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ABSTRACT

By observing "sum" pulse-height distributions which

correspond to the simultaneous detection of cascade gamma-

rays, the nonproportionality of response of a 3-in.-dia by

3-in. Nal(Tl) crystal was briefly studied in a manner which

did not depend critically on the performance of the pulse-

height discriminator system. The sum peaks occurred at pulse

heights higher than would have been expected on the hypothesis

that the integrated .pwtee output of the phaiKtebe was

proportional to the absorbed gamma-ray energy. This difference

corresponded to an average of (30 + 6) kev for the experiments

88
performed using the cascade gamma-ray transitions of Y and

Bi207.
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INTRODUCTION

Uncertainty exists for Nal(Tl) scintillators concerning the detailed

linearity or proportionality of light output to absorbed gamma-ray

energy. This uncertainty prompted a study of proportionality in one

Nal(Tl) crystal, which was carried out in conjunction with gamma-ray

ph<Hrenreltipaierjbu^ integral pdil-uf Lhe scintillator-and that

energy measurements reported elsewhere. HH»**r-«ffifaHiMkH ^w 4jjw

they-jd^04-^ai^sjjow»ptrr"strictly proportlimal bu llghl prudttetion in

the phOTpJiG2%-^r It is commonly observed that over reasonably large energy

ranges the light output response appears linear, or at least that, within

the precision of measurement possible, nonlinearity is not observed in

the region above a few hundred kilovolts. The linearity of response in

the low-energy region, and consequently the proportionality at higher

energies, is in considerably more doubt. Some authors have reported

that the response of a Nal(Tl) crystal to gamma rays is proportional,

while others have found a fairly linear response but a negative

There is some confusion apparent in the literature concerning the
meanings of "linearity" and "proportionality." In this paper, the
following definitions are used: Scintillator response is linear
in a given energy region if the integrated pulse output from the
phototube (C) is related to the gamma-ray energy (E) by a linear
equation C = kE + b, where k and b are constants. Response is
proportional if b = 0.

1. R. W. Peelle and T. A. Love, Scintillation Spectroscopy Measurements
of Gamma-Ray Energies from Sources of Yffl, Mn^, and Znfr?, 0RNL-2790
7J9597T

2. W. E. Mott and R. B. Sutton, Hanfruch der Physik (Encyclopedia of Physics),
edited by S. Fltigge, Vol kj, p. 86-173, see esp. pp. 99-102, Springer-
Verlag, Berlin, 1958. C. J. Taylor et al., Phys. Rev. 81*-, IO3I+ (1951).
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extrapolated intercept between 15 and 30 kev (Ref. 3). In all cases the

results have depended heavily on the behavior of the pulse analysis

equipment, and errors are seldom quoted. The existence of these un

certainties is natural, because linearity measurements are quite difficult to

perform with precision over a large dynamic range, and statements concern

ing proportionality depend upon identification of the recorded pulse height

which corresponds to zero absorbed energy in the crystal. Both the "zero"

and the linearity measurements depend upon results obtained using precisely

known pulses from an artifical source, but the experimenter has difficulty

in showing that the analysis equipment reacts to these test pulses in the

same way that it does to the "natural" pulses from the Nal(Tl)-phototube

combination.

The work presented here consisted in the measurement of "sum" peaks

corresponding to the simultaneous detection of cascade gamma rays in a

pa on7
Nal(Tl) crystal. Y and Bi sources were positioned very close to the

crystal, and the apparent energy corresponding to each sum peak was compared

to the known sum of the energies of the individual members of the cascade.

•This method allowed a study of proportionality independent of the zero

adjustment of the pulse-height analyzer, and not sensitively dependent

upon the linearity of the analysis system if a calibration energy is

available close to the sum energy of the cascade.

METHOD

The study of sum peaks described here was performed at the same time

3- D. Engelkemeir, Rev. Sci. Instr. 27, 589 (1956); see also Mott and
Sutton, op. cit.



88 Silas the measurements of gamma-ray energies from sources of Y , Mn , and

65 1
Zn ' described elsewhere. Therein is described in detail the standard

pulse-handling equipment used, the precautions taken, and the general

methods of data analysis. The chief precautions were designed to

reduce any effects of equipment drift, pulse-height analyzer nonlinearity,

interfering effects between pulse-height distributions from neighboring

gamma rays, etc. The energies of unknown photopeaks were determined by

linear interpolation (or extrapolation) using two nearby known energies

of standard sources employed in the same experiment. The energy standards

used are listed in Table 1.

Table 1. Energies of Calibration Sources

Source Energy References
(kev)

Bi207 569.6+O.I Wayetal.a

IO63.7 +0.3 Way et al.
Oh y.

Na I368.O + 1.0 Hedgran and Lind

2753.5 +1.0 Hedgran and Lind

La 1596 + 2 Hedgran and Lind, Cork et al.

Y 898.8+1.2 Peelle and Love

181*0.0 + 2.0 Peelle and Love

c

a. K. Way et al., Nuclear Data Sheets, NCR 58-2-66, National Academy of
Sciences, National Research Council.

b. A. Hedgran and D. Lind, Arkiv Fysik 5, 177 (1952).

c. J. M. Cork, et al., Phys. Rev. 83, 856 (1951).

d. R. Peelle and T. A. Love, Scintillation Spectroscopy Measurements of
Gamma-Ray Energies for Sources of Y^, Mn^, and ZnQ>, ORNL-2790 (1959)



Studies of nonproportionality were performed in the following manner.

A weak source of a radioactive substance which emits two gamma rays in

P07 Ptf\
cascade (Bi or Y ) was placed close to one end of a 3-in.-dia by

3-in. Nal crystal. Both gamma rays from a reasonable share of the

cascades simultaneously lost all their energy in the crystal, giving a

"sum" photopeak which has an apparent energy (E ) determined by a

calibration using gamma-ray photopeaks arising from individual inter

actions in the crystal. If the light-production in Nal(Tl) is proportional

to the energy absorbed, and if the/photomultiplier -y&mi&b pttlftBe t

.^'•^''proportional to the amount of light produced, then the apparent energy

of the sum peak should be, within error, the sum of the energies of

the two gamma rays which constitute the cascade. If not, then the

excess is presumably a function of the individual energy components of

the sum and perhaps of properties of the scintillation crystal which

are associated with any nonproportionality. If the .light production

phenomena associated with each gamma ray can be considered independent,

then the observed excess represents the nonproportionality of that crystal

in usual operation. This excess can be defined as follows, omitting

explicit dependence upon unidentified variables:

D(E1,E2) 9 E& -Ex -E2, with error cr(D),

#

Supplied in a standard mounting by the Harshaw Chemical Company of
Cleveland, Ohio.
y„.y.

If the response is perfectly linear throughout the energy region which
includes the possible components of the cascade, then the excess is
independent of the energies of the components.

^" *4JLf J^n/iola^
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where

D = "nonproportionality excess energy" (kev),

E + a(E ) = apparent energy of sum peak determined on the

basis of the two closest calibration lines

(refer to Eqs. 1 and 2 in Ref. 1),

E ,Ep = known energies of the two cascade gamma rays

simultaneously detected to produce each sum

pulse.

The errors in the above quantities were determined by a straightforward

combination of experimental errors in the manner described in Ref. 1,

assuming that all errors are random and representable by normal error

distributions.

RESULTS

Table 2 shows the results obtained in three experiments to determine

the apparent energy of sum peaks. The third case, illustrated in Fig. 1,

207
involved the well-known cascade in the decay of Bi '. The results strongly

suggest a lack of proportionality which is in qualitative agreement with

that observed by the other authors who have noted a nonproportionality. If

the response is considered linear in the region of calibration (energies

> 0.5 Mev), this excess is just equal to the negative of the energy-axis

intercept of the linearly extrapolated pulse-height vs energy curve which

would have been observed using a pulse-height analyzer having output

strictly proportional to the pulse output of the photomultiplier.

These experiments are numbered 1, 2, and 10, respectively, in Ref. 1.
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Table 2. Summary of Measurements on Nonproportionality Excess

Energies of Cascade D, Nearest
Gamma Raysa (kev) Ea, Apparent Nonproportionality Calibration

Emitter of Sum Energy Excess Energy
Cascade E1 E (kev) (kev) (kev)

Y 1840 899 2765.6 + 5-5 26.8 + 6.2 2754 (Na )

r 18^0 899 2762.5 +3.7 23.7 +^.2 '?rrvJ2jj(5U (Na2^)
Bi2°7 1063.7 569.6 1677.0 +6.0 43.7 +6.0 1596 (La1^0)

D= 30 + 6b

a. See Table 1.

b. If D is assumed independent of Ej. and E2 (light output truly linear with
energy in the range of measurements), a weighted average of the three
values obtained from this 3-in.-dia by 3-in. crystal is (30 + 3) kev. A
chi-square test indicates a probability of 2$ that a larger value of
chi-square would have been observed if the three results had been consistent.
The quoted error of 6 kev is based on the scatter between the values.
There is, however, little reason to assume that precise linearity of
light output exists over this range of energies, so D may well be a
function of E-j_ and E2.

CONCLUSIONS

At least one 3-in.-dia by 3-in. Nal(Tl) crystal showed a nonproportionality

of response demonstrated in an experiment which was not influenced by the zero

of the pulse-height analysis system. Sum peaks from the simultaneous detection
QO OCY7

of cascade gamma rays from Y and Bi sources were observed to fall at

pulse heights greater than would have been expected on the basis of proportionality

of response by an average amount corresponding to (30 + 6) kev. It is felt

that this method avoids pitfalls present in other methods used to study the

pulse-height response of Nal(Tl) to gamma rays and that it should be used to

measure nonproportionality for a range of gamma-ray energies and for

scintillators with a variety of properties.

^ *£ec -z-w^tz
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207Fig. 1. Illustration of Nonproportionality of Response to the Gamma-Ray Cascade in the Decay of Bi for a
3 X 3-in. Na|(TI) Crystal. The circled points were obtained from a run in which a combined source of La and

*\ a 1 f\ "7 O A

Na was used, while the triangular points are from a run in which Bi and Na were combined as the source.

In all cases appropriate subtractions were performed to remove distortions caused by interfering pulse-height

distributions. The figure shows that the data from the two runs for the Na 1.368-Mev line overlap almost perfectly,

indicating that drift between the runs was unimportant. The 1.6-Mev peak of La appears in the expected position

within a small fraction of a channel, as indicated by vertical arrows. The "sum" peak from the cascade gamma

rays in Bi , however, falls almost four channels from the position it would have if the crystal-phototube combi

nation had proportional response. This discrepancy is noted with vertical arrows. The weak 1.77-Mev gamma ray

of Bi interfered with the sum peak which has an apparent energy of 1.68 Mev. The plot shown was produced by

subtracting two normalized Bi spectra, one with the source adjacent to the crystal and one with a source a few

centimeters away. The difference between the two allowed exhibition and analysis of the sum peak.
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