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ABSTRACT

First-principles Nal and BGO detector response functions cal-
culations made with the MCNP code are compared to measure-
ments. Excellent agreement is achieved for the experiments ana-
lysed. Such calculational methodology can be used to achieve a
better understanding of the physics of detector response and to
maximize the information content available from measured data.

I. INTRODUCTION

In Ref. 1, the methodology for performing first-principles MCNP2 calculations of photon
detector response was described for sodium iodide (Nal), bismuth germinate (BGO), and
high-purity germanium (HPGe) detectors. Subsequently, comparisons of calculated and
measured HPGe responses to various calibration sources as well as to more complex special
nuclear material (SNM) sources were made.3 This publication completes the documentation
by comparing measured and calculated responses for Nal and BGO scintillation detectors
to calibration and other sources. In addition, insight is provided into the effect that nearby
scattering media (e.g., walls, floors, holding fixtures, etc.) can have on the response of
these detectors. The accurate calculation of such effects highlights the value Monte Carlo
calculations can have in the understanding of the physics of detector response, thereby
improving the information content and interpretation of measured data.
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II. EXPERIMENTAL MEASUREMENTS
The measurements were made by C. E. Moss with 3 in. x 3 in. Nal and BGO detectors

in a large room with concrete walls and floor. The detectors were located near one corner
of the room with the front face of the crystals about 6 ft. away from the wall behind the
detector (the photomultiplier tube was between the crystal and the wall). Both the closest
wall to the side of the detectors and the floor were about 5 ft. away. The isotopic sources
were placed 1 m in front of the detector face. As noted later, the plutonium source was
placed 20 ft. from the detector to obtain acceptable dead times.

As mentioned in Section I, the methodology for the calculations reported here (both the
detector response and SNM source treatment) is described in Ref. 1. Figure 1 shows a
two-dimensional plot through the center of the Nal detector model. The model includes the
Nal crystal, the aluminum (Al) can and MgO layer around the crystal, the photomultiplier
tube, the Al flange where the crystal is connected to the light pipe, and the light pipe itself.
Also in this model is a 1/2 in. Pb shield/collimator around the cylindrical portion of the
crystal that was used to reduce room return in some of the experiments.

The BGO detector model is shown in Figs. 2 and 3. Figure 2 is a 3-D SABRINA4 color
"picture" of the MCNP model. This particular detector was similar to the Nal detector
in that the basic detector also consisted of a crystal, light pipe, and photomultiplier tube
encased in an Al can. However, this detector was mounted on an Al tripod and had
rather substantial Al holding and handling fixtures (shown in white) mounted around it
when the measurements were made. These fixtures were modeled because they contributed
to the low-energy continuum of the detector response as will be shown later. The basic
detector, without holding fixtures, is shown in magenta and green. Figure 3 shows 2-D
plots vertically and horizontally through this geometry model.

Although not shown in Figs. 1-3, the two nearest walls and floor of the room were
modeled in all calculations. This was necessary in order to accurately calculate the so-
called backscatter peak as discussed in Section IV.

Since MCNP is a continuous-energy2 code, individual photons are tracked with specific
energies as dictated by the source and reaction mechanics. This tracking includes the
energy losses in detector active volumes that form the basis for the detector count rate or
pulse height spectra. In other words, a 137Cs source photon of 0.662 MeV that loses all
of its energy in the crystal always produces, in the normal code, a count precisely at that
energy. In practice, detectors are less precise in that a beam of monoenergetic photons
losing all of their energy in the active volume will lead to the correct average pulse height,
but individual photons will be detected in an approximate Gaussian distribution about this
average due to detector and electronic effects such as charge collection statistics, electronic
noise, spatial variation in the ciystal response, and drifts in operating parameters.5

This difference is circumvented in MCNP by introducing a "Gaussian broadening"
function1 that in effect broadens the detector response to photons as a function of energy.
This broadening is done just before a pulse-height tally is made by randomly sampling
the broadened shape according to the experimentally observed response of a particular
detector. This broadening function usually depends on energy as FWHM ~ A + Bxfi$,
where FWHM is the full width at half maximum for the Gaussian, E is the scored photon
energy, and A and B are empirically derived constants.

In these calculations, it has been assumed that the scintillation .light pulse from a photon
detection event is proportional to the energy deposited by the photon in the scintillator.
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Fig. 1. MCNP 2-D plot of Nal detector model showing (a) crystal, (b) Al can and MgO
layer, (c) light pipe, (d) photomultiplier tube (void except for walls), and (e) 1/2"
Pb shield/collimator.
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In practice there is some (up to ~ 1G%-15%) non-linearity with deposited photon energy.
Since the calculations agreed so well with measurements as shown later, a correction for
this effect was not incorporated into the calculations.

It should be noted that the methodology employed in MCNP at present for these so-
called "pulse height" tallies is rigorously correct only for the case of no variance reduction.
In practice, it has been found that variance reduction can be employed under some cir-
cumstances with little or no apparent detrimental effect. The code user should ensure, by
careful benchmarking with experiment or other means, that his or her problem is suitable
for the methodology described herein.

IV. RESULTS

Nal Detector
The Nal measurements were performed with a 137Cs source of energy 0.662 MeV. The

measured and calculated spectra with the Pb collimator present are shown in Fig. 4.
The agreement is excellent in the full-energy photopeak region as well as in the low-
energy continuum that results from source photons losing only part of their energy in the
active detector volume. Some of this low-energy continuum is caused by full-energy source
photons entering the detector active volume and losing only part of their energy in it before
escaping. Other contributions to this region occur when source photons first lose part of
their energy outside of the active volume (i.e., inert detector materials, floors, walls, etc.)
and then scatter into the active volume where some or all of the rest of the energy is lost.

With a collimator/shield around the sides of the active volume, this continuum region
is as low, relative to the height of the full energy photopeak, as possible for the particular
detector and shield. Even if a perfect collimator/shield could be designed that would
prevent any previously scattered photon from entering the crystal, there would still be
a low-energy continuum from scattering from inert components (i.e., the photomultiplier
tube, Al walls, etc.). Therefore, in practice, Fig. 4 probably represents nearly the best
"peak/noise" (full energy photopeak height to maximum low-energy continuum) ratio one
can attain without going to extraordinary measures to reduce the continuum.

Maximizing this peak/noise ratio can be important if photons in the 0.1 - 0.5 MeV range
are being measured, especially if higher energy source photons are also being measured.
The so called "backscatter" effect tends to populate this region preferentially as can be
seen by solving the Compton scattering equation for various energies at angles between 90
and 180 degrees. Therefore, if one is looking to measure such a line or lines in the range
0.1 - 0.5 MeV, it is to one's advantage to minimize room return, thereby maximizing the
peak/noise ratio. The peak/noise ratio in Fig. 4 is about 8/1.

If the Pb collimator/shield is removed, the results in Fig. 5 are obtained. Note the
change in magnitude and shape of the low-energy continuum. A prominent backscatter
peak exists at about 0.2 MeV, and the entire continuum region magnitude is raised. The
peak/noise ratio is now about 3/1 at the backscatter peak and about 4/1 at lower energies.
Here the effect of the room walls and floors were the dominant additional contributors since
these were the only extra features modeled in the calculations. Note that the agreement
between calculation and experiment is still excellent. The small undercalculation that
seems prevalent is undoubtedly caused by the many other objects (electronics, chairs,
cabinets, etc.) in the room that were not modeled in the calculations.
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Fig. 2. SABRINA 3-D plot of MCNP BGO model showing active crystal section (red),
photomultiplier tube section (green), and Al holding fixtures (white).
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Fig. 3. MCNP 2-D plot of BGO model showing side and top views of detector and holding
fixtures.
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Fig. 4. 137Cs response functions for the Nal detector measured and calculated (with la
precision bars) with 1/2" Pb shielding around the cylindrical side.
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Fig. 5. 137Cs response functions for the Nal detector of Fig. 1 measured and calculated
(with lcr precision bars) without Pb shielding; room floor and wall scattering
contribute significantly to the low-energy continuum.
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Next, a high-scatter environment was deliberately placed around the detector as shown
in Fig. 6. The photons from the source must now pass through 1/8 in. of steel plus 1/2
in. of Al, enabling low-angle scattered photons from the source to reach the detector in
addition to the generally backscattered radiation from the floor and walls. In addition,
the close proximity of the Al box at the sides and rear of the detector accentuate the
large-angle backscatter component. The measured and calculated results are shown in
Fig. 7. Again the calculated results are in excellent agreement with experiment. Note
that the sharp backscatter peak of Fig. 5 has been replaced with a much broader one,
generally from 0.1 - 0.2 MeV, and that the continuum from about 0.2 - 0.5 MeV is higher.
Now the worst peak/noise ratio, at about 0.2 MeV, is about 2/1. In Fig. 8, a SABRINA
plot of the geometry and a few photon "tracks" that contribute to the detector response
is presented. This figure illustrates the indirect scattering of photons that leads to the
low-energy continuum response.

BGO Detector

The bare (uncollimated) BGO detector of Figs. 2 and 3 was measured at the same
location as the Nal using a 54Mn 0.835 MeV source. The holding fixture and, of course,
the room walls and floors were present. The measured results, and the calculated results
without the holding fixtures, are shown in Fig. 9. The full-energy photopeak is very ac-
curately calculated, but there is significant undercalculation in the low-energy continuum
region. When the holding fixtures are modeled as shown in Fig. 2, the calculated contin-
uum is in close agreement with measurements as shown in Fig. 10. The undercalculation
from about 0.2 - 0.3 MeV is undoubtedly due to the fact that not all of the extraneous
scattering materials in the nearby room have been modeled.

Nal Response to a Multi-Line Source

Up to this point, all calculations and measurements have been made with standard
calibration sources having only a single monoenergetic photon line. As implied earlier, the
detector response at energies below the Compton edge is due in part to the lines of the
original source energy, but only to those which lose part of their energy in the detector
active volume. In complex source situations where the source has more than one photon
line, the low-energy continuum region (below about 0.5 MeV) will have contributions from
all source lines at higher energies. Therefore, a more stringent test of the first-principles
model was performed by measuring and calculating a small plutonium (Pu) spherical shell.
There are over 150 known individual photon lines originating from 239Pu but only four are
easily visible in a Nal spectrum. The lines at 0.375 and 0.414 MeV are the strongest with
weaker lines at 0.204 and 0.333 MeV also visible.

The measurements were performed in the same room as the earlier measurements.
The combination of source strength and detector sensitivity/dead time required a source-
detector separation distance of 20 feet. The room floors and walls were modeled as before,
and all source lines for 239Pu and other isotopes were sampled.

The measured and calculated results are shown in Fig. 11. The agreement is quite good,
especially in the low-energy continuum region. The low resolution of the Nal detector
(relative to HPGe) accounts for the rather broad peak from ~ 0.3 - 0.5 MeV that contains
the major 0.333, 0.375, and 0.414 MeV lines, plus other minor lines.

- 1 0 -



Poly

Iron

Poly
/

Fig. 6. MCNP model of the Nal detector (without shielding) in a high scatter environ-
ment. Al box is 1/2" thick and 2' x 2' x 1', iron is 1/8" thick and polyethylene is
2" thick. Source is to the right of the iron. Room floor and walls are not shown,
but are modeled.

- 1 1 -



400000r

300000

CO

200000

oo

100000 -

3x3 Nal Detector
and 137Cs Source

Detector inside
2 ft x 2 ft x 1 ft
(Lx WxH) Aluminum
Box with 0.5-in
Walls

MEASUREMENT

CALCULATION

A .9 .8
ENERQY(M«V)

1.0

Fig. 7. Measured and calculated (with lcr precision bars) response of the Nal detector in
a high scatter environment to a 137Cs source.
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Fig. 8. SABRINA plot of the Nal detector surrounded by the -1/2" Al box (top removed)
and the CH2 and iron shields. The photon tracks shown are those from the first
500 source photons that reach the detector either directly or from scattering
interactions.
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Fig. 9. Measured and calculated (with la precision bars) 54Mn response functions for
the BGO detector. Holding fixtures were not included in the MCNP model.
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Fig. 10. Msasured and calculated (with 1<T precision bars) 54Mn response functions for
the BGO detector. Holding fixtures were included in the MCNP model.
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Fig. 11. Measured and calculated (with la precision bars) response of the Nal detector
to a spherical shell of Pu.
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V. DISCUSSION OF RESULTS

The results of this study clearly show that accurate first-principle calculations of Nal
and BGO detector responses are possible using a special patch1 to MCNP version 3B. In
particular, it has been shown that approximate (but careful) modeling of detector holding
fixtures and other scattering materials such as room floors and walls is crucial to predic-
tions of accurate responses and to understanding of the responses. This capability should
enhance the information content extractable from a particular set of measured data. For
example, this computational capability can be used to "recalibrate" an inaccessible detec-
tor whose nearby scattering environment has changed or to perform "what if" studies in
trying to explain data that is different than expected. The code user should avoid variance
reduction in calcualtions such as these unless careful benchmarking with experiment has
been done.
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