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PREFACE 

This third volume of the report "Analysis of Airborne 

Radiometric Data'' consists of four topical reports generated 
,...,_ .. -. ~---------- -

during the performance of subcontract 77-041-L. These reports 
cover a general discussion of the philosophy of unfolding 

spectra with continuum and discrete components, a mathematical 

treatment of the effects of various physical parameters on the 
uncollided gamma-ray spectrum at aircraft elevations, a dis­

cussion of the application of the unfolding code MAZNAI to 

airborne data, and a discussion of the effects of the nonlinear 

relationship between energy deposited and pulse height in Nal(Tl) 

detectors. 
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ABSTRACT 

The purpose of unfolding is to determine the existence 
of discrete spectral compoments, their energies and intensities, 

as well as the shape and intensity of ·the spectral continuum. 

Codes implementing these and related ancillary processes share 

joint needs for vector algebra and scaler, vector, and matrix 

I/0, storage, and graphic display, and possess an interrelated 

descript-ion vocabulary. DELPHI is an interactive English languC:l.ge 

command system which maintains basic data structures and alters 

them by activating sequences of basic utilities. MAZNAI is a 

gamma-ra~ spectral unfolding code for Nai data with discrete and 
continuum componennts, with extremely powerful peak recognition 

and resolution enhancement capabilities. MAZAS is a high speed 

line-strength estimation code for Nai data with pre-determined 
line energies.· 
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1.1 INTRODUCTION 

The receptor system consisting of a radiation source 

and spectrometer communicating into an unfolding processor, pro­
duces a flow of information that can be diagrammed as in Figure 1. 

The object spectrum, or energy distribution of radiation from the 

source, can be continuous,· discrete, or mixed. It is viewed by 

the spectrometer, which produces a multi-channel data vector. 

This observed data has passed through a· complex detection process 

and suffers from loss of energy resolution, from particle recoil 

effects, and from noise due to statistical fluctuations in the 

discrete counting process. The function of the unfolding processor 

is to minimize the effects of spectrometer response and counting 
. . 

fluctuations, constructing from the data an image spectrum that 

corresponds as closely as pos~ible to the true object. 

Spectrometers are usually linear in thier behavior. 

They produce expected data sets related to object spectra by an 
integral equation. of the form 

(1) 

where 

is the average of the incident particle energy, E, and the energy 

deposited_ in the spectrometer when an event is detected in its 

· i-th channel, Ei; where 

E = E. - E 
~ 

is the difference between these two energies; where K(E+,E_), the 

spectrometer response, is the probability of· a count being detected 

in the i~th channel when a quantum of radiation is incident on 
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·the spectrometer; and where N is the total number of events 
detectable over the full range of deposition energies, from zero 

to infinity. Generally the dependence of K on E+ is slow, so 

that over a sufficiently ·narrow energy interval, K may be approx­
imated as dependent on E alone. In this case, the integral 

relating object and data becomes a convolution integral, the 

so-called folding integral. The German name for convolution, 
"faltung", is the origin of the terms ''folding" and "unfolding". 

The conceptualization of unfolding as a process of 

deconvolution is in error in two regards: first, as we have 

already seen, the folding integral has a dependence on E+, and 
is therefore not a convolution in the strictest sense. Second, 

the introduction of noise into the sequence of information flow 

makes the sequence irreversible, destroying perfect symmetry 

between the spectrometer and the unfolding processor, separating 
the values of the expected and the observed data and making the 

image spectrum only an estimate of the object. Consequently, 

the most accurate inverse of the folding. integral does not compute 
the. most accurate unfolded spectrum. 

1.2 DELPHI: AN ENGLISH LANGUAGE INTERACTIVE COMMAND AND 
UTILITY SYSTEM FOR SPECTRAL UNFOLDING 

Whatever the method of unfolding, its purpose is to 

determine the existence of discrete spectral components, their 
energies and .intensities, as well as the shape and intensity of 

the spectral continuum. Codes implementing the requisite active · 

and ancillary processes such as data reduction, ~ata and response 

simulation, and response construction, share joint needs for 

vector algebra and scalar, vector, and matrix I/0, storage, and 
graphic display, and posses an interrelated descriptive vocabulary. 

From the user's viewpoint, this type of software is most efficient 

when integrated into a single interactive system from which common 

use can be made of algebraic, I/0 and display utilities commanded 

in the operator's native language. 
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The nature of an interactive unfolding system is illus­

trated in Figure 2. "State" refers to stored data in many forms: 

for example, in memory buffers, in peripheral devices, as CRT 
displays and hard copy. Commands initiate alterations .in this 

data, either by transmission as when data is read from a periph­

eral device into random access memory, or by active transforma­

tions such as response generation or unfolding. Computations 
specified in this manner are chained into a temporal sequence, 
although when commands are queued properly by the operating system, 

there need be no pause in execution. The function of DELPHI is 
to interpret commands ·stated in a subset of English, to maintain 

data structures appropriate for unfolding, and to activate 

sequences of basic operations or ucilicies necessary for sati~fy­
ing recognized commands. 

At the present time, DELPHI is implemented in FORTRAN 

on a DEC-10 computer. Operator interaction is by means of a 

Tektronix graphics terminal, primarily a Tektronix 4006. However, 
modular architecture has been utilized with microcomputer appli­

cations in view. This is i+lustrated in Figure 3. In addition 
to DELPHI itself, the major functional components are as follows: 

1. INPUT: Six routines for altering the command 
vocabulary. Four routines for transfering ·· 
vectors and matrices. Three routines for 
altering control parameters. One routine for 
disk transfer. 

. 
2. OUTPUT: Seven routines for grapphical displays 

of vectors, including discrete line spectra. 
Five routines for graphical displays of matri.ces, 
including columsn as vector sequences, and sur­
fa€es with hidden line suppression. Two routines 
for displaying control parameters. One routine 
for displaying the command vocabulary. One rou­
tine for disk transfer. 

3. UNFOLD: Thirteen routines for analyzing data 
with admixtures of continuum and discrete components. 

4. SIMULATION: Thirteen routines for simulating 
response matrices and data. 

10 
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5. GENERATION: Presently empty file, but allocated 
for routines under separate development for expen­
ditious construction of actual spectrometer responses. 

6. VECTOR: Elevenshort, fast routines for vector 
algebra. 

7. ~~TRIX: Five routines for matrix algebra, including 
Gram-Schmidt orthogonalization. 

DELPHI contains six routines, four for command interpretation, 

one for interpretation of switch parameters (explained below), 

and one for.command recognition and initiation of utility 

The hierarchy of data structures is illustrated in . 
Figure 4. Processes are initiated by commands, and commands are 

sequences or vectors of vocabulary entries, their proper order 

being deciperable by grammatic considerations. ·However, even 

when a process is specified, it can have many variants, depending 

upon values assumed by parameters that are either scalars or 

vectors of low dimensionality. Four types of parameters are dis­
tinguished in DELPHI, as follow: 

1. Transfer Parameters: Specifications relevant to 
I/0 operations, such as the name of the input file. 

2. Display Parameters: Specifications relevant to 
output graphics, such as the perspective for viewing 
a matrix surface. 

3. Unfold Parameters: Specifications relevant for 
employment of the data reduction algorithms, such 
as the number of data channels. 

4. Simulation Parameters: Specifications relevant for 
construction of data and responses, such as the 
assumed detector size. 

Within each parameter block, there are eight sixteen-position 

switches capable of altering modes of operation such as the 

functionally active unfolding algorithm. In practice, these 

switches have been better used for distinguishing between binary 

states, and they should perhaps be reconfigured to permit 32 (or 

actually 35-36 with the DEC-10 36 bit word) binary positions. 
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The command structure of DELPHI is reflexive in that 

is permits insertion or deletion of vocabulary data, including 
the definition of synonyms. For example, to display the part of 

the detector response matrix associated with discrete spectral 

lines, one might command 

DISPLAY THE .DISCRETE RESPONSE 

However, if it were first commanded 

MAKE 'K' SYNONYMOUS WITH 'RESPONSE' 

an equivalent display command could be stated as 

DISPLAY K(DISCRETE) 

The number of lines represented in the discrete response is not 

stated explicitly, but rather is ·implicit in the parameter struc­
ture, which can also be changed by command. Hence, the viewpoint 

.that the data architecture if hierarchical. 

Command sentences are organized into phrases as follows: 
(1) verb, (2) object phrase, (3) adverbial phrase, (4), and (5) 

two prepositional phrases. The verb is always the first word 
reading from left to right whose vocabulary information permits 

interpretation as a verb. The adverbial and prepositional phrases 

are located by their being preceded with an adverb or prep·osition. 

The object phrase is then found by a process of elimination. A 

phrase consists of an identifier, either an adverb or preposition, 

a noun object, and an adjective-modifier; except for the object 

phrase itself, which can consist of two noun-adjective pairs 

jointed by a conjunction. This structure was arrived at by 

writing down as many potential commands as could be invented, and 

then devising the minimum syntactical range capable of containing 

them. While hardly infinite, or even literate by human standards, 

it has proved quite flexible for man to machine communication 
within the scope of the unfolding problem. 
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words of 

by parts 
Iii 

Interpretation is initiated by a carriage return. The 

the command sentence are first examined and categorized 

of speech. ~umbers are translated into their appropriate 

floating point or integer form. The sentence is then parsed 

according to the grammatical rules described in the preceding 
paragraph. If the object phrase is the word "it" or "them", it 

is replaced by the object phrase of the previous command. Syn­

onums are replaced by "root words", the first word of the synonym 

group to have been entered into the vocabulary. Upon completion 

of these steps, there exists a fourteen-word vector (some of whose 

1 o~R.tions. may be blank) ,®which is passed through a decision tree 

to initiate action. 

The structure of the software is such that action is 

usually initiated by a single subroutine call. This subroutine 
may be at an executive level, in turn calling lower level routines. 

For unfolding, the "bottom level", the level at which more than 

99% of the CPU time is spent, is the level of vector algebra. Con­

sequently, the subroutines in the VECTOR module are short--usually 
two or three FORTRAN lines--making them readily implementable in 
assembly language, microcode, or by any means that permits taking 

advantage of fast arithmetic circuitry. 

1.3 OPTIMIZATION UNFOLDING 

The approach to spectral unfolding in which a function 

is optimized as the spectral estimate is varied, is based on 

Bayesian statistics. In brief, the expectation value of the 
spectrum is given by the integral 

~(E) = all~¢ f (~jD) d¢, 

where f(¢jD) is the condition probability that the spectral 

vector assumes the value ~ when the data vector assumes the 

observed value D, and where the range of integration is over 
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all physically allowable spectra. This solution is an imprac­

tical one, however, because of the high dimensionality of the 
integral as determined by· the ~umber of degrees of f.reedom of 

the spectrum. Fortunately, f(¢1D) tends to have a maximum in 

¢ closely localized at the expectation value. Therefore, optim­
ization techniques can be applied to approximately that vector 

value. 

It is difficult to formulate f(¢1D) directly, because 

doing so requires thinking backward from the observed data to 
the object spectrum. Thinking forward requires use of the 

equivalent formulation 

f(Di¢) f(¢)/f(D) = f(¢1D), (3) 

where f(DI¢) is the conditional probability of observing data D 
when the object spectrum ¢ is measured, and where f(¢) and f(D) 

are the a priori probability distributions of spectrum and data, 

respectively. Since the optimization is one in which the spectrum 
is varied, the f(D) denominator behaves as an arbitrary constant 

which can be omitted without affecting the final result. 

Another practical matter is that probabilities are 

awkward to work with, primarily because of their extreme numerical 

range are consequently sudden gradients. Liklihoods, defined as 

the logarithms of probabilities, have been useful in this regard, 

the Bayesian liklihood having the form 

L(¢1D) =La posteriori (Dt¢) + La.,priori (<jl) · ( 4) 

Optimizing the ·a p·os·teriori term corresponds to what is conven­

tionally known· as the ·maximum liklihood technique, while inclusion 

of the· ~ ·p·rfo'l'i term generally regularizes the soiution in the 
pre.sence of statistical counting fluctuations and poorly condi­

tioned response matrices. This formulation was applied to nuclear 

physics many years ago by Fermi, and was described in Jay Orear's 
Not·es· on s·t·a·tistfc·s· ·fO'r Phy'si·crs·ts (Ref. · 1) . Analogous formula­

tions have been suggested by -A. N, Tikhonov (Ref. 2) and by 

D. L. Phillips (Ref. 3). 
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The negative of the likelihood is sometimes referred 

to as the information, information function, or information 

functional, and it decomposes into an analogous sum of a posteriori 

and a priori terms: 

'.J(<j>jD) = \.Ja posteriori (Dj~) + Wa priori(~). (S) 

The rationale behind this alternate definition is that liklihood 

has remained an isolated and ad hoc construct, while the concept 
of information i~ interwoven into a rich theory with many related 

insights and applications. This usage.of the term information 
might be questioned by some purists, who would insist tha.t 

information is a statistical concept only; attributable to a 
communication channel but not to a specific message, and measurable 

only in terms of entropy. However, as long as .there do in fact 

exist two separate words, "information" and "entropy", and as 

long as it is understood that entropy is the expectation value 
of information, which itself is a random variable, the technical 

vocabulary is enriched and no confusion can arise. Furthermore; 

this technical usage is in good accord with colloquial practice. 

1.4 MAZNAI: A SUPER-RESOLVING GAMMA-RAY SPECTRAL UNFOLDING 
CODE FOR Nai DATA WITH DISCRETE AND CONTINUUM COMPONENTS 

In unfolding Nai data with discrete and continuum spec­

tral components, the problem naturally arises of determining the 
presence and energy of all resolveable gamma-ray lines. Two 

methods immediately suggest themselves: (l) perform a p~ak 
search on the Nai uata using n peak search ~lgorithm; or, (2) 
unfold the data using one ol the conventional unfolding algorithms, 

incorporating the spectrometer energy resolution into the response 

matrix and stressing the algorithm toward maximun1 resolution, then 

apply the peak search algorithm or read the spectral graph manu­

ally. These methods have serious limitations. Peak strength 

algorithms are notoriously poor at res.olving doublets and triplets 
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aggregated within data by energy spacings small with respect to 

intrinsic resolution. This problem is aggravated by the presence 

of Compton edges and above 1 Mev by single and doub~e ~scape 
peaks. Unfolding the data before searching removes the competing 
edges and escape peaks but in practice does little or nothing 

to improve resolution beyond the limit set by intrinsic detector 

characteristics. Attempts to exceed this limit generally result 
in the appearance of paradoxical oscillations, readily mistaken 

for actual peaks. 

These oscillations are a consequence of the contrast­
ingly different: frequency contents of signal and noise (frequency 

content" referring to the presence in data of wavelength compon­

ents as revealed by Fourier analysis). Signal bandwidth is 

limited by spectrometer resolution, narrowing in frequency as 
intrinsic resolution broadens in energy. In the vicinity of 

the limiting bandwidth, the signal power spectrum falls rapidly 

to small values. Noise represented by statistical counting fluc­

tuations holds its power virtually unchanged to arbitrarily high 

frequencies. Consequently, any attempt to improve the spectral f 

resolution by linear techniques produces a corresponding upward 
weighting of all high frequency components, with increased 

dominance of noise over signal. This is a characteristic of 

linear systems, not a 'fundamental information theoretic limi­
tation: If, for example, ~11 peaks sit on a continuum-free zero 

baseline, the resolution limit can readily be exceeded by the 

spectr-m that minimizes an information function in the form of 
Equation (5), with a positively constrained estimation space. 
This non-linear technique is effective for super-resolution 

because paradoxical oscillations about a zero baseline have a 

much stronger tendency to swing positive and negative than to 
remain strictly positive, resulting from involvement of lower 

frequencie~ in the latter·case. Consequehtly, a weak regulariza­

tion function, Wa priori is able to suppress oscillations without 
degrading algorithmic resolution. 
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In the MAZNAI implementation, a non-zero baseline or 

continuum is incorporated by treating the spectral estimate in 

the j-th image energy channel as the superposition of a contin­

uum and a discrete component, 

Q. = Q~ + Q~ 
J J J 

The solution is interative, with a low-pass Lengendre filter 

used to keep high frequency oscillations from building up in 

the continuum estimate. Derivation of the (m+l)-th estimate 

(6) 

is illustrated in Figure 5. Initialization at a large continuum/ 

discrete ratio, and convergence of the continuum only from the 

overestimat.e side, ensures the continuing presence of a zero­

baseline discrete structure. 

Examples of MAZNAI spectral enhancement are shown in 

Figures 6 and 7. The existence of all enhanced lines has been 

verified by separate GeLi experiments. Accuracy will be studied 

in detail in a future paper, but in general, peaks with the 

greatest intensities tend to have accuracies consistent with 

statistics and resolution capabilities. Peaks with the smallest 

intensities tend to be systematically underestimated, and peaks 

below some recognition threshold are absent from the discrete 

component but may in groups influence the continuum. Simulation 

studies have shown MAZNAI capable of resolving doublets, triplets, 

~nd quadruplets. The absence of subsidiary oscillations is 

characteristic of this technique. 

1.5 MAZAS: A LINE-STRENGTH ESTIMATION CODE FOR Nai DATA 
WITH DISCRETE AND CONTINUUM COMPONENTS 

Complete specification of an unbroadened discrete 

spectrum consists of listing two quantities per line, energy 

and intensity. These quantities are quite different conceptually 

and in the construction of efficient algorithms for their 

estimation. Energies can be determined by a variety of techniques 
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but wi~h the limited intrinsic resolution of Nal.spectrometers 

a degree of super-resolution is likely to be required. Such 

computations tend to contain non-linear elements and iri the high 

performance limit to be relatively time consuming. -Intensity 
estimation is more straightforward and algorithm.s can ·be more 
linear. Extremely high speeds are possible. 

With known line energies, "windowing", or the integra­

tion of counts over full energy peaks, is a rapid technique 

readily extended for continuum subtraction, but is subject to 
errors from continuum anomalies like Compton edges and from 

overlapping peaks. Recondit:ioning with an w1folding code improves 

this situation, but is time-consuming and never fully removes 
peak overlaps even when the energies of all parLlcipating lines 

are accurately known. By modeling the spectrum as a superposition 

of continuum and discrete analytic functions; 

cp(E) = n continuum C n discrete D 
E cpA fA (E) + E cpA o (E-EA), (7) 

A = 1 A = 1 

where cpc and cpD and the continuum and discrete intensity para­

meters, where ft.(E) is the 1.-th order continuum basis function, 
and where >-(E) is the Dirac delta function; an optimization 
algorithm can be derived for direct estimatio,n of the model·para­

meters. This process, while accurate, is also relatively time­

consuming in its exact form, because the non-:quadricity of the 

information function leads to a non-linea:r, i.e. , interative 

solution, and because each iterative stage requires matrix 

inversion or solution of coupled linear equations. 

For MAZAS, an algor ithn1 was developed which is close 

to windowing in speed and to analytic modeling in accuracy. 

To make this analogy more precise, the mathematical form of 

the windowing technique can be represented as 

(8) 

where the weight factors for the 1.-th line are unity over the 
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full energy peak and zero elsewhere. When background subtraction 

is necessary, the weight factors can assume a range of real values. 

The same form holds in MAZAS, but the weights are determined by 

approximately optimizing an information function dependent on the 

continuum can discrete model parameters. 

The specific approximations are as follows: 

1. The information function is expanded to a· second 
order Taylor series about its minimum. 

2. Data variance is assumed to have the energy 
dependence of a .specific Laplace superposition 
fitted to the average-true data variance. 

3. The continuum basis functions are assumed to be 
modified Laguerre polynomials, pretreated to be 
orthogonal·within the spectrometer energy window. 

These assumptions plus the assumed line energies permit determin­

ation of the line intensities by setting to zero the first deriva­
tive of the information function with respect to the model para­

meters, and solving the resulting linear equations. In MAZAS, 

this solution is achieved by Gram-Schmidt orthogonalization. 
Unfolding times with the resulting weight factors are on the order 

of .1 second for 256-channel data with 20 lines, in the DEC-lO 
FORTRAN implementation. · There appears to be considerable room 

.for improvement in this figure by truncating ·small weight elements 
to zero. 
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To construct, deploy and calibrate an airborne recon­
naissance system for uranium exploration· and to interpret the 
data obtained from such a system, it is necessary to understand 
the sensitivity of the reconnaissance parameters on the system 
performance. By reconnaissance parameters, we mean such items 
as flight altitude, flight ·speed, terrain, ground composition, 
ground cover, air density, relative humidity and detector con­
struction. In addition to reconnaissance parameters, other items 
such as overburden thickness and extent of ore field effect the 
interpretation of the nature of the ore body from.the data taken 
during flight. 

One cannot construct calibration facilities to exper­
imentally determine the effect of all these important parameters. 
One could analyze parametric variations for most of the items. 
mentioned above with a well-planned set of detailed radiation 
transport calculations. In lieu of both experimental data or 
extensive transport calculations, a methodology exists to enable 
an investigation of these effects· on the signal radiation. We 
use the term signal radiation or signal flux to mean the uncol­
lided (unscattered) radiation field.from the emission of discrete 
energy photons from radioactive nuclides. This approach can be 
used for analysis of emission lines of all energies of interest 
but specifically does not include the single and multi-scattered 
radiation background. This methodology is useful for the fol­
lowing cases or problems. 

• The ratio of line strengths are used to extract 
information. 

• Us1.1R lly the signal iine ( s) is larger than the 
scattered background. · 

• Estimation of background effects when experimental 
or calculational data is just not available. 
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• Designing of detector arrangements or collimator 
systems to maxfmize signal contribution. 

• Analysis of flight speed effects on detection of 
small bodies of ore. 

• Analysis of relative contribution of signal from 
ground compared .to airborne source signal as a func­

.tion of·altitude, atmqspheric density and humidity 
and airborne c·oncentration. 

• Effects of terrain, ground cover, overburden, soil 
porosity, rain saturation, ·ground composition, ore 
extent on signal strength. 

The following discussessome preliminary analysis wi..th 
this approach. This preliminary analysis incorporates some sim­
plifications which could easily be removed in a more detailed . . 
but relatively straightforward analysis,. SpecificaJ,.ly, sim-
plifying assumptions used here which are not required to apply 
the·basic approach include: 

• 
• 

• 
• 

• 

flat ground plane, 

sources are uniform and infinite in extent parallel 
to the ground plane, 

air density is constant ~t. 1.22 x 10- 3 gm/cm3 , 

air is dry (zero humidity), 

detector is isotropic and unshielded, · 

ground water uniformly distributed (no variation 
in depth). · 

With these simplifying assumptions, the cignal flux 
can be computed analytically. · The calculational configuration 
is shown in Fig. 1 a.nd the equAtions for. the sir.;nal flux. are 
shown in Table 1 and 2. The proofs for these equations are con­
tained in the Appendices. A computer c·ode, ABRA (~ir~orne ~econ­

naissance Analysis) was Written to take user inputs ·and output 
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Figure 1. Calculational Configuration. 

33 



Case 

No ground 
cover 

(hi = 0) 

With 
ground 

cover 

where 

----------

Table 1. Equations for Uncollided Flux 

Air Source 

CD 

Ez(X) = f 
1 

-Xt 
e dt 
7 

Ground Source 

-·--·--- --··- ----·------------------·---



• 

Table 2. Additional Flux Equations with Ground Cover 

Flux from air source above detector: 

Flux from air source below detector: 

Flux from air source on plane at 
distance, h, from detector 

Flux from air source in band of 
thickness, t, at distance, h, from 
detector 

Flux from source plane in ground a 
distance h below surface 

g 

Flux from source band in ground a 
distance hg below surface of 
thickness t 

DO 

-Xt 
e dt 
7 . 

where 

~ [Et(xa(hd-hc) + 1: h + c c 

~f g [ E2 ( E a (h d-h c) + 1: h + c c 

E2(:::a(hd-hc) + 1: h ·+ c c 

r 

E
8
it

8
)] 

1: h ) g g 

vh8+t>)] 



the signal flux information in an appropriate manner. Tables 

3 and 4 contain a sample output from ABRA. 

To study the effect of parameter variations, we need 

a baseline case to establish a basis for comparison. The base­
line used here is not intended to be a nominal case but rather 
the "zero point" for many of the parameters. The baseline cas~ 

is defined as: 

• sandstone ground composition of zero porosity and 
·density 2.645 gm/cm3, 

• no ground cov~r. 

• no ove-rburden, 

• detector altitude of 400 ft. 

From this base case we present a study of the effects of poros­
ity, ground cover, overburden and flight altitude on the signal 
flux at the detector using results from the ABRA code. Figure 2 
presents the variation in the total macroscopic cross section 
with energy for the three materials used in this analysis. The 
line energies considered in this analysis range from 0.2 MeV to 
2 MeV. Specific lines corresponding to, say, the uranium series 
are not analyzed, but rather, a continuous variation over the 
energy range is presented to facilitate analysis of any line 
from any nuclide which falls between 0.2 and 2.0 HeV. 

Figure 3 presents a study of the effect of flight 
altitude on the relative contribution to the total air flux 

from sources between the ground and detector. On the basis uf 
our assumptions of a uniform air source, we see that a perfect 
2~ shield for sources above the detector still leaves more than 

40% of the air flux for the 400-ft. altitude. There is not an 

unusually large variation with flight altitude. 
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Table 3. \ 
Example of ABRA Run for a Line Energy of 0.4 MeV and Flight Altitude 
of 200 Feet. 
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Table 4. Example of ABRA RiJn for a Line Energy of 1. 0 MeV and Flight Altitude 
of 800 F'eet. · 
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The relative variation in the signal as a function of 
depth in the soil of the source is shown in Fig. 4. There is a 
large variation with depth for the different energies. A 2.0-
MeV line drops about a factor of 20 in 20 em while the 0.2-MeV 
line drops 3 orders of magnitude. Relative intensities between 
several lines might be used to dete~ine depth of an ore strata. 
Figure 5 presents similar results on the effect of overburden. 
In Fig. 5 the ore body is assumed infinite in depth below the 
overburden. To obtain the actual signal flux in units of pho­
tons/cm2/sec, the ordinate is multiplied by the source strength 
factor in units .of source photons/cm3/sec. Note that we assume 
that ore is in a dilute concentration to the extent that it does 
riot effect the total cross section of the ground. That is, we 
assume a linear signal with concentration. Non-linear variations 
could be easily incorporated in a more detailed model. The next 
figure (Fig. 6) presents the overburden data with the' overburden 
thickness as the parameter instead of line energy. This is a 
more dramatic illustration of the relative effect of overburden 
for different line energies. 

The next series of figures (Figs. 7-9) show the effect 
of porosity on the signal flux. The porous fr~ction is assumed 
to be water filled. Figure 7 indicates ·about a 20-30% variation 
with increasing porosity. With a 10-cm overburden, however, as 
shown in Fig. 8, the variation increases to over a factor of 
two at the lower energies. Figure 9 depicts the variation in 
ratio of air flux (from airborne sources) to ground flux as a 
function of line energy for the different porosities. The ratio 
was computed assuming the sources in the air and ground were 
equal on a mass basis. To compute the actual ratio for a given 
problem, the ordinate value should be multiplied by the ratio of 
the source per gram of air to the source per gram of ground. 
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The next· set of figures .(Figs. 10-12) analyze the 
effect of snow cover. Figure 10 shows the variation in the 
signal flux with line energy for different snow mass covers 
ranging from 0 to 100 gm/cm2 . The effect is quite pronounced, 
particularly for larger snow covers. Figure 11 shows the number 
of mean-free paths from the ground to the detecLur a8 a function 
of line energy for the snow covers studied .. ·The last figure 
(Fig. 12) presents the ratio of the air flux to ground flux. 
The normalizations are the same as those discussed for Fig. 9. 
Th~ snow cover appears to a significant parameter to consider in 
the airborne reconnaissance. For example, the cignal is re.duced 
by a factor of two at high energy and five at low energy for the 

.10 g;:n/cm2 mass. 

These graphical presentations illustrate examples of 
data which can be obtained from the ABRA code. We have not nearly 
exhausted all the possible results which could be obtained from 
ABRA. Additionally, we suggest that the accuracy and scope of 
ABRA be 

• 

• 

• 
• 
•• 
• 
• 
• 

increased by the following improvements. 

Temperature, humidity, pressure and density varia­
tions of the atmosphere. 

Different ground compu~ltions, including aclf-absorp~ 
tion effects of the high-Z ore and rock matrices. 

Variations in water content with depth in rock . 

Finite ore bodies in both radius and depth . 

Flight speed parameters . 

Terrain variations . 

Anisotropic vegetation (that is, forests) . 

Angular variation in the signal flux at the detector . 
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Data obtained from ABRA with these improvements will greatly 
facilitate the understanding of calibration test runs, the 

.· 

comparison of detailed tr~:nsport calculations with reconnaissance 
data and the actual interpretation of reconnaissance data. The 
code would be fast-running on small computers and thus permit 
many, many parametric investigations with modest computer expen­
diture. 
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APPENDIX A 

CALCULATION OF THE UNSCATTERED (SIGNAL) FLUX 

FOR DISCRETE GAMMA-RAY LINES FROM AIRBORNE 

AND GROUND SOURCES FOR AN AIRBORNE DETECTOR 

W. A. Woolson 

December 7, 1976 

The problem addressed here is to calculate the uncollided 
flux or signal flux from discrete gamma-ray lines from ground 
and airborne sources. The model for the calculations is depicted 
in Figure 1. A detector is positioned at d~stance hd above the 
ground plane. A ground cover of height, he, exists. Total 
cross sections at the energy of the gatmna-ray line for air, cover 
and ground ar~ tA, tc and tg respectively. The sources of radi­
ation are uniformly distributed in the air and ground. The un­
collided flux calculations include attenuation in the air, ground 
cover and ground. The basic flux equations are given in Table 1. 
The complete, detailed derivation is presented in Appendix B. 
The.exponential integral E2(X) in the equations can be found in 
many tabulations and graphical presentations. Additional calcu­
lations of interest are given in Table 2. 
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V1 
ln 

Case 

No ground 
cover 

(hi = o) 

With 
ground 

cov-er 

where 

Table 1. Equations for Uncollided Flux 

Air Source 

Ez(X) = f 
1 

1-Xt 
e dt 
7 

Ground Source 



Table 2. Additional Flux Equations with Ground Cover 

Flux from air source above detector: 

Flux from air .sourc·:! below detector: 

Flux from air source on plane at 
~ distance, h, from detector 

Flux from air source in band of 
thickness, t, at distance, h, from 
detector 

Flux from source plane in ground .a 
distance hg below surface 

Flux from source bend in ground a 
distance hg below surface of 
thickness t 

where 

OD 

=! 
1 

-Xt 
e dt 
7 

+ [El(•a<hd-hc) + I: h c c 

~~g [ E2(ra(hd-hc) + I: h c c 

- Ez(Ea(hd-hc) + I: h c c 

+ 'lg)] 

+ l: h ) g g 

+ 'g<hg+i:>)] 



APPENDIX B 

DERIVATION OF EQUATIONS FOR UNCOLLIDED FLqX 

We use cylindrical coordinates with altitude corresponding 
to the Z coordinate. Note that the cross sections va+y only 
with Z. The geometry for the calculation is shown in Figure 2. 
We also assume the source strength S (photons/sec/cm3) varies 
·only w1 t:h Z. 

The uncollided flux from differential volume element 
dV = rdrd~dZ is (Fig. 2) 

and 

Now 

~(r,~,Z)dV = 

Let 

[ 
z < 2 + z2) ~1 exp -o' E(h)dh· r z -

----------~~--~----- S(Z)rdrd~dZ . 
41T(r2 + z2) 

1 z 
a(Z) = z J t(h)dh 

0 

u-
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Making substitutions for a(Z) and u, then integrating over~' 
·then r, we get: 

Cl) 211' 

~(Z)dZ-= j rdr f d~ ~(r,~,Z)dZ 

0 0 

Cl) 

S~Z~dZ f -u 
'"" 

e du 2 u 
CI(Z)·Z 

To perform the integration over "Z", we partition the 
integration over "Z" bands of constant cross section and source. 

0 • 

Let one of those bands have limits from Z -= hi to Z -= hi+l with 
source Si and cross section ti. Define bi = hi+l- hi; then 

Let 

then 

z 
a(Z)Z a f t(h)dh 

0 

i-1 

= L: tjbj + ti(Z- hi) 
j=l 

S (Z) = a (Z) · Z 
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Then we have·for the ith band: 

where 

Now 

hi+l 

~-i -= f 4> ( Z) dZ = 
h. 

l. 

i 

m1 = ~ I:jbj 
j•l 

S m. 
i. !~ 

2I:i . dB 
m. 1 l.-

f 
B 

-u e -du u 

4>. = 
l. -/dB /e"u du] 

m. B u 
l. 

To evaluate the integrals, we make one more substitution; 

let 

Cll Cll 

f dB! 
m B 

X = u/B .. 

Cll Cll Cll Cll 

e-u . 
- du = u f dB f e- X dX = f ¥ f 

m 1· X 1 m 

Cll 

= f 
1 

Finally, then our desired result is 
• 
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where E2 (m) is the exponential integral: 

Cl) 

E2(m) = f dX -mX 
:ze 

1 X 

Note that 

E2 (0) = 1 

and 

E2(CI)) = 0~ 

From the equation above, all results in Table 1 can be derived. 

For example, the air source with no ground cover is 
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l. INTRODUCTION 

This report briefly describes the progress made in 
applying the unfolding code MAZE to lowstatistics data from an 
11~" x 4" Nai(TQ.) detector. The motivation, theory and response 
functions generated for this problem are described in the report 
"Gamma-Ray Spectrum Enhancement."(!) This report presents the 
results of the application of the code MAZE to data taken with 
low to good statistics using an 11%:" x 4" Nai(TQ.) detector. 
Additionally, the code performance was tested using simulated 
background data. 

(l) ''Gamma·-Ray Spectrum Enhancement," J. H'. Reed and G. M. 
Reynolds, SAI Report No. SAI-77-518-LJ. 
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2 . EXPERIMENTAL· DATA. 

Data were taken of ambient room background using a 
single 11~" x 4" Nal(Ti) detector. A number of spectra were 
obtained at each of several counting times ranging from 9-sec 
to 900-sec. These correspond to the approximate counting 
statistics found in 1-sec to 100-sec of airborne data obtained 
using 8 parallel 11~" x 4" detectors. Table 1 lists the number 

·of independent measurements made for each level of counting 
statistics. Figures 1 through 5 show samples of the data ob-
tained at five (5) different statistical levels ranging from 
the equivalent of 20-sec to 1-sec .of airborne data. Calibra­
tion spectra using point sources of 137cs, 88Y, 60co, 113sn, 
65zn and 228Th were measured before and after the series of 
background measurements to establish the gain of the system 

. and the resolution of the photopeak as a function of gamma~ray 
energy; Details of the detector operati'on and performance are 
described in the report "Gamma-Ray Spectrum Enhancement."(l) 

Table 1. Background Gamma-Ray Spectra Obtained 
With 11~" x 4" Nai(Ti) 

Equivantent Airborne 
Counting Time (sec) 

100 
20 
10 

5 
2' 

1 

Number of Spectra 
per Stati~tical Level 

1 

2 

3 

5 
8 

10 

Figure 6 shows a high reso~ution Ge(Li) spectrum of 
the roo~ background which establishes which gamma-rays are 
actually present in the spectrum. 
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3. SIMULATED DATA 

The present study is ~eing carried out to test the use 
of the unfolding code MAZE on low resolution Nai(N2) data. Pre­
liminary tmfolding of data from a 11~" x 4" Nai detector seemed 

to indicate some problems. 

There are several sources of tmcertainties in unfold­
ing actual data and it was not known which might be causing the 
problem. In particular, tmcertainties could come from 

• the calculated response functions 

• the code itself 

Further, the actual gamma-ray spectrum incident on the detector 
was not known. The discrete part had been measured using a 
Ge(Li) detector but the continuum portion was unknown. (The 
Compton response of the Ge(Li) detector would have to be 
removed.to obtain the continuum from the Ge(Li) data.) In order 
to remove the uncertainties introduced by the response function 
and to know the magnitude and shape of the continuum a test 

spe~~rum was generated. 

This.test spectrum was designed to be similar to the 
room backgrotmd spectra which were to be analyzed. Figure 7 

shows the assumed input gamma-ray spectrum and simulated data. 
The gamma-ray intensities and energies were determined from the 
Ge(Li) data (see Figure 6). The log of the continuum was 
.assumed to be given by a sum of Legendre polynomials (up to P4) 

which gave an approximate fit to an assumed continuum seen in 
the Ge(Li) data. 

This test gamma-ray spectrum was then folded with the 
calculated 11~" x 4" Nai detector response function to produce 
an error free data spectrum. Statistical errors were simulated 
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using a random number generato.r with a normal distribution for 
numbers greater than 20 and a Poisson distribution for numbers 

less than 20: The simulated data shown in . .Figure 7 correspond 
to a total of 105 counts. 
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4. DATA ANALYSIS 

4.1 ANALYSIS OF TEST SPECTRUM 

The test spectrum was analyzed using MAZE. The first 

results were disappointing. The code gave a continuum that was 
considerably lower than the true continuum at low energies and 
i·ntroduced spurious peaks. Figure 8 shows an example of the tiD­

folded spectrum u~ing the older version of the code. Careful 
analysis of coding uncovered an error in the continuum genera­
tion part of the code. Correction of this error improved the 
performance of the code somewhat but the continuum was still 
being under estimated at the low energies. Further work un­
covered no other errors but suggested that the constraints in 
the code on the shape of the continuum were too severe .. These 
constraints were relaxed and the code was able to produce an 
accurate representation of the shape of the input continuum. 
Figure 9 shows the results of unfolding the test spectrum using 
the modified version of the code. The continuum is seen to be 
a good representation of the input continuum (see Figure 7) . 
The unfolded peaks are also in good agreement with the input 
lines. The numbers above the peaks give the ratio of the area 
of the unfolded peaks relative to the input intensity. The 
areas are seen in most cases to b~ within 10% of the input data. 
There are cases where doublets are not separated in the unfolded 

f, 

spectra (e.g., the unfolded peak at about 900 keV corresponds 

to three input lines) and the ratio of the area of this peak 
to the sum of the three input intensities is about 30% low. 

The above analysis seems to indicate that if the 
actual input gamma-ray spectrum corresponds approximately to the 

constraints contained in the code (that is that the actual con­
tinuum can be approximated as a low order Legendre polynomial 
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in log space) and if the detector response functions are known 
then the modified code will do a good job of extracting both 
peak and continuum information. 

4.2. UNFOLDING OF 11~" x 4" Nai(T.t).DATA 

The modified (and corrected) MAZNAI code has been 
applied to all 29 spectra listed in Table 1 in an effort to 
evaluate the effectiveness and reliability of the code in proc­
essing poo'r statistical data. A few of the MAZNAI processed 
spectra are presented in Figures 10 through 15. 

Figure 10 shows the enhanced "20-sec" data. Th~ curve 
marked "total" is the gamma-ray spectrum incident on the detec­
tor as calculated by MAZNAI (total of discrete plus continuum) 
and the smooth curve is the calculation continuum. In Figure 
11 the "discrete" and "continuum" are plotted separately.for 
this same spectrum. The prominent lines in the processed 
spectrum include the peaks that are of general interest, namely 
the 600.keV line (208T.t + 214Bi), the 1461 keV line (4°K), the 
1.76 MeV line ( 214Bi) and the 2.614 MeV line (208T.t). Examples 
of the processed data at each of the poorer statistical levels 
are given in Figures 12 through 15. The major peaks are detect­
able even at the poorest statistical level. The energies 
assigned to the peaks in these figures is as determined by the 
MAZNAI code. 

Now the 4.uestion arise~ about the reliabilif.y of the 
peaks.found by MAZNAI. As we see from the figures, at high 
statistical levels the unfolded peaks are very well defined. 
As the counting t~e is shortened the smaller peaks cannot be 
reliably extracted and the prominent peaks become less well 
defined. As we will see later the area of the 2.61 MeV line is 
often underestimated at the very poor statistical level. 
This may be due to an inaccurate estimate of the continuum.(see 
Figure 15). 
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j 
Peak areas were extracted for the 0. 600, 0. 911, 

1.461, 1.765, 2.20, and the 2.614 MeV peaks from the .processed 

spectra. The areas are based on the discrete portion of the 
spectrum as calculated by the code. Figures 16, 17, and 18 
show the results of .this analysis which gives the ratio of the 

number of counts in the peak to the total number of counts in 
the spectrum. The peak area uncertainties were estimated using 
the expression 

ERR(%) = lOO * ICTS+ZBG 
CTS 

where CTS is the number of peak counts (based on the discrete 
estimate) and BG is the number of counts in the continuum be­
neath the peak (based on the continuum estimate) . 

In the case of the 0.600 and 0.911 MeV peaks (Figure 
16) fixed windows .are used on the discrete spectrum to obtain 

the areas since these lines are not completely resolved from 
adjoining peaks. As the counting times become shorter and the 
peaks become more poorly defined, adjacent lines begin ·to con­
tribute to the area in the "window," resulting in an apparent 
increase in area. In Figure 17, the area of the 1.46 MeV line 
is found to be very consistent even in the "1-sec" spectra. 
The 1.76 MeV peak is also found to be very consistent, in only 
three of the ten "1-sec" spectra is the 1. 76 MeV peak signifi­
cantly low. In Figure 18, the area of the 2.20 HeV peak is 
found to be consistent down through the "5-sec" data, and then 
is nearly lost in the "1" and "2-sec" spectra. The 2.61 MeV 
peak is_reliaply ~stimated down through th~ "2-s~c" data but, 
as indicated above, it is underestimated in the "1-sec" spectra. 

In addition to establishing the s~ability of peak 
areas as a function of counting statistics, we have also con­

sidered the stability of peak positions in each of the 29 
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processed spectra. Figure 19 shows the position of the peaks 
in all of the unfolded spectra. The vertical line·s give the 
energies of the gamma-rays observed in the Ge(Li) spectrum, 
while a series of dots along a given horizontal line give the· 

positions of the peaks in a particular unfolded spectrum. The 
data are grouped according to the statistical accuracy of the 
data with the bottom set corresponding to 1 sec of airborne 
data while the top set corresponds to 100 sec of airborne data. 
Several points should be made about this graph. First, the 
unfolded peaks at 2614, 1765, 1460, 900 and 600 keV appear at 
fairly consistent locations for all of the spectra. Second, 
the position of the 2.20 MeV peak varies considerably for the 
lower statistics data and is not observed in some unfolded 
spectra. Third, some peaks, such as the 1377 and 1620 keV peaks, 
only show up in the better statistical data. Finally, the posi­
tions of the peaks below 600 keV seem to have considerable 
scatter in the low statistics data although for the good 
statistics data there appears to be a much more regular pattern 
of peak positions. 
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5 • FUTURE WORK 

The present analysis has been carried out using a 
modified version of MAZE where some of· the constraints on how 
the continuum is changed at each iteration have been relaxed. 
Unfolding of other gamma-ray spectra indicate that there seems 
to have been too much relaxation and oscillations in the con­
tinuum appear. It is felt that these oscillations are not 
physical and that either the constraints should be put back 
into the code in a modified form or that the entire set of 
continuum constraints be put on a more sound physical basis. 
It is clear that advances have been made but that some further 
work in this area is necessary .. 
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) 

1. INTRODUCTION 

The computer codes MAZNAI and MAZAS both employ 

calculated response functions for Nai(Tl) detectors. The 

amount of information these codes can extract from experi­

mental data depends to a considerable extent on how well the 

calculate~ response functions reproduce the actual response 

of Nai(Tl) detectors to monoenergetic gamma rays. The 
degree to which one must know the response functions depends 

somewhat on the type of data one is dealing with. For poor 

statistics data the scatter in the data will dominate the 

problem and relatively poor response functions can be 

employed with little loss in information extracted. For 
good statistics data one must have good response functions. 

The goal of a number of studies SAI has conducted has been 

to calculate response functions for various size Nai(Tl) 

detectors for incorporation into the codes MAZNAI and MAZAS. 

One of the problems that has been encountered in these 
studies has been the nonlinear response of Nai(Tl) detectors 

to gamma radiation. 
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2. EXPERIMENTAL STUDIES OF NONLINEARITY 

The nonlinear response in crystal light output for 

energy deposited in the crystal is a phenomenon that has been 

discussed for as long as people have been using Nai crystals 
for scintillators. R. W. Pringle and S. Standil(l) first 

reported this nonlinearity. Although they felt that their 

combination of photomultipliers and amplifiers were introduc­

ing the observed discrepancies, they conjectured that the 

crystal was also contributing to the phenomenon. D. Engle­
kemeir(2) showed that the observed nonlinearity between 

pulse height or recorded light output and energy deposited 

in the crystal did not originate with the electronics but 
came instead from the crystal. Englekemeir did not suggest 

an exact mechanism for his observations but felt that the 

nonlinearity could be explained through a variation of fluo­

rescence efficiency of Nai(Tl) with gamma-ray energy. 

The study of the nonlinearity has not gone much 
beyond the 1956 paper by Englekemeir. Heath( 3) has compiled 

much data using a 3" x 3" Nai(Tl) detector, supporting and 

confirming the earlier work and has constructed an empirical 

formula for computing the pulse height for a given incide~t 
energy (Fig. 1) and for computing the full energy peak energy 

in terms of the spectrum channel number (ch): 

= 0.01389 + 0.0103 ch - 5.439 E-06 ch2 

+ 8.35 E-08 ch3 - 3.701 E-10 ch4 + 5.10 E-13 ch5 , 

where E
0 

is given in MeV and one channel corresponds to 10 keV 

of pulse height. 
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With the advent of Ge(Li) detectors, the popularity 

of Nai(Tl) has waned, arid there are no ~ecent publications 
regarding the nonlinearities and their mechanisms. · 
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Figure 1. Pulse-height vs. gamma-ray energy response 
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the energy scale adopted, all data a~e 
normalized to unit light output at 0.66162 
MeV (csl37). Ref. 8 . 
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3. INCORPORATION OF NONLINEAR EFFECTS 
INTO MAZNAI 

The nonlinearities studied by Englekemeir and by 

Heath only concern the position of photo peaks in the pulse 

height spectra. These nonlinearities can easily be incor­
porated into MAZNAI in the initial setting up of the.response 

function matrix and the final conversion of enhanced·peak 

height to gamma-ray energy. As such, they really do not 

complicate the problem of response function generation. A 
more serious problem in terms of response function generation 
was encountered when measured Nai(Tl) data were compared with 
the caluclated response functions. Figures 2 and 3 show 
comparisons of data and the results of ETRAN(S, 6) calculated 

response functions for a 3" x 3" Nai(Tl) detector. Figure 2 

shows a comparison of the results for the 661 keV gamma rays 
from 137cs. It is seen that the calculated response function 

in the region of the Compton edge is at too high a pulse 

height compared to the data. It was speculated that this 

difference in shape might be caused by nonlinear effects 

since the pulses in the region of the Compton edge arise 

mainly from single events in the crystal which deposit fairly 
large amounts of energy while the photo peak arises primarily 

at this energy from multiple interactions. Since higher 

energy photons produce relatively smaller pulse heights 
than lower energy photons (see Fig. 1), this would tend to 

lower the pulse heights of the large Compton pulses, giving 

rise to the shift in pulse height of the Compton edge rela­

tive to the photo peak. 
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Figure 3. Heath's Na24 Data-Overlayed with Calculated Response 
Function - Nonlinearity of First Escape Peak Position. 
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Another effect was noticed in the high energy data. 

Figure 3 shows the response function calculated for 24Na 
using ETRAN and the measured data. It is seen that the posi­

tion of the single escape peak (labeled FEP in the figure) 
is not calculated correctly. It was found that this effect 
was present in the Nai(Tl) data for all single escape peaks. 
The apparent difference in energy (deduced from a pulse 
height spectrum) between the single escape peak and the full 
energy peak was approximately 20 - 30 keV less than the 
known difference in energy deposited of .511 keV. The dif­
ference in apparent energy between the full energy peak and 

double escap~ peak was correctly calculated by the code . 

. It appears obvious that this displacement of the 
single escape peak i's due to nonlinear effects. The exact 
shape of the calculated Compton distribution depends on the 
trans.port code used to calculate the energy deposition. The 
position of the single escape peak is not nearly so dependent 
on the details of the transport.code and must be due to some 

physical effect not taken into account in the calculations . 

. It was speculated that the.nonlinear effects 

noticed in the pulse heights of the full energy peaks could 
affect different portions of the pulse height spectrum in 
different ways, since different physical processes give rise 
to these different features. 

The double escape peak~ for example, corresponds 
to the absorption of all ot the energy of the elec~ron­
positron pair with both of the annihilation photons escaping 
from the detector. The single escape peak corresponds to 
the absorption of the electron-positron pair plus the absorp­
tion of one of the annihilation photons. The pulse height 
of the single escape peak should, therefore, fall at the 
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sum of the pulse heights of the double escape peak plus the 

0.511 MeV photo peak. Since there is a nonlinear relation­

ship between pulse height and energy, the sum of the pulse 

heights of the double escape peak plus the pulse height for 

a 0.511 MeV photon will be larger than that for a single 

photon of energy equal to E - 0.511 MeV. 

To test this hypothesis a simple numerical experi­

ment was carried out using the 3" x 3" Nai energy deposition 
functions of Berger and Seltzer( 6) and the conversion between 
energy 'and pulse height given by Heath( 4). 

These energy deposition functions were converted to 

a pulse height scale by assuming for the simple Compton part 

where Ed is the energy deposited, E
0 

is the incident energy, 

and Ph(E) is the pulse height from Heath's conversion from 

energy to pulse height. For the distribution following pair 

production the conversion to pulse height was assumed to 

be given by 

Ph(Ed) = Ph(E
0

- 1.022) + Ph(Ed- E
0 

+ 1.022). 

Figure 4 compares the energy deposition functions on a pulse 

height scale obtained using the above prescription for 3 MeV 

photons and that obtained using Heath's conversion directly. 

Figure 5 shows another example for 600 keV photons. Several 
things should be noticed in these graphs. First, for the 

high energy response the single escape peak is moved upward 

in pulse height by about 20 keV which is close to that observed 

experimentally. Second, the peak in the Compton distribution 

is shifted downward about 20 keV which also is close to that 
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observed experimentally. Third, there is a small peak cor­

responding to the absorption of both annihilation photons at 

a pulse height above the full energy peak. This might: help 

explain some of the high energy non-Gaussian behavior seen 

in photo peaks. For the 600 keV response, the main effect 

is to shift the Compton distribution to a lower pulse height. 

As was mentioned, the ETRAN calculations had shown a dis­

agreement between the shape of the calculated and experi­

mental Compton edges. Recent gannna-ray calculations using 

the GAMRES( 7) transport code, which includes the Heath pre­

scription for convert~ng energy to pulse height, have largely 

eliminated this discrepancy. Figure 6 shows a comparison of 

the calculated and measured response functions for the 661 keV 

gamma ray from 137cs. The shapes of the measured and cal­

culated Compton edges are in good agreement. 

The position of the single escape peak is empiri­

cally corrected in the MAZNAI subroutines based on the experi­

mental positions of the single escape peaks measured by 

Heath. Figure 7 shows a comparison of the experimental and 

parameterized corrections for the position of the single 

escape peak. 

It seems obvious that these nonlinear effeCLS 

should be studied in more detail. The corrections applied 

the code MAZNAI are now based on the response of a 3" x 3" 

Nai detector. It would seem that, if the corrections are 

due to the differences between the detector response to 

single and multiple interactions, that the corrections should 

be related to detector geometry. If this is the case, then 

the cause of the nonlinearities should be understood so that 

it can be incorporated directly into the gamma-ray transport 

codes used to calculate the detector responses. 
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