
half of the original atoms to disiﬁteg’rate by emitting radiation, and thﬁs
be transformed into a different element. For example, after 710 million

235

. years half the atoms in an intially pure sample of U (uraﬁium) will

have disintegrated, emitting alphé and gamma-rays, to become atoms
231

Th (thorium). The 231Th4 atoms are also unstable and transform

into 231Pa (protactinium) emitting beta and gamma-rays. - This process

231

of

" has a half-life of 25.6 hours. The unstable Pa disintegrates into

another unstable atom and the process of successive disintegration con-
07 207

tinues until 2 T1 (thallium) disintegrates into the stable nucleus, Pb

-(lead). This particular "chain" of naturally radioactive elements is



known as the actinium series and is-illustrated in Fig. 1.1 and listed
* in Table 1.1. A detailed energy level diagram for the firét step K
in the chain is shown in Fig. 1.2, illustrating the origin of gamma rays
from excited states of 231Th following the alpha decay of 2,35U. 'I“he‘
“other heavy elements, including plutonium and thorium, exhibit similar
chains of radioactive dceay which terminate in stable elements.

Since all nuclear materials of interést are naturally radio-
" active, the mere presence of‘measurablé amounts of radioeictivity from
a sample does not 1inique1y define the cdntents of ‘that saniple. A closer
look must be taken at the Specific nature of the emitted radiation in
order to uti'lize the differences in the natural radioactivity from different
elements for the purpds'e of assaying thé sample. 'I'his documerit will be
' Iimited to a more detailed inspection of the ganima radiation emitted
- from nuclear materials and of hcivir its measurement can be useful for
Safeguards assay work. .DiSCussio_ns of- the ‘riiethpds and utility'of
measuring the neutron, beta and alpha radiation from nuclear material
4samples are available elsewherse.

Gamma-rays emitted from riucleér material have two dis-
tingtiishing charactéristics, their energy and intensity. The specific
energies and interisities (usually referred to as the gamma-ray spectrum)

differ substantially from one nuclear material to the next. For example,
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Fig. 1-1. Natural radioactive decay chain for the actinium
series. Decay radiation and half lives for the
various steps in the chain are given in Table 1.1
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TABLE 1.1
THE ACTINIUM SERIES OF RADIOACTIVE DECAY %

e S ]

. Type of

Isotope Disintegration . Half-Life

235y , o, 7.10x 108y

23Lry 8,y  25.6h

231p, ey 3.43x 10% y

2274 «, By y 21.6y

22Ty, ey 18.17d

2.23Fr o, _3; v 22 m

2B, « y 11,68 d

219 44 -' wy B, v 0.9m

219Em a, Y | 3.92 s

215g; | o, B, ¥ ~ 8m

255, «y B,y  1esx107ds
2, 8, v © 36.1m

215At ' N’ N ' 10-4~S

g o Bry 2.15 m

2p, . Y | 0.52 s

207y B, v 4.719m

207

Pb ; Stable




Excitation 'Energy (keV)—

235

‘alpha-decay’ /

3817
337
279
234
205
185 ; ‘ . prominent gamma rays
gj - 205 keV
o7 163 keV
© 42 3 g 1185 keV
o4y
231
Fig. 1.2. Energy level diagram showing the origin of several prominent

gamma rays following the alpha decay of 235y, Alpha decay
of 239U can leave the residual 231Th nucleus with an excess

of energy; the "excited”231Th nucleus rids itself of this excess
energy and passes to a less excited state by the emission of a
gamma ray. Similar diagrams could be drawn for each step in
the decay chain illustrated in Fig. 1.1.(35)



TABLE 1.2
ENERGIES AND INTENSITIES OF RELATIVELY INTENSE

GAMMAlRAYS EMITTED FROM SAMPLES OF

235U AND 239Pu WITH E, * GREATER THAN 130keV

(Referencé 11)

% 5U % gpu E v (keV) (ga.m ma-rays i)netf I;.Sé)l(’gydisinte gfaﬁons) :
X . 163.4 | | 4.6
X o . 185.7 54.0
X | o 205.3 5.0
X 375.0 | 015
X | 4187 _ ©.015

* Ey is the gamma-ray energy.

the energies and intensities ul several of the morc intcnse gaomma-rays

. emitted from 235

U and from 23‘gPu; are given in Table 1.2

From the table above, it is evident fha_t- the energies and in-
tensities of the prominent gamma-rays from 235U are quite different
when compared to those from 239Pu. Thtis, a device which 'measﬁres
the gamma spectrum emitted from a sample of nucllear matérial can, in
principle, be used to infer the amount of 23_5U und 239Pu present in the
sample. Undér ideal conditions, ~one éan further argue that assays of
all nuclear materials in the fuel cycle are possible using previously

measured gamma spéctra data. In other words, a measurement of the



gamma spectrum (fhe wintensity and energy of fhe gamma-rays) enﬁtted
from a sample of nuclear material ‘can be‘used to detect the amount and
type of material present in the sample. |

Corhplexitiesin actual measurements associated with self-
. -absofption, high radiation backgrounds from irradiated material, and
awkv)ard sample configurations will not be considered here. T-hese very
reél problems can place limits on the effectiveness of gamma-ray assay
techniques in certain éituations. A number of detailed studies have been
made and others are still in progress to develop techhiqués and instru—
mentation for solving speciﬁc gamma assay pfobléms. Detailed records
of the results of these Safeguards studies are available in the literature.
The presenj: treatment 6f gamma assay is meant to serve Adnly as a
simple introduction to the mefhods of using gamma-ray méa'éuring
equipment in Safeguards assay wérk. ‘With this aim in ﬁind, the remain-
~ der of fhis document will be de{foted to a description of the two devices
considered to be most useful for measuring 'gamma-ray'spectra from

samples of nuclear material.



2. " A Ge(Li) DETECTOR FOR GAMMA-RAYS

2.1 Theory of Operation

" A typical lithium drifted germanium (Ge(Li)) detector for .
ga.mma--rays can be represented simply as a cooled cylinder of solid,v.high
registivity material with a-high';voltage applied between the outer surface

and the central core (Fig. 2.1).

+V - 4V
| Lithium surface '
p-type core - regmn_ T |
R~ 10° 't(}’m.l. C.. 10 - 80 pt
=  \- - (Equivalent DC Circuil)

N Intrinsic region

Fig. 2.1. Ge(Li) deleslor.

Germanium crystals are typically available with impurity concentrationé

-of about 1013 to 1014 inipurities/cé. Large numbers of crystal impurities cause



excessive leakage currents when vqltage is applied across the detector.

They also act to ""quench'’ the signals produced in the detector by a
process called ”fraﬁping. '4" These problems caused by impurities can
- be effectively overcome by a compensating teéhnique called "lithium
drifting. " |

Lithium driffed germanium (Ge(Li)) detectors are made by |
first evaporating a lithium film on the outer surface of a cyliﬁder of
p-type germanium. This lithium film is absorbed into fhe surface region |
at about 400°C to create an n-p junction (or diode) at the lithium/p-type
germanium interface. Some of the lithium is then. diffﬁsed into-the p—fype_
germanium by applying a bias of several hundred volts achoss the junc-
tion and raising the temperature of the gerrﬁanium to about 20°-50°C.
The lithium ions drift in the appligd electric field toward the center of
~ the cylinder in such a way as to‘ compensate the germanium impurities
and an "'intrinsic'' region with an apparent impurity concentration of
about 101.0 impurities/cc is created. At "liquid nitrogen temﬁeratures
(.;196°C), a voltage in fhe range of 800-5000 volts can be appiied across
the intrinsic regiqﬁ (which can have a volume greater than 100 cc) with
‘very little leé.kage current. Electrically the. device resembles a solid di-

electric capacitor where the intrinsic region represents the solid dielectric.
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Electric field strengths of 50-200 volt/mm can typically be maintained

across the intrinsic region.

It should be noted that the high resistance across the detector
is the result of a diode characteristic. Hence, the resistance obsérvéd
'aéross the intrinsic region is very low if a bias is applied with a polarity
opposile to that which is shown. | |
Gamma-rays (high energy electromagneti'c radiations) incident
on the detector can iﬁteract in the intrinsic region by any of three differ-
ent processes:. phofoelectric absprption‘, Compton collision, or pair
production. All.of these processes produce ionization and free charge
in the intrinsic region. Gamma-rays are detected by measuring the

free charge collected at the electrodes by the high voltage applied across

the intrinsic region (Fig. 2.2).

+V : +V +V .
l ) —l—_‘ Free

. ; Free ~ y 4
In(;:;e?iy Intrinsic A $ —t—charge RS charge
gam ay . i we roduction collection
A~ Region b Yoy, e

5 ’ 4
—_ | =4 L

Fig. 2.2. Sequence of events for gamma detection with
Ge(Li) detector.

Let us now take a closer look at the gamma interaction processes which

produce this free charge.



Photoelectric Absorption

Ina phbtbelectric interaction, the entire energy‘ of the

- incident gamma-ray is absorbed by a bound atomic: electron in the
intrinsic material and the gamnia—ray disappears. This electron is
‘now set free with a kinetic ,energy equal to the gamma-;ray énergy
minus a small amount due to the binding energy of the electron. This
energetic fre;e electrdn creates additional ionization and produces free
charge in the intrinsic region gntil all of the initial gamma-ray energy

"has been uséd upiin the ionization process. The total 'é.mount of free

- charge created is directly proporti_bnal to the energy of tﬁe initial

gamma-ray. "The process is def)icted in Fig. 2.3, and the number of

free charge.pairs produced is given in Eq. 2.1.

d - Free Electron (-)

d - Free Hole (+)

o
. // Yy
. Incident ’ yae - \“\\
! N
gamma ray ! | (-)/v (\i AN
Bound / \

Electron Site of

Original Boun

@ | : Electron

Fig. 2.3. The photoelectric absorption
process.

11



n =EZ ' s | (2.1) |
€

where n = number of free charge pairs produced
(1free charge pair = 1 electron + 1 hole),
E, = initial gamma energy (electron volts),
€ = average energy required to create a free charge

pair. (2.9 eV in germanium).

Compton Scattering

In the Compton scattering interaction, the incident gamma-
ray scatters off a bound electron in the intrinsic region and transfers
a fraction of its energy to it which is sufficient to get it free. The free
cnergetic electron then ionizes other atoms in the region unti 1.Aa.11 of
the transferred energy has been expended in ionization. The scavttered
gamma-ray may either escape from the detector or interact'again.' If
the scattered gamma-ray escapes, the amount of ionizatioﬁ producAed
is proportiona.l to the fraction of energy which is initially transferred' to
the bound electron. This can be any amount up to a well defined upper
limit which is less tﬁan the incident gamma-ray energy. There is there-
fore, a continuous distribution of possible amouhts of free charge which
can be created by this process from essentially zero up to a calculable

maximum. Mathematically,-

n =0 to —naxX , (2
€
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where .

E = E},' —_— . | - (2.3)

mec”
o

1+ 2
°E,,

, moc2 = rest mass of the electron (0.511 MeV).

The process is depicted in Fig. 2.4.

Stte of original § - Free Electron (-)
Incident 'electron //J - Free Hole (+)
o———ee
gamma ray \/‘\/ \Ez
,J

Bound

Electron 4 ‘\\ '
: 4 . . Scattered
@ . gamma ray

Fig. 2.4. The Compton scattering process.

Pair Production

If the incident gamma-ray energy is greater than 2 moc2

(1.022 MeV), then pair production is a third possible interaction process.
The incident gamma-ray converts ifcs energy into‘an energetic positron-
electron paif and the gamma-ray disappears. These two particles lose their
kinetic energy (equal to Ey - 2 mocz) by ionization. After slowing‘ down,

however, the positron.wil_l.react quite readily with ordinary electrons in
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the detector. In this process, called annihilation, both the positron and
an electron disappear and two 511 keV gamma-rays are formed moving
in opposite directibns from one another. Usually both these 511 keV

gamma-rays escape from the intrinsic region of the detector so that the

- free charge produced is proportional to (Ey- 1.022 MeV), 6r

(Ey - 1.022 MeV)

n = : - (2.4)
€ .

The process is depicted in Fig. 2.5 and is referred to as "double escape"'.

& - Free Electron (-)

2 3. 7 - Free Hole (+)
) Sitc of pair .. ! e '
Incident production P -<
gamma I‘ay , \C)’A .
NN - : - o ! ]
ol ‘3/ - ‘
T 0.511 McV
. NN, - Annihilation
@ b \\’/ - gamma rays
zg‘ Positron

Annihilalion

| ' Site

F15 2.5. Pair Production

Multiple Processes

The interaction of a gamma-ray with the detector can also

involve various combinations of the three simple gamma-ray interactions
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described previously: The total charge avaiiablé for collection from
the'se rﬁultiple procésses Wiil.be equal to the sum of tﬁat created in -
each of the individual processes. | |
For exé.mple, consider again the case of Compton scattering.

_After the incident garﬁma-ray hés scattered once, it can interact again
in the intrinsi.c region (for exarﬁple, by the photoelectron absorption
process) so thét all the initial incident gamma-ray energy is converted
'ihto» (iOnization in two steps. Thus, this multiple step process wouid
' produce as .rhuch ffee charge as a single piho'toelectric interaction of
the iniﬁal incident gamma-ray. Similarly, in the case of pair pro-
duction, both 511 KeV garﬁma-rays could also be absorbed within |
the intrinsic region and thus ioniée a number of atoms proportional to
Ey.. In generai, therefore, for full energy absorption by multiple
processes such as those described above, |

- (Full energy absorption. ) n =-€—.y . _ (2.5)
Another process resulting in a well defined amount of ionization is bair
production followed by absorption of only one of the 511 keV annihilation
garﬁma rays. This is commonly referred to as ''single escape' and the
'amouni‘; of free charge produced is proportional to (Ey-'0.511 MeV)
or, |

(Ey -0.511 MeV)

(Single escape) n = e ' (2. 6)




The full energy absorption multiple pfocesses described above
result in the production of a well defined amount of ionization. On the
other hand, other multiple processes result in a continuous distribu-
tion for the amount of ionization produced. (Examples: (1) pair
production followed by the escape of one 511 keV gamma ray after: it ‘has

Compton scattered once, (2) two Compton scatterings followed by the
escape of the twice scattered incident gamma ray.) Events such as
these are similar in effect to single Compton scattering which also

exhibifs a continuous distribuﬁon for free charge production.

Having considered the gamma interaction process in some .
detail, lét us now focus latt'ention dn the effects of the ionization pro-
duced. The préducts of the ionization ére_ated by incident gamma-rays
interacting in the intrinsié regions are positive (holes) and negative
(electrons) free charges. These free charges are separated by the
électric field applied across the intrinsic region; and collected at the
electrical contacts. The time required to collect this free charge is
on the order of 10 to 100 nanoseconds (1078-10'7 seconds), depending
oﬁ the exact geometry of the detector and the applied voltage. Thus,
the detection of a gamma-ray is signified by a émall current pulse
| which can be measured with appropriate external cifcuitry; The Ge(Li)
detector operates like a solid-state analogue of _the well known gaseous

ionization chamber.
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The total charge contained in thié current pulse depends on the
energy of the gamma-ray and the type of interactibn'which has taken place.
Thé equatiéns for the average amoqnt of ionization (é.nd hénce, the avérage
number of free chargés of eithef sign) were givén earlier and are collected

together below for easy reference.

5 _E_y (photoelectric absorption and full energy (2.1) and
= e absorption multiple processes) (2.5)
no= 0 to Emax . E _ Ey (Compton (2.2);

- € ' Tmax m c2 Scattering) (2.3)
0
1+ ————-2Ey

- For Ey gréater than 1 022 M.eV,' ‘in addition to the above:-

E, - 1.022 MeV » .
n = . (pair production - double escape) (2.4)
€ R

E, - 0.511 MeV
= . (pair production - single escape) (2.6)

. The average energy required to create a free charge pair in germanium
(€)is 2.9 eV. Thué, one can calculate the average amount of free
charge produced in the different interactions. Results for 1 and 2 MeV

gamma-rays are shown in Table 2.1.
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TABLE 2.1

AVERAGE AMOUNT OF CHARGE (NEGATIVE OR

POSITIVE) PRODUCED BY 1 AND 2 MeV
GAMMA-RAY INTERACTIONS IN A Ge(Li) DETECTOR.

, 1 MeV 2 MeV
Process gamma-ray gamma-ray

Photoabsorption and Multiple 5.50 x 10714 ¢* 1.10x 10718 ¢

Processes resulting in full
energy absorption

Compton Scattering 0to4.40x 107 cloto9.75x 107 % C

Pair Production - double escape |not applicable 5.40 x 10”14 C
Pair Production - single escape |not applicable 8.20x 10714 ¢

These charges correspond to peak currents in the microamp (10-63,) region
so that sensitive electronic amplifiers must be used to raise the signal
level to valueé which can be conveniently recorded. If the number of
pulses are recorded as a functidn of their amplitude, spectra similar

to those shown in Fig. 2.6 and Fig. 2.7 result Figure 2.6 is a spec-
trum from a source of 662 keV gamma rays (137Cs) and Fig. 2.7 is

the upper portion of a spectrum from a source of 2. 61 MeV gamma rays
(208T1). It should be noted that for photoabsorption, full energy
absorption, and single and double escape processes, a sharp peak is

obsérved in the pulse height spectrum. The poéition of the peak in the

*
C = Coulomb -



Number of Pulses per Pulse Height Interval ——-

"Compton edge"
representing the maximum
amount of energy, which
can be transferred to an
electron in a single Comp-

|

ton event.

Continuum of .events
‘corresponding:to |
~Compton Scattering

and multiple

processes

Full energy peak.

(events corresponding to
photoelectric absorption .
and full energy absorption
multiple processes)

U

F1g 2.6. "Ge(Li) detector pulse height spectrum from
. -~ monoenergetic 662 keV incident gamma rays.

Pulse Hei ght——»
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Number of Pulses per Pulse Height Interval, —

lower end of
<«——— spectrum not
shown.

I

Double escape peak.
(events corresponding to
pair production followed

by the escape of both : Full energy peak.
511 keV annihilation (events corresponding
gamma rays) to photoelcetric absorp

tion and full energy
absorption multiple

processes)\

Single escape peak. "Compton edge'’
(events corresponding representing the maxi=
to pair production fol- mum amount of energy,
lowed by the escape of which can be transfer-
one 511 keV annihila- .red to an electron ina
tion gamma ray)—___  single Compton event.
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ton scattering and mul- - N
tiple processes . .
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Fig. 2.7. Ge(Li) detector pulse height spectrum from

-monoenergetic 2. 61 MeV incident gamma rays.




spectrum is directly -reiated to the gamma—ray energy, and the number
of counfs i‘n the vpea‘k is directly related to the inteﬁsity of tﬁe incident.
gamma-rays. The Compton scattering events (and certain multiple.

process events) constitute' a"continuous background which must be sub-

tracted from the useful data in the peaks. -

The maximum amount of energy which can be transferred to
an e-lectron by an incident gamma ray in a Compton scattering event
(Emax) is also evident in the spectra and is referred to as the "Compton

edge. "

B N S | (2;3)

The events recorded between the Compton edge and the full energy péak
correspond to gamma rays which have Compton scattered more than once
and then eséape from the detector. They also éorrespond to gamma rays
Which have un_dergone small angle scattering in the source, in the can sur-
rounding the detector, or in the small dead space at the surface of the
detector, followed 4by full a.bsorptionl. Actually thivs has the effect of
making the fqlléenergy peak asymmetric, and of creating a "tail'' on the low

energy side of the peak. In Fig. 2.7, where the incident gamma rays
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have an energy’greatef than 2 mocz, the events between the Compton
edge and the full energy peak can also correspond to pair production
events followed by Compton scattering of one or both of thé annihilation

gamma rays before their escape from the detector.

From the simple description of the operation of Ge(Li) detec-
tors, it is obvious how they can bc uscd in Safeguards assay applications.
The measured spectra exhibit disfinguishable peaks corresponding to |
the energy and intensity of the gamma-rays incident on the detector.

If the pulse height spéctrum has been previously calibrated with standard
samples, the Ge(Li) detector can be used to identify and quantify the dif-

ferent nuclear materials by comparing the spectra from unknown samples

with spectra from standard samples of known content.

2.2 | Description of Ge(Li) Detection Systeths

Practical Ge(Li) gamma-ray detector systems consist of the

following components:

(A) lithium drifted germanium crystal,
(B) liquid nitrogen cooling s‘ysterh and vacuum system,
(C) detector electronics (preamplifier, ‘main amplifier,

and pulse height analyzer).
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(A) Lithium Drifted Germanium Crystals

| The lithiuxh drifted germanium crystéls are made in two basic
gepméti‘ies - planar and cbaxigl. Simplified sketches of these two
geometries are shown in Fig. 2. 8’together with'several variations of
the coaxial geometry. The coaxial detectors are useful for many
. Safeguards assay applications because they can be made with larger
intrinsic volumes, and hence,' greater efficiency. Smaller planar
devices, however, can be useful for applications requiring extremei&
good energy resolution and for nieasﬁrements of low energy gamma-ray

spectra. Intrins.i'c'volumes of up to 120 cc are available commercially.

/P-Type Material

Intrinsic Region

Li Diffusion

P-type Material
Intrinsic
Region

Intrinsic

- “T Li Diffugion

Closed End Coaxial Trapezoidal Coaxial

Fig. 2.8. Planar and coaxial Ge(Li) deleclors.
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(B) Liquid Nitrogen Cooling System and Vacuum System.

In order for the Ge(Li) crystal to work properly with low
leakage currents,it must be kept at liquid nitrogen temperatures (-196°C).
To prevent condensation from forming on 'the‘ cooled crystal and to
eliminafe effects from impurities in the atmosphere, the cfystal is
packaged in an evacuated container. A method of cooling commonly
used is to mount the crystal on a dip-sfick which exfends down into the
liquid hifrogen. Another cooling configuration is the '"chicken feeder"
or gravify feed system. Typical cooling and vacuum systems for a
Ge(Li) detector are shown in Fig. ‘2. 9. Dewars, containing the liquid
nitrogen, typiqally require replenishment from 1 to 3 times a week
(depending on their size). The vacuum in the crystal container is main-
tained by using a molecular sieve (which must be rejuvenated at 10 to

12 month intervals) and/or a small vac ion pump which operates

‘from a 110 VAC electrical supply. The inolecular sieve and vac ion

pump are effective in maintaining the vacuum between 10-4 and 10"'7
mm Hg. If for any reason the vacuum is allowed to deteriorate to levels
above about 1072 mm Hg, a mechaﬁical roughing pump must be used to
re-evacuate the container. |

In normal operation, routine maintenahce of the cooling and

vacuum system consists of replenishing the liquid nitrogen supply.



I Evacqated Container

Dip Stick (copper)
T W W N NP
|e~—~—4 [ Liquid Nitrogen :
A —pewar |
. l«——Dewar K )
Molecular | . , /
Sieve
- Feed Tube
-Relief Valve
Liquid Nitrogen
Fluid Level - .
Cooling Block ‘——— Vac Ion Pmp
~Evacuated
8ontainer

Ge(Li) Crystal

Dip Stick ' _ Chicken Feeder

Fig. 2.9. Typical Ge(Li) cooling and vacuum systems.

Vacuum gauges are sometimes provided by the manufacturer in order
to insﬁre that tﬁe vacuum is being properly maintained. Except for
cases of unexpected malfunction or replacement of the molecular sieve,
there is no reason to disturb the vacuum integrity of the crystal

container.
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(C) Detector Electronics

The small pulses from the Ge(Li) crystal must be amplified and
shaped, and the information stored in a convenient form to faciliAta'te
handling of the data. A block diagram of the basic electronic system»
used for. accomplishing this is shown in Fig. 2.10.

The preamplifier is physically located as close as possible to‘
the Ge(Li) crystal in.order to minimize preamplifier noise. The pream-
plifier integrates the detector current and is used to drive the main am-
plifier which can _be operated at a more remote location. For systems
requiring extremely good fesolution, the preamplifier can be mounted
directly on the cryostat and the field éffect transistor (FET) in the first
amplifying stage can be cooled to liquid nitrogen temperatures. This con-
figuration is referred to as a "cobled FET" preamp.

The main amplifier is used to shape the pulse in order to

optimize the signal to noise ratin, compensate for high count rates,

Ce(Li) . Pre- |  Main Pulse Height
Detector - Amplifier | Amplifier Analyzer

High Voltage
Supply -

Fig. 2.10. Block diagram for detector electronics.
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and further amplify and tailor the pulse for input to the pulse height
analyzer. The pulse height analyzer is used to sort the incoming
pulses according to puise height into a number of discrete energy

bins or channels. The numi)er of channels available depends on the

' particular model, but somewhere between 400 to 4000 channels are
commonly used. A well regulated high voltage supply (typically
'0-5000 V) 'is' used tb bias the detector. Additional components which
are useful for monitoring the conaition of the detector are a nénoam-
meter for meas.uriﬁg the detector leakage current and an ion:gauge for

measuring the container vacuum.

2.3 Performance Characteristics of Ge(Li) Systems

There are two basic characterisfics of a Ge(Li) system Whiph
are important considerations when evaluating its performance in Safjegua’.rdé
nuclear materiél assay applicatiéns. ‘These are:

(A) Energy resolufion

(B) Efficiency

(A) Energy Resolution

The most commonly used figure of merit for the energy resolu-
tion of the system is the full width of a peak in the spectrum at half its
height (FWHM) (Fig. 2.11). In addition, the.full width of the peak at 1/10

its height (FW1/10M) is also quoted in some publications (Fig. 2.11).
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Fig. 2.11. Full Width at Half Maximum (FWHM), Full Width
" at 1/10 Maximum (FW1/10 M) and peak to Compton
ratio - defined.

The energy resolution for Ge(Li) dctcctors is at leust len times better
t'ha.nlthat which can be obtained with Nal detectors or other commonly
used systems. It is important, therefore, to take maximum advantage
of the excellent resolution afforded by the Ge(Li).

Two gamma spectra taken with the same Ge(Li) system are |
shown 1n Fig. 2.12. The speclrum at the top of the figure was taken
with a system whose parameters were not .oﬁ)timized for obtaining the
best resolution — thc lower spectruin was luken with thé same system
optimized. It is clear that the better resolution afforded by an optimized

system gives a significantly greater amount of useful information. In
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Fig.' 2.12. Ex'amp'l‘es of spectra taken with the same Ge(Li)
system, operated with different energy resolutions,
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parficuiar, if the beak labeled @ was the peal; of interest, and the peaks
labeled @ and @ were contaminants, a system with poor resolution
would not detect the contarhinants and an erroneous number of counts
would be assigned to the intensity of peak @ Also, weak signals such
as peak @ would not even be detected in the syste‘m‘with poorer resolu-
tion. Some of the more common sources of peak broadening (or deterio--
ration of the system resolution) will be briefly discussed below.
The fact that any peak does not have a "zero" width (FWHM = 0)
is due to several factors: . | |
1) The production of free charge by an incident gamma-
ray is a statistical processv,' hence there are fluctua-
tions_ in the amount of charge created by gamma'-ray's‘
of a inen energy. Thig contributes to a minimal

intrinsic peak width which is estimated to be givén by

FWHM (keV) ~ 1.4 ‘/Ey (MeV)a

The iutrinsic resolution vérsus énergy is shown in
Fig. 2.13.

2) If fhe high volfage appl'i-ed‘-tclJ the detector is too large,
the ieakage current (or noise) may be large enough to
be a significant factor 1n degrading the system's reso-

lution. High leakage currents may 4also develop due to
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Fig. 2,13. Ge(li) system energy resolution versus'gamma-rag energy
for different preamplifier input capacitances.( 6)
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3)

moisture or contamination collecting on the signal

cable connectors.

. The preamplifier also introduces noise into the system

and broadens the peak width. This noise is produ'ced by
a number of statistical phénomena in the preamplifier
components and depends directly on the detector capac-
itanee. The function expressipg the dependence of the .
preamplifier contribution to the FWHM is given below:

= A. . ‘ 2.7
AE = AE_ +kCy . | - @

 AE = preampliﬁer contribution to the FWHM of a
peak (keV)
AE 0= FWHM of a pulser generated peak (no detector
attached) (keV). |
k = constant (keV/pf)
C a- dotector capacitance (including connections
-hetween the detector and preamplifier).
One way to help alleviate this ‘problem is to keep the
preamplifier to crystal distance as short as possible,

since cables add between 13 to 30 pf/foot and each addi-

tional connection adds 2 to 5 pf. An example of the



. 5)

increase in peak width with increasing inf)ut capacitance
to the preamplifier is shown in Fig. 2.13. Another
important contribution to the system resolution is
thermally genératéd noise in the preamplifier. There-
fore, Ge(Li) systems requiring the best resolution avail-

able operate critical preamplifier components at low

temperature. As an example: at an energy of 1.33 MeV,

a preamplifier mounted directly on the cryostat with a
"cooled FET'" typically contributes half as much'to the
peak width as a similar system operating at room
temperature.

The resolution is sensitive to the time constants chosen
in the main amplifier, since the main amplifer acts as a
fiiter for sorﬁe of the noise generated in the preamplifier
and detectc‘>r. The different types of noise sources have
different filter reciuirements, so that the optirﬁal choice
of time ‘constants depends on which sources of noise are
most important in any given detector system.

High counting rates may cause detector pulses to over-
lap and therefore broaden the system resolution. Iligh
counting rates should be avoided if possible by selective

shielding, careful positioning of the detector, or pulse

33
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6)

pile—iJ.p réjection circuits. | A search for the best time
constants for any given count rate will also help to mi-
nimize the problem. Many amplifiers also contain pole '
zZero cancellation and/or base line restoration circuits
which help to maintain good resolution at high count
rates. Detailed accounts of reéommend'ed procedures
for high count rate problems are contained in a number
of referenées.

An obvious limit to the resolution of a Ge(Li) system is

“the use of a pulse height analyzer with too few channels.

: ‘In' order t6 take advantage of the excellent energy

resolution av‘éilahle.frnm Ge(Li)‘deter:.tors, a sufficient
numbci' of channels (b to 10) should be provided to span
the width of a peak of interest. If only a limited numbér
of channels are available and only a portion of the gam-

ma spectrum contains useful information, several

'techniques are in use for displaying the important portion

of the spectrum over e available chaunels. Sume

analyzers now on the market have a digital offset

' capab'ility. This feature allows one to move the zero of

the analyzér up to a selected point in the spectrum; then,

by adjusting the conversion gain, the remainder of the
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spectrum can be expanded over the available channels
above this preselected point. Another option available
for expanding a certain portion of the spectrum is to use
a biased amplifier aftér the mainv éhaping amplifier; a
disadvantage'c;f this method is a slight decrease in the
system resolution. _Either of the abo've techniques can
be used to eliminate the pulse height analyzer as the

limiting factor on the system resolution.

In some cases, Ge(Li) pulse height information ﬁas been’
recorded between lower and upper limits in one broad in-
formation channel (commonly referred to as absingle channel
analyzer). This is only useful if the operator is absolutely
confident that all the samples being inspected are identical,

since unknown contaminants can result in erroneous. readings.

(B) Efficiency

Not all gamma-rays which pass through the detector interact with
it. However, as the gamma-ray path length through the detecfor
maﬁerial lengthens, the fraction which interact within the detector
ihcreases. This implies that detectors With, larger volumes will |
exhibit increased efficiency; This leads to shorter assay times and
better statistical information. However, the usefulness of larger

detectors is even more apparent from the following argument.
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The de'tector efficién‘cy is usually defined as the fraction of
incident gamma-rays which deposit all their energy in the detéctor.
This follows since the events recorded in peaks c_oﬁstitute the useful
information which can be obtained from the detector response. Since
only the photoelectric and cerfain multiple processes result in the '
deposition of all the incident gamma-ray energy in the "full energy
peak", a better understanding of the efficiency is obtained by looking
at the relative probability for each of these processes. Figure 2.14
shows that for gamma-rays with energies less than 150 keV, photo-
electric absorption is the dominant interaction, and hence most
gamma-rays which interaclt in the crystal ﬁvill appear in the full energy
peak. Ab0ve 150 keV, photoelectric absorption drops rapidly in
importanée émd a signific;ant number of the gamma-rays which appear
in the full energy peak are those which have firét of all Compton
scattered' and then been absorbed after one or more subsequent

interactions within the detector volume. It is therefore important

to use Ge(Li) detectors with larger volumes to enhance the proba-

bility for multiple interactions to take place., Stated another wa'y,

a larger volume decreases the number of Compton scattered gamma-
rays that escape fr'o.m the‘detector for gamhlaérays in the energy
range of 0.2 to 1.5 MeV. The la_rgest volumes presently available

are made in the closed end and trapezoid coaxial geometries.
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For applications requiring the detection of gamma-rays with
energies greater than about 2 MeV',} the full enefgy peak may be very
small 'even. for large detelctors. However, at these energies it is
apparent from Fig. -2. 14 that the pair production procvess is becoming
relatively iniportant. Even though this process may not result in an
event Being recorded in the full energy peak (because' of the escape of
one or both of the 511 keV annihilation gamme-ra'ys), the event can be
recorded in the recognizable single or double escape peaks in the spec-
trum. The 10cat1on of these peaks can be easily related to the 1nC1dent
gamma-ray energy (see Fig. 2. 15).

Large volume detectors are not the soiution to every Safeguards
problem. Infact, smallef Avohime detectofs may be qptimal for applica-
tions requiring the fneasurement of low energy gamma-rays. In ihese
cases, largef detectof volumes may serve enly to contribute a larger

continuum background from higher energy gamma-rays under the lower -

_energy peaks of interest. In contrast, smaller detectors would have

sufficient efficiency for detecting the low energy gamma-rays, but would
be reletively transparent to higher energy gamma-rays. Other applica-
tions for which smaller (and 1ees expensive) detectors may be's'uita.ble

are those where high signal levels exist and low count rates are not a prob-

lem. The smaller volume detectors are available in the planar geometry.
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ig. 2.15. Absolute efficiencies for the full energy, double escape, and

single escape peaks versus e?%rgy for a 12cc coaxial detector
located 3cm from the source. (4 . ‘
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Three figures of merit for a measure of the Ge(Li) detector effi-

ciency are in common use today. These are listed below:

1) The relative efficiency f‘or the full energy peak in the Ge(Li)

spectrum compared to that in a 3" x 3" Nal spectrum. The

comparison is made for the GOCO 1.33 MeV full energy peak
with the detector located 25 cm from the source. In this com-
parison, the efficiency used for the Nal crystal can be mea-=.
sured direct'l‘y or the calculated efficiency given in an estab-
lished reference can be used.* Because of difficulties in
defining the Nal full energy peak, experience has shdwn that
the result ob'tailned for the relative Ge(Li) efficiency is slightly
higher when a direct ;meas'u:red comparison between detectors.
is made as compared to the result obtainéd using the calculated

Nal efficiency.

- 2) The counting rate in the 6OCo 1.33 MéV full energy peak for

a calibrated source placed 25 cm from the detector. The

relationship between this method of specifying the effiqiency
and nﬁethqd (1) above can be determined as fbllows:
The calculated absolute full energy peak etficiency of a
3'%3"" Nal detector for the ®0Co 1.33 MeV peak is about

1. 2x10-3 counts péf disintegration (Cts/d). Since 1pCi

*R. L. Heath, Scintillation Spectrometry Gamma-ray Spectrum
Catalogue 2nd Edition 1DO-16880-1 (1964). '
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‘corresponds to 3.7x 1()'4 d/sec, the efficiency of the Nal

crystal can be expressed as,

3.7x10* Y/sec uCix1.2x107% ®/d = 44 ®S/sec uci

" The relative Ge(Li) efficiency under the same condition can there-

fore be written as,

Ge(Li) relative efficiency (%) =

Ge(Li) 1.33 MeV full energy peak cts/sec - uCi) (2. 8)
: 0.44

(See Fig. 2.16.)

3) The Peak-to-Compton ratio. The ratio of the full energy

. peak height to.thé highest energy portion of the Compton
scattering spectrum (see Fig. 2.11). Increases in this
parameter reflect: 1) 'improvements in energy resolution
(the same number of' counts in a narrower peak imply a
greater peak height); and 2) increased efficiency for full

energy absorption multiple processes.

Typical values for these parameters, as quoted by detector'rﬁanu-
facturers, are given below in Table 2. 2 for different size detectors. The
absolute full energy peak efficiency for a Ge(L1i) detector (approximate vol-

ume - 50cc) located 25 cm from a point svurce is gi{ren in Fig_. 2.16.



TABLE 2.2

TYPICAL Ge(Li) EFFICIENCY AND ENERGY RESOLUTION
PARAMETERS FOR 60Co 1.33 MeV GAMMA-RAYS

Nominal Efficiency Relative Peak to Energy Reso-
Detector Volume | to a 3'"x 3" Nal Compton Ratio lution FWHM
(cm®) Crystal (%) |  (keV)
20 3tod . 26:1 to 19:1 2.0 to 2.7
40 Tto8. 130:1 to 24:1 2.1t0 2.7
60 12 to 14 - | 33:1to27:1 2.1t0 2.7

From the above, it is obvious that the increases in both the efficiency
(relative to Nal) and the peak to Compton ratio that are observed with '
incrensing detector volume reflect the statements made earlier con-

cerning larger detectors.

2.4 New Developments in Germanium Detectors

Improved refining techniques have begun to produce crystals
of high purity p or n type germanium (2-5 x‘ 101|0 iinpurities/cms).
Detectors made from this low impurity concentration material are
operatéd in a manner similar to the Ge(Li) detectors described prev-
iously, but they are not éompensatéd with lithium during fabrication.
(The process of lithium drifting for lower purity .germanium'is discussed

in Section 2.1.) They must be operated at liquid nitrogen temperatures
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to reduce the leakage currents to operating levels when detector bias
ié applied. .However, they do not exhibit an undesirable characteristic
of lithium drifted detectors which suffer a change in performance (usually
a degradation in resolution) if they are allowed to wérm up to room temp-
erature and are then recooled. This change is _due to the migration of
lithium ions in the crystal at room temperatdres. Pure germaniurﬁ
detectors are an attractive possibility for Safeguards applications, since
they could be transported at room temperature withont bulky dewars and
attendant liquid nitrogen replenishment problems. Many h1gh purity
devices which are presently in use still require an evacuated container
to prevent confamination of the surfaces. However, further development
may even eliminate the requirement for an evacuatéd container when the
detector is at room temperature. |

Pure germanium detectors are not being fabricated in large
volumes at the present time. Typical detectors presently in use have
volumes of 1 to 3 cc with e.nergy resolutions and efficiencies nnn{paramg
to Ge(Li) detectors of the same size. In order to make larger, more
efficient detectors, larger samples of material are needed with good
crystallography throughout and low, uniform impurity concentrations. -
These problems.do not appear to be insurmountable and pure germanium
crystals in the 20 to 40 ce ré.nge. could be availﬁble within several years.

These detectors would require cooling ohly while they are actually in use.



OI. = A SODIUM IODIDE DETECTOR FOR GAMMA-RAYS

3.1 Theory of Operatiori
- T}ie sodium iodide (Nal) detector for .gamma—rays is a
scintillation spectrometer, -that is, the method of measuring spectra
with ﬂiis deirice is baseci on the observation of .ﬂashes oi light pro-
duced by the interaction of gamma rays ina ‘scintillating material.
The detector consists of two basic components; a Nal scintillating’
- 'crystal and an electron photomultiplier tube for converting the small

light pulses into measurable electrical signals (Fig. 3.1).

dynode voltage resistor ‘string
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Fig. 3.1. Nal detector.

Nal Crystal
. The gamma sensitive volume of the detector consists of

a clear crystal of Nal. It is "activated' so that it will scintillate
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-efficiently by the addition of a small amount of thallium impurity in the

crystal lattice (-0. 1%). Gamma-rays incident on the detector can interact

"in the cfystal by photoelectric absorption, Compton S.cattering, pair
production* and in combinations of thesé basic interactions. These pro-

' cesses release free electrons which in turn produce ionization and

additional free'chyarge in the crystal. The free charge migrates through

" the crystal lattice .Where some is captured at activator sites or trapping

centers causing the excitation of the impurity atoms located there. The -

_impurity atoms then de-excite (in times of the order of 10-8 seconds) by

the emission of light photons with wavelengths on the order of 4100 A°.
This process of converting high energy gamma-ray energy into light is

illustrated 1n Fig. 3.2.

Free Charge Produ(,tiun —

Gamma:ray| - N g

fﬁ"' Yol

-
'J,O'O

AT B — c ‘\
Nal Crysta.l

Cuplure uf Free Clldl ge -

al Aclivalor siles and the

Emission of Light Photons

Fig. 3.2 Sequence of events for light productlon in Nal by
gamma rays.

* The primary interactions of gamma radiation with matter are funda-
mental and occur in all materials (and detectors). The relative
probability with which these interactions occur, however, are
dependent on the particular material (or detector). (The basic gam:
ma-ray interactions with matter are descr1bed in the previous
section on Ge(Li) detectors.)
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The average efficiency of converting friee electron energy into light
phofons is approximately 1 photén per 30 to 50 eV of electron energy.
Because the basiAc gamma intera;:tions aré identical in Nal and Ge(Li)
detectors, the equatidns given in Séction 2.1 can be modified slightly
to represent the. average' number of light photons produced for the

various gamma-ray interactions within the crystal. These are given

below.
E . .
np =—X (photoelectric absorption and full energy 3.1)
L, absorption multiple processes) ‘
E
n; = 0 to ma.x;
€L
_ E'y o
Emax = : (Compton scattering) | (3.2)
m ¢ ‘
1+ 5E
Y
E_-1.022 MeV .
n = 7( ~ (Pair production-double escape) (3.3)
L
E -.0.511MeVv :
n = y( (Pair production-single escape) (3.4)
I, :
- where

' n, = average number of light photons prodﬁced for a
gamma-ray of energy Ey(MeV).

€, = average energy required to prbduce'a light
photon (approximately 50 eV).

moc(2 = electron rest mass (0,511 MeV).

Ey = incident gamma ray énergy (eV).
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| Photomultiplier Tube

The light pulses produced by the interaction of gamma

- rays within a Nal crystal are too weak to be seen with the human

eye. A device which can detect a very weak pulse of light and con-
vert the light into an amplifiéd electrical signal is the phqtomultipliér
(PM) tube. Moreover, the amplitude of the amplified electrical output
pulse is proportional to the intensity of the input light pulse v(and hence
to the incident gamma ray energy). * Therefore, a measurement of thé
number of electrical pulses from the PM tube as a function of their
size is directly related to the gamma‘ ray spectrum incident on the Nai
cryétal. |

The photomultiplier tube consists of (1) a. photocathode

which converts the light signal into an eleétrical signal and (2) a series

of dynodes which amplify this electrical signal; the entire structure is

contained in a vacuum and resembles a large radio tube. The most
frequently used tubes cof;tain a Cs-Sb or Cs-K-Sb ﬁhotocathode; light
photons with wavelengths around 4000 A° incident on this material
cause the emission of energetic photoelectrons.:

The photoelectrons are Qlectroétatiéally focused and

accelerated onto the first dynode whose surface is coated with a

* The relationship is not precisely linear; further information on the
deviations from linearity can be found in several of the suggested
references on Nal detectors.
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secondary emitting Ama'teriall. Thié material (typically Cs-Sb or
Ag-Mg) has the property that when it is bombarded 'by electrons with A
ene‘rgi-és_'o'f séveral hundred eV, more electrons are emitted from |

. the surface than the number incident on it. Typiqal valueé for a
dynode multiplicétion factor fall between 3 aind 57 * Electrons from
the first dynode are foéused onto ai second dynode, those from the
second onto a third, etc. | Thus, by an apprdpriate arrangement of a

series of secondary emitting surfaces, a cascade amplification of the

original photocathode current is obtained. The process is illustrated

in Fig. 3.3.
Photocathode
| NaI Crystal ' dynode 2 - anode —p output ‘
photo ‘ - electrical
electron y pulse
light -~~~ ‘
photon o \)
dynode 1 dynode
Fig. 3.3. Photomultiplier tube operation
* The gain or amplification (G) of the tube is given by:
G=¢" ' 3.5) ¢

£ Ao ' 4 e ' - number of electrons which leave thé surface
dynode multiplication factor number of electrons incident on the surface .

This factor depends on the dynode material and the voltage applied between
~dynodes - the values given here are for typical operating conditions.



where _
6 = dynode multiplication factor (3 to 5)

n = number of dynodes‘.

Therefore, a PM tube with 12 dynodes (or stages) and a dynode multi- |
plication factor of 4 has a gain of (4)12 or approximately 107.
The typical tranéit time of an electrical pulse,‘ through tﬁe
'd'ynode structure is 20 to 80 nanoseconds. Characteristics for two
commercial photomultiplier tubes commonly used with Nal crystals |
are given in Table 3.1. The cross section of a typical PM tube (type 150
- AVP) is shown in Fig. 3.4.

TABLE 3.1

CHARACTERISTICS OF COMMERCIAL
~ PHOTOMULTIPLIER TUBES

Tube Size Wave length | Number
Manu- Tube |LengthfDia.| Cathode |of maximum| of »| Total
facturer| . Number (in.) | (in.)|Material| response |dynodes|Gain| Voltage

Amperex| 56-AVP 7.5 | 2.1 |Cs-Sb  [4200 + 300A| 14 108 | 2200v

RCA 8576 5.7 | 2.1 |Cs-K-Sb|[3850 + 300A 12 4x ( 2000V

*The gain is that which is obtained for the total voltage specified. The
total voltage is that applied across the entire string of dynodes.
An idea of the size of the signals generated in a Nal gamma
detector system can be obtained from the following example: Assume
that a 0.5 MeV gamma ray is totally absorbed in 'a NaI crystal. The

average number of light photons generated (nL) is (from equatidn 3.1):
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- Fig. 3.4. Cross section of a typical photomultiplier
tube. (Amperex Electromcs Corp data sheets).

These photons have an average wavelength of 4100 A (or equivalently,
an average energy of about 3 eV). A typical conversion efficiency for
a photocathode is about 5 x 10~ -2 photo electrons/eV of light .energy.

Therefore the number of photoelectrons produced at the photocathode

(N ) (assummg all the light is collected) is:

51
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‘N =(1.0x 10* photons) (3 eV/photon) ( 5 x 1072

photoelectrons/eV)
Np =1.5x 103 phdtoelectrons

Assuming all thése photoelectrons are collected at the first dynode

7

and the PM tube has a gain (G) of 10, the total charge (NT) in the

pulse which appears at the output is:

NT - NpG

~1.5%10° (10") (1.6 x 10719

coulombs/electron)

=2.4x 10_9-coulombs.

Since this charge cén be collected in times of fhe order of a micro-
second, the signals correspond to peak currents up to about a milli-
amp. Amplifiers are used fo raise this Signal level to values which
can be conveniently recorded.

Il the ﬁﬁmber of electrical pulses are recorded as a
function of their amplitude, spectra such as those shown in Fig. 3.5a
and 3.5b are recorded. (Fig. 3.5a is a spectrum from 0. 662 MeV
incident gamma rays and Fig. 3.5b corresponds to 1.38 and 2.76
MeV incident gamma i‘ays.) As in the case of Ge (Li) detectors, full
energy peaks due to photoabsorption and multiple procésses are clearly
visible for each of the incident gamma-rays. The continuum from |

Compton scattering is also evidenﬁ, as are the "Comptoh edges"
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(the maximum energy which can be imparted to an electron in a

-Compton scattering event (Ema_x))' at

E = — : (2.3)
max moc

1+
2E y

The events between Em-ak and the full energy peak are due to incident
gamma rays which undergo multiple Compton scatterings within the
crystal and which finally es'cape without depositing all their energy
in the detector, or which undergo combinations of pair production
followved by Comptoﬁ scattering and escape of the annihilation gammas
(Fig. 3.5b). No events related to pair production are evident in
Fig. 3.5a because the incident gamma-ray energy is less than the
minimum energy required fdr this proceés (1.022 MeV). The single
and double escape peaks from pair production processes are easily
seen for the 2.76 MeV gamma ray in Fig. 3.5b. The peak labeled
"backscatter' in Fig. 3.5a is due to gammé. 1'éjrs which scatter from
the surroundings into the érystal. The backscatter peak energy cor-
responds to gammé.srays which have sen.ttcréd through an angle‘of

about 180°%; analytically,

-
0511 Mev }
) S
y

(3. 6)

E(backscatter) =E |1 - '
Y 1+
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From this expression for the backscatter peak energy, it
can be d-etAermined that tchf backscatter peak will always be found at
an energy less than Eg—— (about 256 KeV), irrespective of the
incident gamma ray energy (Ey) and that th'é difference between E,
and E (bé._ckscatter) decreases for decreasing incident gamma rayhi
energy.

The effect of ﬁsin’g larger detector volumes to increase the
ratio of the number of events which appear in the photopeak, compared
to the number of evehts which appear in the continuum can beA easily
seen in Figs. 3.5a and 3.5b. As in the case of Ge(Li) detectors; this
effect is based on the fact that a larger sehsitive volume increases the |
probability for multi'ple interactions. Therefore Compton scattered
gamma rays and annihilatioﬁ gamma rays folloywing pair production are
more likely to be absoribed and the total ené_rgy of the incident gamma

ray is deposited in the detector.

There,_fére, as in the- case of Ge(Li) deteclors, the use of
Nal detectors for Safeg‘uards assays is obvious. The measured gam-
ma ray spectra are charaéterized by peaks which éorrespond to thé
" energy and intensity of the gamma rays incident on the detector.
Since the energy and intensity of the incident gamma rays depend on
the éirhount and composition of nuclear material in the ‘sample,-a
meésﬁré of the':pea.’k,'.s' energy and the counts within the peak can be

" used lu assay the sample. :
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3.2 Description of Nal Detector Systems

NéI gamma ray detector systems contain the following components:

(A) Nal crystal, suitable packaged
(B) Photomu1t1p11er tube
(C) Detector electronics (preamphﬁer, main amplifier, and

pulse height analyzer).
A. Nal Crystal

Nal crysfals are available in a variety of shapes and sizes;

- right circular cylinders up to 6 inches deep and 6 inches in diameter

are available commercially as off-the-shelf items. The crystals are

hygroscopic so that they must be kept in hermetically sealed containers.

‘Generally, the crystals are surrounded by a thin layer‘ of MgO or Al,0,

(a reflecting surface for efficient light collection) and then packed in an

aluminum ¢asing. The crystala: are relatively fragile, especially e

. larger sizes, and care should be taken not to subject them to meéhanical or

thermal shocks to avoid crackmg them. The alummum casing may have -an
opucal window for transm1ss1on of the light pulses to the photomu1t1p11er
tube, or in some cases the crystal may be mounted le manently to-the
faqe of the 'p'hqtomulﬁpliez" tube. In either case, good obtical coupling

between surfaces is obtained by appiying a thin layer of a high viscosity -

) silicone oil between them (e.g., Dow Corning DC-200). A typical |

arré.nggment is,shown in Fig. 3.6. In some special cases, a plastic
light pipe may be used to éouple the crystal to the PM tube in _order‘ to
place the scintillator further from the photocathode or to cou_ple a small

(large) crystal to a larger (smaller) photocathode area.
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Fig. 3.6. Nal crystal mounted on a PM tube. (22)

B. Photomultiplier Tube

The PM tube resembles a large radio tube. Commonly
used tubes have photoc.athodes ranging from 2 to 5 inéhes in diameter.
There is-a set of pins at the bottom of the tube which plug into a tube
base which contains the high voltage resistor string for the dynodes aﬁd
usually a simple preamplifier as well. The entire PM tube is usually
' sui'rounded by a magnetic shield of high permeability material such as
CO-NETIC and/or NETIC. * The shieid prevents the earth's magnetic field
and other stray magnetic fields from defocusing the low energy
electron trajectories within the tube which would degrade the perform-
ance. A typica} Nal crystal-PM tube assembly is shown in Fig. 3.7.

C. Detector Electronics

. A block diagram of the Nal detector electronics is shown

in Fig. 3.8.

* Trade names.
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Fig. 3.8. Block diagram for detector electronies.

" 'The electronic components used to make up the Nal detector
system are the same as those used in the Ge(Li) system. ‘However,
although the components satisfy the same functions as those described

in Section 2.2 for Ge(Li) systems, the specifications for the individual
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components need not be quite as étringent, since the intrinsic energy
resolution of the 'NaI detector is much poorer than that of a Ge(Li) |
system. Therefore, electronic problems which would noticeably
degrade the energy resolﬁtion of the Ge(Li) system, may be undetect-
able when present in a Nal system. Energy resolution for Nal sys-
tems will be covered in greater detail in the follc‘)wing. sections.

3.3 Performance Characteristics of Nal Systems

The same characteristics which were used to evaluate Ge(Li)
systems for Safeguards nuclear material assay applications are im-
portant for evaluating Nal systems. These are:

(A)‘ Energy resolution

(B) Effiéiency |
As the performance of Nal systems is examined, jt will be contrasted
with that of Ge(Li) detector systems. This will afford the reader with
a chance to directly compare the relative merits of thé two alternative |
systems.

A. Energy Resolution

The energy resolution is parametrized by a measurement of
the full width at half maximum (FWHM) of the full energy peak as
_explained in Section 2.3. Several important factors contribute to the

observed width of the peaks in a Nal gamma-ray spectrum:

+
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The production of light photons in the Nal crystal by
incident gamfna-rays is a statistical process so that
there is an intrinsic spread in the signal strength
due to incident gamma-rays of a given ehergy. In
addition to the stétisﬁcal effect, local variations in
scintillator .efficiency and edge effects also con-
tribute to an- increased peak width.

Imperfections in thé process of éollecting light
photons at the photocathode results in increases in
lhe observed resolution. The effec'ts of self
absorption, reflection losses and 6ptica1 flaws in
the éoupling between PM tube and crystal all coﬁ- |
tribute to increases in the observed peak width.

The prdduction of phatoslactrans in the photocathode

of the PM tube which will successfully reach the first

dynodg is a statistical process aI;ld fluctuations
here add to the observed Nal peak widlh. Some
MM tubes suitable [or gauuna-ray spectroscopy _
have focusing grids between the photocathode and
first dynode wlllichA can be adjusted to enhaﬁce the
photoelectron COlleNCﬁOH and hence- reduce the |

importance of this effect. Nonuniformity of the



photocathbde response also adds to the broadening
of the ob.s'erved peak' width.
4, | Finally, the amplification of the electrical signal
| in the dynode structure is also a statistical process
which adds to the peak width. (This is based on the
| fact that secondary emission is a statistical pheno-
menon.) The effect is especially important at the 
first dynode where the number of incident electrons
is small and statistical fluctuations are therefore
large. For this reason, the first dynode may have
a higher vbltage drop and be constructed of a
material with an especially high secondary efnission
ratio. The impoftance of this effect can be reduced
by raising. the dynode-to-dynode voltage up to the
point where further increases in ampliﬁcation re-
sult in thermal noise problems, or non-linear |
. responses are observed. The addition to the system .
resolution due to amplification of the photocathode
signal varies as E y-l.
The total Nal system resolution is sometimes expressed as
follows:

rR=va%.p% ‘ (3.7

“where
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R = Nal system resolution (percent)
A B = contributioﬁs to the systenﬁ resolution due to:
(A) light production and collection
(B) photoelectron production and collection
at the first dynode and PM tube

-amplification.

These quantities are given in Table 3.2 as measured for a

given cr'ys»tal- PM tube combination at several gamma ray energies.

- TABLE 3.2

ENERGY RESOLUTION COMPONENTS
FOR A NaI DETECTOR (2%

E . (MeV) R%) | A% | %)

0.21 10.9 8.3 7.1
0. 66 7.7 6.6 4.0
1.07 6. 6 5.8 3.2

The energy resoiution for a Nal detector system ié often
qudted for the 0. 662 MeV gamma rays fro'rh 13'7Cs. Typical figures range
“from 7.5 to 13. O%depending on the parti(mlaf detector c'onfiguratiOn.
Resolutions as low as 7. 0% have been reported for specially designed
systems. In comparison, Ge(Li) systems have ehefgy resolutions 'on" :
the order of 0.4 to 0. 6% under the same cohditionsf This is about 20
ltimés better than the Nal system; the faet is graphically illustrated

in Fig. 3.9.
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Due to the significantly poorer resolution obtained from Nal
sysfems, noise problems introduced by presently available nuclear
preamplifiers and amplifiers are ‘relatively' insignificant; although
excessive count rates and carelessly tuned amplifiers can still broaden
the resolution to figures ‘higher thaﬁ those quoted above.. Because bf
- the inherently boorer resolution, Safeguards assay problems which
are adequately handled by Nal detectors may successfully .emplo'y
pulse height analyzers with a limited number of channels or even
Single channel analyzers to store and display the data.

It is evident that for assay samples where it is necessary
to separate peaks which iie close together, the high resolution Ge(Li) -
detector is the most apprOpriate system to use. An illustration of this

is shown in Fig. 3.10 where the resolution of the 203.5 and 207.9 KeV
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Detector Efficiency

| , ‘it was pointed qut in Sec.tion 2 that larger detectors imply
. greater detection efficiency due to increased solid angle, longer path
lengths of the incideﬁt radiatipn through the detector, and increased
probability for multiple prbcesses to occur. Larger detectors thus-
add events to the useful information contained inl the‘full. energy peak.
This is illus,trated by the gamma spectra shown in Figs. 3.5a and 3.5b
for Nal crystals of different sizes.

- The t(:)tal pea.k‘ efficiency versus incideﬁt gamma ray energy
for a 3-incﬁ diameter f: 3 inch deep Nal éry;stal ldcated 20 centimeters
from the assay sample is given in Fig. 3.11. At 1.3 MeV, the peak

efficiency is about 20%; i.e., 20% of the gamma rays incident on the

detector will be detected and appear in the full energy peak. Ge(Li)
detectors with a volume of 40 cm3 have an efficieﬁcy of about 7% of
fhat of the Nal; i.e., about 0.07 x 20% or 1.4% of the gamma rays
incident on a 40 cm3 Ge(Li) detector will be detected and appear in the
fuli energy peak. The largest and most efficient Ge(Li) detectors pro-
duced today cannot do much more thaﬁ triple this figure, hence one -
éonciudes that Nal detectors are approxiinately 9 to 10 times mo;-e
efficient than their Gc(Li) counterparts.-'

This, however, does not give a complete picture of the actuél

situation. . Figure 3.12 shows the peak to total ratio for several Nal
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crystals. This parameter is defined as the fraction of counts which will
appear in the total energy peak compared to the total number of counts
detected. From this figure it is evident that a sizeable fraction of the
events recorded will appear in the Compton scattering continuum (e.g., at
1.3 MeV and a sample-detector separation of 10 cm, about 65% of the events
recorded will be in the continuum). Therefore, in cases where a number of
gamma-rays of different energies are incident on the detector, 1t may be
difficult to pick out a low intensity gamma peak which lies alop a Compton
background from higher energy lines. In some cases, the Ge(Li) detector
with lower efficiency (hence poor statistics) still provides better information
by crowding fewer counts into a small number of channels. This effect can
create a much more recognizable peak in the gamma spectrum. An example
of this is shown in Fig. 3.13 for the 238U peaks at 0.767 and 1. 001 MeV.

In summary, Nal detectors have greater efficiency than Ge(Li) de-
tectors, but this is offset in many Safeguards situations by the better energy
resolution which can be obtained with Ge(Li) systems. Nal is most useful in
cases where the additional efficiency is required because of very low count
rates and there is little or no chance of impurities confusing interpretation
of the data which is obtained. There arc also u [ew cases where Ge(l.i) de-
tectors are impractical because of a lack of available space for the dewar,
the absence of liquid nitrogen for cooling, or an inability to provide even
the minimal amount of maintainence (liquid nitrogen replenishment) which
these detectors require. Even these problems may not be unsolvable, sin
development still continues in the areas of improved cryogenic systems and

more versatile detectors (e.g. the pure germanium crystals).
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4. AN EXAMPLE OF A NUCLEAR MATERIAL ASSAY USING
GAMMA-RAY SPECTROSCOPY
The last section of this document describes a plutonium assay
of reactor fuel pins as an example of the use of gamma ray spectros'copy
in Safeguards' applications. A relatively simple assay problem was chosen
fbr this eXampIe in order to focus attention on the important properties of -
Ge(Li) and Nal gamma ray detectors that were discussed in the preceding
sections. The example is also intended to illustrate the basic procedure
for acquiring and processing gamma spectroscopic information fqr nuclear
materials assay work, uncomplicated by considerations imposed by samples .
with difficult géometriés, inhomogeneoﬁs distributions of material, and con-
taining non-nuclear matﬁces’ of unknown composition. Techniques for deal-
ing with samples which are inherently more difficult to assay are described

in the technical literature.

4.1 Sample Description

The nuclear material samples were zero-power-reactor (ZPR) fuel

- pins. There are three classifications of pins labeled I, G, and H, each

containing different loadings of plutonium-uranium oxides. Nominal char-

acteristics for the fuel pins are given in Tablc 4. 1.
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TABLE 4.1

ZPR MIXED OXIDE FUEL PIN CHARACTERISTICS

Nominal dimensions - 3/8 in. dia., 6 in. length.‘
' Nominal weight - 90g
Cladding - stainless steel

Composition - PuO2 and UO2

Pu isotopic (%) o
Classification| w/o Pu| 238 | 239 240 | 241 | 242 | 2¥1am
F 13.32 | .046 | 86.72 | 11.50 | 1.55 | .188 | .034
G 26.63 | .046 86.53 | 11.57 | 1.67 | .192 | .068
H 15.77 | .087 | 68.45 | 25.56 | 4.53 |'1.38 | .061

4.2 Apparatus Description

The fuel pins were asséyed in two different setups, 6ne elmploying
a Ge(Li) detectdr and the other a Nal detectqr. The mea'suremen't .geometries
and detector characteristics for both setups are shown in Fig. 4.1. The dis-
tance between the fuel pin and detector have been adjusted in both cases to
keep the analﬁer deéd time* betweer;;‘l’3 and 5 percent. This was done to pre-

vent high counting rates from degrading the system's energy resolution.

*Dead time - the percentage of the total time that the multichannel analyzer
cannot accept input signals from the detector because it is "busy'' processing
information. The multichannel analyzer used automatically corrected the. data
for dead time, by counting in real time for a period equal in length to the pre-
set count time plus the measured dead time.
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The smaller separation between detector and fuel pin in the Ge (Li) setup
reflects the fact that the intrinsic gamrﬁa ray detection efficiency of the
Ge(Li) detector is oniy several percent of that of the NéI detector.

A layer of lead 1/16 in. thick was placed betﬁ/een'the detector and fuél
pin in both setups to reduce the intensity of the low energy plutonium and

239Pu 414 KeV gamma

uranium X-rays compared to that of the prominent
ray of interest. (Sixty-eight percent of the 414 KeV gamma rays pass
through the 1/16 in. lead filter while less than.. 01 percent of the plutonium

and uranium k X-rays get through). This filter was not optimized for this

problem, but it was adequate.

4.3 Anaiyzer Energy Calibration-Energy Resolution-Sample

Identification

It has been previously pointed out that gamma riy spectroscopy |
can be applied to samples of nuclear materials to identify their contenfs
.and 'ﬁo quantify the amount of material present. The first functipn, that of
identification of materials, is accomplished by determining the energy of
observable peaks in the spectrum and comparing the results with existing

data on gamma ray spectra from standard samples. (11)

In order to deter-
mine the energy of a peak observed in the multichannel émalyzer spectrum,
the analyzer must be calibrated with a set of standard radioactive sources.

There are a number of such sources available, but for this example, those

listed in Table 4.2 were used.
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TABLE 4.2

RADIOACTIVE CALIBRATION SOURCES

Radioisotope Gamma Ray Energy (KeV)
13704 | © 661.6
22

Na 511.0
. : 1277 (off scale)

235U ' 185.7 (prominent)

and numerous others

The calibration sources were alternately placed in approxi-
mately the same position as the fucl rods, but with the 1/16 in. lead .
filter removed, and counted for 200 seconds. The amplifier gain con-
trols were adjusted so that the 137Cs peak (661.6 KeV) appeared in the
upper portion of the 1024 channel spectrum. This insures that the promi-
nent 414 KeV line from'zsgPu will be on scale. For purposes of demon-
stration, the amplifier gain controls on both the Ge(Li) and Nal systems

were adjusted so as to position Lhe 137Cs peak in approximately the same

~ channel. The spectra from the three calibration sources are shown for

the Ge(Li) and Nal systems inFigs. 4.2 and 4. 3 respectively. The follow-
ing data was then obtained from these spectra for the Ge(Li) system; a

similar analysis can be perfofmed fof the Nal sys'-cem.'
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Calibration Source Peak Energy (KeV)  Channel Number

13704  661.7 - 880. 5
22\, 511.9 e
235, 185.7 L e3n

These data are plotted in Fig. 4.4. A straight line fitted to
the measured points shows that the full energy.peak of a gamma ray
with energy (E,) is related to the channel (C) in which it appears by the

expression:

C(channel no.) = Ey (KeV) X 1.352 - 13.5 (4.1)

Notice that there is a slight ""zero offSe’;", i.e. zero gamma ray energy

does not fall in channel zero, but 13.5 channels offscale to the left. This
is not important for our calibration, however there is a zero level adjust-
.met.lt on most analyzers which can Abe Aused to adjust the calibration so that

zero energy does fall in channel zero. Note also that the energy width of

each channel is given by:

AE 1

channel =~ 1.352 ‘

0.74 KeV/channel
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The energy resolution of the Cs peak fdr both detectors

can also be measured from the calibration spectra. The full width at
half maximum (FWHM) for the Ge(Li) and Nal spectra are approximately

3 and 72 channels respectively.

Ge(Li) (FWHM) = 3 channels x 0.74 KeV/channel = 2.2 KeV

Nal (FWHM) = 72 channels x 0.74 KeV/channel = 53 KeV

or as commonly expressed for Nal, 65—632% = 8%

After calibratidn, a fuel pin was plaéed in position and counted
for 1000 seconds in the Ge(Li) setup and for 400 seconds in the Nal setup.
The spectra are shown in Fig. 4.5. The Ge(Li) detectdr shows prominent

peaks in the channels listed in Table 4. 3, the respective energies can be

determined from Fig. 4.4 or from equation 4.1.

The 414 and 375 KeV peaks can be positively identified as orig-

inating from 239Pu in the sample; the 332 KeV peak contains counts from

239Pu, however 241Am or 237U could also contribute to the area under the
vbserved peak since the energy resolution of the system is not adequate to

separate the different peaks from the individual isotopes. 2‘HAm and 237U

(both decay products of 241

peak along with 233’[‘.’1‘. However, inspection of the spectrum reveals no

- strong 233U peak at 317.15 KeV(ll)

. of 233U in the sample, leaving only 241Am and 237U. This cursory com-

, so that one can rule out the presence

parison of the spectrum with available data has therefore identified

i 4 B
presence of 239Pu and possibly 241Pu (through its decay products 24.1Am

'Pu) are also possible contributors to the 208 KeV

79
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TABLE 4.3

IDENTIFICATION OF PROMINENT PEAKS IN THE
FUEL ROD SPECTRA

Channel Energy (KeV) (Il) - Gamma Ray(ll) |
Number (from Fig. 4.4‘) Isotope Energy
546 414 | 289p, 413.71
493.5 375 29, 375. 04
435.5 332 28Ty @tlpy . 332.34
2410 m *lpy) 332.39
239, - 332. 84
2675 208 2415 m 4py) 208,00
23Ty (34py) 208. 00
233y 208. 18
and 23'7U) in the saniple. Closer inspection of weaker lines in the spectrum

coupled with argiiment_s- similar to the above can lead to identification of

the other plutonium isotopes and 238U as well. Only the stronger lines were

considered here to illustrate the technique of material identification.' In con-
tinuing with this example, we will concentrate our attention on the 239Pti

peak at 414 KeV which is uncontaminated by contributions from other isoto)
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Fig. 4.5. ZPR fuel pin spectra (Ge(Li) and Nal).
Prominent peaks are labeled.
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‘It is appr.opfiate at this pointhto compare the Ge(Li) and Nal
spectra from the same ZPR fuel rod. The large Ge(Li) peaks at 414,
375, and 332 KeV (togethef with a number: of smailer peaks) appear as
a broad, double humped peak in the Nal spectrum (Fig. 4.5); the large"
208 KeV peak is fairly well defined in both spectra. It is ob;vious from
comparison of the respective spectra that some material identification
is possible with the poorer resolution Nal system, but that the Ge(Li)
spectra offer much more positive information.

Once it has been decided to assay for a particular maferial, it

is often convenient to expand the analyzer presentation over that region

.of the spectrum where the peaks of interest appear. This can be done by

any of several methods including using an analyzer digital offset or using
a biased amplifier after the main amplifier. All of these techniques allow
the operator to move the zero channel of the spectrum to a selected energy

E, . The spectrum above E, is then expanded to cover the region of interest

L

from EL to EH

digital offset was used in this case). This technique' is especially useful

I
This technique is illustrated in Fig. 4.6 (the analyzer

where interfering peaks lie close to those of interest, but whereby using a

small energy interval per channel, the two can be adequately resolved.



‘COUNTS PER CHANNEL

:tgo‘ l l. o~ 1 1 i L 1 } 1 |
208.
_ KeV'
2.40 — . -
' i.u;-'-l o o
. 332 o, 414
aady BN ‘Kev . KeV -
\.» ! ot
¥ sl o, . A I ‘
00 e T e Vet vl e = -
-00 0 - 20 .30 40 .80 60 270 . C 3.00 £.10 x30
.EL
:fgof 1 1 i 1 1 1 1 i 1 i 4
! T
- 208 . :
KeV . '
e | :
o ' . : _ T -
S 332 375 414
40 . R : KeV - KeV KeV ~
D , '_ ER H N {
. ;. I-
: by o
.00 W W—-r‘
.00 1.00 .10 x10

83

CHANNEL NU MBER

Fig. 4.6. ZPR fuel pin spectra - expanded scale.

3

3



84

4.4 Quantitative Ge(Li) Assay

The technique employed for 239Pu assay of the ZPR fuel pins was
to use two fuel pins as known standards and compai'e the unknown pins with
the stanqard pins. Under normal circumstances, the standards would be
carefully sampled and analyzed using destructivc or. other téchniques and
the assumptions of homogeneity would be checked. The fuel pins were '
placed in a reproducible positjon with réspect to the detector and the
number of 239Pu 414 KeV gamma rayé which interacted in the Ge(Li) |
detector and appeared in the full energy peak were related to the amount
of 239Pu in the samplé. This type of assay assumes that the attenuation |
of gamma rays in the fuel pin cladding is approximately the same for all
pins, that the distribiution of material in the pins is homogeneous, and
that the a{rerage atomic number and density of the pin contents is the same
for all pins. If for some reason these assumptions were not considered

acceptable, other more complicated methods could be used whiéh would

eliminate one or more of these assumptions in order to insure an accurate

"~ assay. (For example, the pins could be spacially scanned by a collimated

detector to detect non-homogeneous distributions of material.)
In this example, two fuel pins were used as standards and the
contents of these pins were assumed to be well established. The charac-

teristics of these pins are shown in Table 4. 4.
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TABLE 4.4

STANDARD ZPR FUEL PINS

Isotope Per centages

Pin Core ' | ' ’: 24i 239Pu

Number| Weight (g) |w/o Pu | 238 | 239 240 241 | 242 Am|Content g

STD 1| 89.24 15.767 |. 0872 | 68.449 25.556) 4.526|1.381 ).0607 9.631

STD 2| 89.92 26.631 |.0460|86.527|11.570{1.665[0.192 |.0683 | 20.72

The basic.assay procedure was to place the fuel pin in tﬁe position
" shown in Fig. 4.1. The analyzer was first zeroed and then a count was taken
~ for 1000 seconds-(live time) or about 1020 seconds in actual ciqck time, v;hich
Acorv'responds to a dead time of about 2"percent. After the counting period, the
- spectrum (STD 2) shown in Flg 4.5 was obtéined and thé data prihted out on
paper tape (counts pér channel). An expanded view of the 414 KeV region is
.shcgwn in Fig. 4.17.

The method used for determining the number of counts in the 414 KeV
-peak shown in Fig. 4.7 is described below: The 414 KeV peak was assumed to
lie in channels 541 to 54.9 (inclusive). The Compton background under the peak
was assumed to be that lying below a sloping line drawn under the peak passing
througﬁ a value in channel 541 equal to the average number of counts/ channel‘

in channels 536 to 540 (inclusive) and passing through a value in channel 549
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equal to the average number of coimts/channel in channels 550 to 554

(inclusive):. The mathematical expression is given by:

| | 4.2) .
Compton background = Avg. counts/ch (536—540)24-Avg. counts/ch (550-554)x9 ch.

Therefore from Fig. 4. 1,
Total counts (ch. 541-549 inclusive) 20822
Average'cognts/channel (536-540 inclusive) 804/5 =161
-Average counts/channel (550-554 inclusive) 510/5 = 102
Compton background (Eqn. 4.2) | 161;102 %9 = 1197
Net counts (414AKeV peak) = Totél counts - Compton background |
= 20822 - 1197

= 19625

The statistical uncertainty (1 standard deviation) of this number is given

. by:*

1

Statistical standard deviation A/ Total Counts + Compton Backgroﬁnd
20822 + 1197
N 22019

- = 148

i

239

Therefore, assuming the error in the known Pu content of STD 2 is

‘negligible:

19625 + 148 counts/1000 seconds = 20.72 g >59py

*See for example, E. Segre, Nuclear and Particles, W. A. Benjamin,
Inc. New York (1965). '
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A similar measurement of STD 1 yields the following result.

9126 +104 counts/1000 sec. = 9.631g 25 Pu

A straight line relationship between counts versus grams 239Pu was
assumed resulting in the calibration chart shown in Fig. 4.8. This
relationship between counts versus grams 239Pu can be mathematically -

expressed as

grams 2395, _ counts/1000 9s4ég.7§414 KeV peak) (4.3) .

An unknown ZPR fuel pin was placed in thé same position as
the standards, counted for 1000 secondé and the data was reduced in
exactly the same manner described above. 'I'he result was 9700 + 107
counts/1000 seconds. Using Equation 4.3 or Fig. 4.8 and ignoring uncer-
tainties in the calibration curve itself, this result corresponds to

231 .
10.25 £ 0.11g un. (This is in agreement with the manufacturers valuce

of 10.31g 239Pu.) The unknown result is also plotted on Fig. 4.8.
This completes the presentation of an example of a simple assay

problem using gamma spectroscopy. The defails of the techniques used to

assay the samples and process the data (including the method of background

‘subtraction) are not unique; however, it is most important that the tech-

niques selected be followéd consistently for all assays of a given type of

~sample. It is also appropriaté to reemphasize that the underlying basic
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assumptions in any assays based on standards are that (1) the contents
of the standards are well known and (2) the standards are repreéentative

of the unknown samples under assay.

4.5 Nal vs. Ge(Li) Assays

We now' briefly consider the problem of assaying the same ZPR
fuel pins using the Nal detector setup (Fig, 4.1). The same rules and
aSsumptions apply to the case of Nal assay as applied in the Ge(Li) assay
with several important additional cons'iderationsT In the Ge(Li) assay,A a
single, clean peak at 414 KeV was easily identified, a simple Compton

background correction made, and the net area under the peak attributed

to gamma rays from the isotope 239.Pu.

In the case of Nal, the¢ energy resolution is not good enough to -

clearly separate the strong 239Pu peaks at 414 KeV and 375 KeV and a

2317.
strong peak at 332 KeV with contributions from 23Q'Pu, 241Am, and “37U.

(There are also a number of smaller peaks originating from several Pu

24"1Am)/ 239Pu ratio

were constant for all the fuel pins, one could cdnceivably relate the 239Pu |

, 2 '
isotopes in the same energy range.) If the ("'37U +

‘content to the area under the entire duuble-humped peak containing all three

strong lines.

" In the present case, however, different ZPR fuel pins contain

different amounts of 241Pu and hence differént amounts 6f 237U and
241 24

Am. The relative contributions of 239Pu and (237U + 1Am) to the
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* double humped Nal peak are therefore different for different fuel pins.

This is easily seen in Fig. 4.9 for Ge(Li) spectra of fuel pins contéining
different amounts of 2‘MPu, and can also be seen with sémewhat more

| difficulty in the case éf Nal spectra taken of the same pins (Fig. 4.10).
Cori'ections to the Nal data i:o separate the 241Am and 237U contributions
from that of'239Pu coqld coﬁceivably be made by measuring the ﬁrea under

_the 208 KeV peak (primarily 23F’U +241Am) together with the area under a
collection of peaks (off-scale in the present'data) in the region 650 té; 750 KeV
which originate primarily from‘2»41Am. There' are several reports in the

technical literature which describe a technique based on this approach. *

Thus, for these particular fuel pins, ‘the poorer energy resolu--
tion of the Nal detector requires data analysis which is considerab_ly more
complicated than that described previously' for the Ge(Li) system. In cer-

tain circumstances this difficulty may be sufficiently offset by the greater
_ efficiency of the Nal which implies éhorter counting times and greater sensi-
‘t.ivity for small amounts of material. Operational constraints may also be

important, such as a lack of liquid nitrogen for Ge(Li) detector cooling.

This example serves to illustrate hdw the basic differences in
efficiency and energy resolution between Ge(Li) and Nal detectors affect

the application of gamma spectroscopy to a particular assay problem. In

*See, for example, D. A. Bishop, E. A. Aitken, Plant Instrumentation
Program Quarterly Report, GEAP-12114-3, (1970).
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COUNTS PER CHANNEL.
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general, if gamma ray spectroscopy is to be considered for a nuclear
materials assay problem, the decision of whether or not to use Ge(Li)

or Nal detectors depends on answers to the following questions:

1. What information is required from the assay ?

2. What interferences can be expected from other materials

in the sample ?

3. What are the operational constraints on the system ?

A working knowledge.qf the fuhdamental properties of both.type's '
of detectors is necessary in order that' an intelligent choice be made. It
is hoped that this document can provide an introducfion to this technology
and also serve as a convenient reference for sOme' of the more basic

| information. As Was pointed out earlier, there are many other compli-

cations which arise in the consideration of larger, inhomogeneous samples
with awkward geometries and unkndwn content. The reader is referred to
the growing collection of technical literature for further information on more

- difficult and challenging nuclear materials assay problems.
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