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SCINTILLATION SPECTROMETER SYSTEM FOR MEASURING
FAST-NEUTRON SPECTRA IN BEAM GEOMETRY

by

G.G. Simons, R.S. Reynolds, and J.M. Larson

ABSTRACT

A high-energy liquid-organic scintillation spectrometer .ystem
1s described. This spectrometer was developed to measure neutron
spectra In extracted beams from zero-power fast reactors. The
highly efficient NE-213 scintillation solution was used as the
neutron detection medium. Identification and removal of gamma-ray-
induced events was accomplished using electronic pulse shape dis-
crimination. Instrumentation used to process the discrete pulses
stemming from neutron and gamma-ray interactions, within the scin-
tillation solution, 1s described in detail. Evaluation of the
system's performance is discussed for a gamma-ray discrimination
ratio of nominally 1000:1, a total countrate of 3000 cps, and a
dynamic range corresponding to neutron energies from 1 to 10 MeV.
Operation above 10 MeV is certainly possible. However, since the
neutron flux above 10 MeV was negligible in the radiation fields
of interest in this work, the operating characteristics of the
spectrometer were not evaluated above 10 MeV. Neutron spectra are
reported for extracted beam measurements made on ZPPR assembly 4,
phase 2.

I. 1INTRODUCTION

A variety of fast-neutron absolute flux and spectra measuring instru-
ments have been developed and their operating characteristics documented.
Most of these rely on the proton-recnil phenomenon. Accurate measurements
are possible over a wide energy range since their neutron response depends
upon the well-known lH(n,n) cross section. The main types of proton-recoil
detectors are 1) the telescope which uses a thin-solid polyethylene radiator,
2) the proportional counter containing hydrogen and methane gases, and 3)
either solid stilbene or liquid organic scintillators. The telescope ful-
fills the need for measuring absolute flux in monoenergetic neutron fields
(11. Gas-filled proportional counters are routinely used to measure spectra
from nominally 1 %eV to above 1 MeV 1nside the Argonne National Laboratory
and AFE Winfrith Zero Power Reactors [2 g have also been used to mea-
sure the fission spectra from 2 U end 2¢f from 0.104 to 9.5 MeV
[4). Bxtructed beam and/or encapsulated neutron source spectra have been
Teeuufed above 1 MeV using stilbene [5-7]) and liquid organic scintillators

8-12].

To expand the energy range significantly above 1 MeV, for experiments
performed at the Argonne Zero Power Plutonium Reactor (ZPPR) and the Argonne
Fast Source Reactor [13), a fast-neutron spectrometer using an NE-213 liquid
organic scintillator detector was constructed. The NE-213 liquid scintilla-
tor was selaected because of its proven performance in other fast-neutron



detector assemblies. This scintillator is very efficient over the neutron
energy range from 1 to above 14 MeV, does not exhibit nonisotropic behavior
characteristic of stilbene [14], and is amenable to pulse-shape-discrimina-
tion [8]. Also, since the scintillator is 3 liquid, detectors containing
NE-213 can be fabricated in various sizes and shapes to optimize performance
in a specific radiation environment. However, accurate knowledge is required
of the response and efficlency for each type of detector conflguration. This
tends to discourage the assemblage of a large number of unique detectors.

The NE-213 detector used with the spectrometer described below is similar to
detectors previously calibrated by Simons et al [15] and Verbinski et al [8].

This fast-neutron spectrometer uses pulse-shape rejection based upon the
pulse-shape differences betwern neutron and gamma-ray Induced events. Several
new electronic circuits were designed to perform specific functions of pulse
shaping, timing, and amplification. These were integrated with commercially
available electronic modules to form the total system. Only the unique fea-
tures of this system are described in detail. Features common to all NE-213
spectrometers will be presented only if this information is required to under-
stand the operation of the system being described. In addition to a descrip-
tion of the experimental equipment, an evaluation of the spectrometer's opera-
tion and measured reactor spectra are presented.

II. SPECTROMETER SYSTEM

The‘high energy spectrometer is composed of two major segments -- the
detector assembly and the modules comprising the associated electronics.
As shown in the block diagram of Fig. 1, the complete system consists of
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Flg. 1. Block Diagram of Spectrometer System



the detector assembly, power supplies, signal conditioning electronics, tim-
ing electronics, and a computer-based dual pulse-height analyzer. During an
experiment, the detector assembly is physically located in the neutron field
whose spectrum is to be measured. Output pulses from the preamplifier and
the gamma-neutron shaping (GNS) circuit are iransferred to the associated
electronics through a long (v46 m) 93 ohm terminated cable. The associated
electronics are housed in the spectrometer laboratory as shown in Fig. 2.
Therefore, once the detector assembly is in position (and the GNS circuit
adjusted) the systems operation can be optimized and maintained without
entering the radiation field.

A. Detector Assembly

The detector assembly consists of the detector, light pipe, photomulti-
plier (FM) tube, PM-tube voltage divider string (see Fig. 3), magnetic shield,
linear signal preamplifier, and GNS circuit. As shown in Fig. 4, the detec-
tor assembly height was minimized by recessing the PM tube and appropriately
locating the preamplifier and GNS circuit cards about the circumference of
the PM tube. The flat base design assured that the detector remained in the
desired vertical position. During operation, with all side panels closed,
dry compressed alr was flowed through the base. Thus a constant, cool, tem-
perature was maintained around the PM tube base. This minimized temperature
related PM~tube gain changes.

1. Detector Design

The detector 1s the NE-213 scintillatlon solution¥*, prepared from
purified xylene, naphthalene, activators, and POPOP spectrum shifter. It
was deoxygenated and encapsulated under nitrogen (to prevent ion quenching
by oxygen) in a low-background glass cell. A standard V-type cylindrical
cell 50.8 x 50.8 mm, without white reflector paint was used. The cell con-
tained 96.7 mk of solution at 20°C.

2. Detector Mounting

The NE-213 detector was optically coupled to a 6.35-mm-thick lucite
light pipe and an RCA 6810-A PM tube. Aluminum foil was then placed over the
detector and iight pipe extending nominally 25 mm onto the PM tube. Black
electrician's tape was wrapped around the foil and the PM tube to isolate
the components from ambient light. This configuration has been shown to pos-
sess reduced response variation and improved resolution relative to detectors
coated with white reflector paint and without « light pipe {8]. Visual 1in-
spection of the optical couplings was also possible since the reflector foil
was added after attaching the detector to the light pipe and PM tube. The
PM tube was surrounded by a magnetic shield.

3. Detector Operation

The NE-213 scintillation solution responds indirectly to fast neu-
trons through both recoil proton and carbon nuclei scattering interactions.
Unfortunately NE-213 responses are not limited to neutron interactions; the

* Nuclear Enterprises Inc., 935 Terminal Way, San Carlos, California.
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Fig. 4. Detector Assembly



scintillator solution also produces light pulses when excited by electrons
resulting from gamma-ray interactions in the solution. It is possible, however,
to distinguish electronically between neutron and gamma-ray responses by
pulse-shaping techniques. Light pulses produced in the NE-213 scintillator
solution by protons, alpha particles (resulting respectively from neutron-
hydrogen and neutron-carbon interactions)} and electrons (resulting from gamma-
ray interactions) are subsequently detected and amplified by the PM tubec.
Signals from the PM tube are further amplified, shaped, and sorted to dis-
tinguish between neutron and gamma-ray originated pulses.

Although the carbon inelastic reactions will not contribute greatly
to the total response of the NE-213 scintillator, their presence and the other
factors {16} cause the response of the NE-213 scintillation solution to be
non-rectangular. Monoenergetic neutron responses have been measured and/or
computed using a complex model (4.15,17,18]. Following determination of these
responses, various mathematical wodels have been used to obtain an estimate
of the energy spectrum from measu-ed puise height data (19~21]). A preferable
method of analysis would be one based upnn neutron interaction kinematics.

No exact kinematics model exists. However, approximate models have been
developed which give good estimates of the neutron spectrum [22].

Problems associated with the use cf the NE--213 scintillation solu-
tion are further aggravated, as noted above, due to the presence of gamma
rays in the radiation field. The dominant gamma-ray interaction in the NE-
213 scintillation solution is Compton scattering. Siace the incident gamma
rays may lose a variable fraction of their energy, Eys during a Compton event,
the response of the detector to gamma rays is a smocth, rather featureless,
pulse-height distribution extending from zerc to a maximum value slightly
greater than the maximum electron energy of

E
E, = —Y—2 ) (1)
moc
+
. 2Ey

If the detection system exhibited perfect resolution the maximum pulse height
would be at exactly E.; however, due to instrument broadening of the pulse
shape, this energy is generally considered to correspond to the pulse height
near 507 intensity at the rather broad Gaussian shaped "tail" of the response
[8,23].

A very useful characteristic of the NE-213 detector is its linear
response to electrons of energy greater than 0.150 MeV [25). This feature
allows readily available monoenergetic gamma-ray sources to be used to cali-
brate the pulse-height distribution relative to Compton electron energiles.

Differences in observed NE-213 scintillation solution pulse shapes
following either neutron or gamma-ray excitation allows the scintillation
solution to be used in & combined neutron and gamma-ray field. The pulse
shape following excitation is the result of fast- and slow-decay components
in the scintillator ([24). The fast component is due to the decay of the
initial solvent excitation. The second type of decay consists of complex
ion recombination reactions with a much longer decay time. The fast and slow



pulse components have different reaction mechanisms; these mechanisms are
dependent upon the nature of the ionizing particle. Observed specific ioni-
zation for protons in the NE-213 solution is greater than that for electrons,
and further, the proton pulse has a greater ratio of slow to fast pulse decay
components.

4. Preamplifier Circuit Design

The preamplifier, connected to dynode 11 of the PM tube, is a modi-
fication of the charge sensitive preamplifier designed for the proton-recoil
proportional-counter spectrometer [25]. The preamplifier, shown schematically
in Fig. 5, isolates the 1lth dynode of the PM tube from external loading and
provides a stable charge gain for the linear signal. Its gain is determined
by the feedback capacitor Cgf. In this application, C¢ should have a value
between 90 and 120 pfd.

5. Gamma-neutron Pulse Shaping (GNS) Circuit

The basic design of the GNS circuit, shown in Fig. 6, is an adapta-
tion of a technique developed by Forte et al [26]. Our technique differs
from the earlier design in that RL differentiation and RC pulse stretching
are combined in the anode side of the circuit. This provides improved pulse
shape matching and cancellation of the shaped anode pulse and the fast com-
ponent of the 14th dynode pulse. Also, the GNS circuit is isolated from the
PM tube by common base transistors Q) and Q2. This results in a low imped-
ance termination (<50 ohms) of the PM tube's last dynode and anode. This
type of connection optimizes the PM tube's linear response by preventing
tube saturation and the accompanying pulse distortion that occurs when the
PM tube saturates. With this connection the peak anode and dynode voltages
are no greater than 5 volts for the maximum signal peaks.

The GNS circuit performs the following pulse shaping operations.
The current from the 14th dynode yields the voltage pulse V; across resistor
Ry (refer to Fig. 6). The dashed line represents the neutron induced.event
and the solid line the gamma-ray induced event. Hence, the Vi pulse decays
rapidly if generated by a gamma ray, or more slowly if generated by a neutron.
Corresponding current pulses (stemming from the same event) from the anode
are 1) passed through transistor Q2, 2) differentiated by inductor L;, and
3) clamped by diode CR-1. A narrow pulse, V2, results. This pulse passes
through diode CR-2 charging the variable capacitor C;, thus generating the
voltage V3, which is applied to resistor R,. The decay of V5 is determined
by capacitor C; and resistor Rp. Capacitor C; is adjusted until the decay
rate of the voltage pulse V3 approximates the decay rate of the dynode pulse
V1 when the detector is exposed only to gamma rays.

The output pulse of the shaping circuit is obtained by summing the
dynode and anode pulses at the junction of R3 and R,. The shape of the output
pulse formed by this rummation represents the difference between the pulse
shape of the dynode pulse and the fixed shape of the pulse generated by the
anode circuit. Discrimination of gamma-ray induced events is achieved by
adjusting potentiometer R; until the best possible cancellation of dynode and
anode pulses is obtained at the summing junction. With proper adjustment,
cancellation occurs at the summing junction for pulses resulting from gamma-
induced events in the NE-213 scintillator aud no output is obtained. However,
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for neutron-induced events, the decay at pulse V] is longer than that of Vi
and incomplete cancellation occurs, with the consequence that a positive com-
ponent of voltage is obtained at the summing jun(tion of R and R4. The out-
put voltage at the junction of Ry and R4 passes through the unity gain buffer
amplifier, comprised of FET Q4 znd transistors Q; and Q , thus generating the
output pulse V; in Fig. 6. The dashed-wave form of this pulse characterizes
the pulse shape obtained for neutron evcnts, and the solid-wave form charac-
terizes the shape obtained for gamma-ray events.

It should be noted that complete cancellation of pulses does not
occur for gamma-induced events primarily because of imperfect shaping of the
leading edge of anode pulse, Vq. This imperfection has a direct effect on
the gamma-ray rejection ratio of the system and therefore the lower energy
neutron response of the system. For high energy gamma-rays the positive, V,,
pulse overshoot increases in magnitude and its shape is very similar to the
‘lower energy neutron-induced pulse. Consequently, the discrimination circuit
must be adjusted in such a manner so as to minimize gamma-ray induced pulse
height analysis while simultaneously preserving the lower energy neutron res-
ponse of the system.

It was stated in Section II.A.2, without explanation why, that an
RCA 6810-A PM tube was used in conjunction with the GNS circuit. Several
tubes were evaluated. The RCA 6810-A tube was selected instead of a more
recent PM tube because of its high output current capability. Furthermore,
the gain of this tube could be set so that the peak heights of voltage pulses
V) and V3 approached 120 volts. A large dynamic range was thus provided over
which the non-linearities of diode CR-2 remained negligible.

Transistors Q3, Q4, and Qg5 comprise a fast responding unity gain
output driver that has very low input capacitance and a low output impedance
suitable for driving coaxial cable.

B. Associated Electronics

The associated electronics, shown in Fig. 1, consist of commercial mod-
ules and two AP-West (the Argonne Applied Physics Division's Idaho facility)
designed circuits. Since the specifications of each commercial module are
readily available, only the functions which these modules perform will be
mentioned. As described in Section IIL.A.5., the shape of the GNS output sig-
nal uniquely defines the type of radiation which produced the scintillation
in the NE-213 detector. Extraction of this information into a usable form is
accomplished by the timing and gate generating circuitry in the AP-West de-
signed PSD circuit. The AP-West double delay-line fast amplifier was designed
to allow optimum pulse timing of the linear signal from the 11th dynode. Gen-
eral operation of the associated electronics is explained in the next section.
Additional details of the operation and design of the PSD and fast amplifier
are presented in Sections II.B.2. and II.B,3. respectively.

1. System Pulse Shaping and Timing

Pulse shaping and timing operations of the spectrometer system are
represented in Fig. 7. The dashed line in Fig. 7-A represents a neutron-
induced pulse at the GNS circuit output. In coincldence with this pulse, is
a linear signal drawn from the 11t th dynode of the PM tube and pre-amplified



12

GN3_CIRCUIT_OUTPUT

PREAMPLIFIER OUTPUY _({ FROM DYNODE 1)
LINEAR INPUT TO PSD
FAST AMPLIFIER QUTPUT  ( FROM DYNODE 1)

PULSE "@" SHAPED
AND AMPLIFIED

INPUT TO
LINEAR GATE

1
1
]
1
'
1
: LINEAR SIONAL
\
i
¢
i
]

GATE_ SIGNAL
" Imfﬂfo"m . | eaD cATE outPur
| '
1 :
| LINEAR BIGNAL LINEAR QATE
" 1 INPUT TO ADC oUTPUT
' L] T T T T LA L T 1
0 i 2 3 4 B8 8 7T 8 ¥

TIME IN MICROSECONDS

Fig, 7. System Pulse Shaping
and Timing-

to yleld the pulse shown in Fig. 7-B. This linear signal is clipped by the
double-delay line amplifier, and the crossover point of tlhe resulting pulse,
shown in Fig. 7-C, is used as a reference point for the timing in the PSD
module. In addition, the linear signal is routed to two TC 203 BLR linear
amplifiers where the pulse 1s shaped as shown in Fig. 7-E. The GNS output
(Fig. 7-A) 1is shaped by aTC 202 BLR linear amplifier and delayed by an ORTEC
427 delay amplifier (with a gain of one) to yield the pulse shown in Fig. 7-D.
This pulse has a positive leading edge (dashed line) for neutron induced
events and a negative leading edge (solid line) for gamma~ray induced events.
If the pulse showvn in Fig. 7-D is positive, a gating pulse shown in Fig. 7-F
is generated which admits the central portion of the two TC 203 BLR amplifier
outputs to the ADC input. A typical ADC input for a neutron induced pulse is
shown in Fig. 7-G. Dual ADCs are used to simultanegusly accumulate data at
two different gain settings. The unfolding code used, FERDOR {19,271,
accepts input data in this form.

2. Pulse Shape Discriminator (PSD) Module

Gamma-neutron discrimination i1s accomplished in the PSD module (see
Figs. 8 and 9) by examining the shape of the output pulse from the GNS cir-
cuit, 1In general, the PSD functions by determining if those pulses go posi-
tive after a specified time interval following the time reference. The
time reference is at the crossover of the double clipped linear pulse, The
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linear gates are gated on only for
those pulses from the GNS circuit
that represent a neutron induced
event in the detector, provided the
PSD mode switch is set to DISC (dis-
criminate). When the mode switch is
set to SCALE, either neutron or
gamma-ray induced pulses will gener-
ate a gate signal. That 1is, coinci-
dence timing is not required between
the GNS and preamplifier output
pulses in the SCALE mode.

Specifically, referring to the
PSD circuit diagram shown in Fig, 9,
the output of the double delay-line
amplifier (Fig. 10-A) drives the in-
put of discriminator A; causing
single shot SS-1 to generate the
pulse of Fig. 10-B. Single shot
§5~2 is triggered on the fall of
this pulse, thus generating the
pulse shown in Fig. 10-C. The shaped
and delayed GNS pulse (Fig. 10-D)
drives discriminator As causing the
output of gate 6 (Fig. 10-E) to go
positive when the GNS pulse goes
positive. The output pulse of single
shot S5S-2 is "ANDed" with the posi-
tive pulse of 10-E at gare 7, caus-
ing single shot S8-3 to crigger. The
output of this singi: shot (Fig. 10-
G) is used for gating tne linear gate
open. Transistors i, Qz, and Q4
prevent retriggering of single shot
§5-1 for approximately 10 psec fol~-
lowing a previous trigger. This
delay is used to provide pile-up
rejection (when the PSD circuit is

Fig. 8. Pulse Shape Discrimi- in the DISC mode) by preventing the
nator (PSD) Circuit linear gate from opening for pulses
Diagram, ANL Neg. that follow a preceding pulse by
No. 103-A11882, less than 10 usec.

3. Double Delay-line Fast Amplifier

The double delay-line fast amplifier is made up of a cascade of five op~-
erational amplifier stages as shown in Fig. 11. Amplifiers A; and Ay in con-
Junctinn with delay lines DL and DLp provide double delay differentiation
which yields the crossover timing reference for the PSD module. One of the
major design criterion for the amplifier was to optimize overload perform-
ance in order to achieve reliable timing characteristics at relatively high
count rates, i.e., 3000 events/second. To :his end, amplifiers Ay and Ap
have unity closed loop gain and are DC coupled.
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Tt T T 1 Amplifiers A3 and A, provide a
'ﬂ fixed gain of 20 each while Ag has
a fixed gain of 10, The course and
A fine gain 18 adjusted by the gain
ﬁ\u attenuating networks coupling A3 to
A4 and Ay to Ag.

p— ITII. SPECTROMETER EVALUATION

The operating characteristics
of the spectrometer were evaluated
using a 22Na gamma-ray source, a
‘~ PuBe neutron/gaemma-ray source, and

2cf spontaneous fission source,

These data were acquired with a
specific objective in mind -- eval-
uate the performance of the system
operating within the framework
needed to complete accurate leakage
measurements at the ZPPR. General
operating limits were not estab-
lished. Experiments could easily
be performed to test the operation

— e . — of this spectrometer for other ex-

I 2 3 4 8 & 7 @ perimental applications whose re-
TIME IN MICROSECONDS quirements fall outside the limits
' used in this evaluation.
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Fig. 10. Pulse Shape and Timing
in the PSD Module Total count rates (neutron plus
gamma-ray induced pulses) of nomin-

ally 3000 cps satisfied the above objective. At this count rate, pulse pile-
up effects were highly improbable. It was shown experimentally that no pile-
up distortions occurred in the pulse height spectra at 3000 cps. However, if
the spectrometer were operated at a much higher count rate, it would be im-
portant to study this effect. Distortions in neutron spectra due to high
count rates would result from both recoil-proton pulse pile up and additional
recoil-electron pulses being gated into the spectrum. This latter effect can
be explained, because superimposed recoil-electron pulses appear as a single
pulse with an apparent slower decay time. Decrease in gamma-ray rejection
as a function of count rate is shown in Fig. 12. The 3000 cps limit deter-
mined the minimum source-to-detector distance used for each experiment discus-
sed in the remainder of this section.

A, 22N, Gamma~ray Source Data

A 10 uCi 22Na gamma-ray source was used to evaluate the resolution of
this spectrometer, establish the energy calibrations, and set the gamma-ray
rejection ratio. - Fig. 13 shows the important portion of the 1.28 MeV gamma-
ray induced pulse-height distribution. As mentioned in Section II.A.3.,
Compton scattering predominafea 1n this low Z detector material. Thus, the
pulse height distribution from ?2Na ganma rays is the resolution broadened
energy distribution of the Compton-scattered photons.
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Fig. 12. Gamma-Ray Rejection Ratio as a Function of Countrate

Energy calibration of the raw proton-recoil data was determined relative
to the 1.28 MeV 22Na gamma-ray distribution. The desired keV/channel was
achieved when half height of the Compton tail occurred exactly in channels
177 and 17.7 for the high- and low-gain data, respectively. Amplifier gain
settings were set prior to each experiment using a precision pulser and by
visual inspection of the raw 22Na data, Gain shifts occurring during data
acquisition were also checked following each experiment. However, thls pro-
cedure did not always yield the desired accuracy. A computer code, FASTDATA
[28], was written to mathematically transiorm the raw prot:on-recoil data to
the proper keV/channel, FASTDATA was designed to accept multiple 2Na refer-
ence data for both high- and low-gain settings and the corresponding raw
neutron-induced pulse-height data. The code produced both punched and printed
output in the FERDOR input format.

Gamma-ray rejection mcasurements were made by accumulating 22Na-induced
pulses with the PSD module firat in the SCALE mode and then in the DISC mode.
SCALE mode operation corresponds to the number of total gamma-ray induced
pulses arriving at the PSD input whose amplitude exceed the linear threshold.
The data accumulated in the DISC mode corresponds to the number of those same-
type pulses which trigger the PSD circuit and result in pulse height analysis
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of gamma-ray induced pulses. The ratio of the results of these two experi-
ments is preciselv the gamma-ray rejection ratio,

B. PuBe Neutrwn Spectra

Measurement of PuBe neutron spectra proviced a check on the energy cali-
bration of the spectrometer system. Shape comparisous were not made since
PuBe neutron spectra are dependent both on the s«.rce 3ize and fabricatiom
[5]. However, the spectral lines are reasonably well known. Spectral lines
from one PuBe source measured with our system {un example is shown in Fig. 14)
were compared to results reported by other investigators. Results of this
comparison, consisting of measurements made by different techniques, are pre-
sented in Table I. The peak locations (energies cf the spectral lines) of
the AP-West data are in grod agreement with the other data. Especially when
it is noted that the FERDOR results are generated at from 0.1 to 0.2 MeV
intervals. That 1is, the binning operation in the unfolding process combines
several channels of raw data,

C. 252¢cf Neutron Spectra

Examination of measured 252Cf neutron spectra was pursued to study the
energy response of the spectrometer to fission-type spectra. Verification
that the_spectrometer could be used to measure the continuous differential
flux of 2%2Cf was important. This provided supporting evidence that the
continuous-type high-energy neutron gspectra measured at ZPPR would also be
correct.

Reference 2520f data were accumulated with the detector assembly posi-
tioned in the center of a large room. The electronics were adjusted to pro-
vide a gamma-ray rejection ratio of 1000:1. TFigure 15 shows a comparison of
several 2°2Cf spectrum measurements [4,29,30]. Each data set was normalized
to unity area between 1.0 and 8.0 MeV. As shown, the AP-West reference spec-
trum was consistent with the other results.

To check the system response at different gamma-ray rejection ratios,

Cf spectra measurements were made at a rejection ratio of 150:1 and 1000:1.
The spectrum for the 1000:1 setting was slightly lower below 1.2 MeV. Two
obvicus reasons exist which would explain this difference. First, fewer
gamma-ray induced pulses were being analyzed as neutron-induced pulses. Or,
some of the low energy neutron-induced pulses were lost using the higher
rejection ratio. Above 1.2 MeV, no differences were evident. Since it was
not critical for this application to extend the measurement below 1.2 MeV,
no additional adjustments were made in the electronics in order to improve
the data below 1.2 MeV,

To assure that the spectrometer system operated consistently and repro-
ducibly, a comparison was made between %52Cf spectrum measurements made 17
months apart. The two measurements were in excellent agreement. This indi-
cated that pre-operational procedures, system set-up, and calibration tech-
niques were adequate.

The conclusion is, after performing the above evaluation, that the spec-
trometer operated consistently and accurately over the energy range of approx-
imately 1.2 to 10 MeV. The minimum possible lower energy limit was not estab-
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TABLE I. Approximate® PuBe Neutron Spectrum Maxima (MeV)

Or zation Monganto UCLA UMC ANL
Reference 5 32 11 This report
Detector Type Stilbene Ilford L4 NE-213 NE-213
Nuclear
Emulsion
Detector Size 20 mm diam 25,5 mm x 76.2 mm 51.6 mm diam 50.8 mm diam
x 10 mm height x 600 ym thick % 63.5 mm height x 50.8 mm height
Unfolding Code Not Specified NA DUFOLD FERDOR FERDOR
Mass of Pu, g 2 160 80 Not Specified 10
- - - - 1.1 1.3 1.3 1.3b
2.2 1.9 2.3 2.2 - - 2.2
3.0 3.1 3.2 3.3 2.8 3.1
= -- -- 3.9b - - -
4.8 4.5 4.8 4.7 4.2 4.b
- - - - - - 5.2b - - - -
6.7 6.6 - - 6.7 6.6 6.6
7.8 7.5 7.8 7.8 7.2b 7.4
9.7 9.5 9.8 9.6 9,2 9.6

4 ocation of spectral lines estimated from figures or tables reported im each reference.

b’houlders, not resolved peaks.

T2
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lished. Likewise, the upper energy limit could be extended if necessary. For
our application, 8-10 MeV was the maximum energy neutron present.

IV. RADIATION SHIELD/COLLIMATOR ASSEMBLY

Spectra were measured in a beam extracted from the unshielded ZPPR by
placing the detector inside a massive (v17000 1bs) neutron and gamma-ray
shield. This shield consisted of three main sections -- radiation shield,
collimator, and beam shield cylinder. The radiation shield, shown in Fig. 16
in its full down position, was designed to house the NE-213 detector assembly.
Its design, however, allows it to be used with a variety of detectors. A
movable plug ia located near the center of the shield. It is height adjust-
able so that the NE-213 detector assembly which sets on top of this plug, can
be positioned along the centerline of the collimator opening. The plug can
also be removed to accommodate insertion of a long detector from the bottom
of the shield. Shielding materials would then be added around and below the
long detector to prevent streaming radiation from reaching the detector.
Before moving the shield into and out of the ZPPR cell, the steel "nose cone"
was removed. Each part of the radiation shield was then moved separately.
Raising and lowering of the shield was accomplished using jacks (not shown)
bolted to each corner.

The collimator insert, shown in Fig. 17, was designed specifically for
the 50.8-mm-diam cylindrical NE-213 detector. Its design was based on the
fast-neutron collimator study reported by Straker [31]. Collimators for
other applications could be easily designed, constructed, and inserted into
the void region of the radiation shield.

A cylindrical beam shield plug, shown in its full down position in Fig.
18, was used to remove the primary neutron beam for background measurements.
The plug composition was 304.8 mm of iron followed by 304.8 mm of lucite.
This plug was raised and lowered remotely from the ZPPR control room.

The shielding properties of the device were measured in the ZPPR cell.
The assembled shleld was elevated to 1.53 m, near the ZPPR radial core center-
line, as shown in Fig. 18. At this detector-to-radial reflector position of
2.9 m, the neutron shielding characteristics of the device were excellent.
For example, with the reactor operating at 65 watts, a power characteristi.
of that required for leakage spectrum measurements, the ratio of the recorded
neutron-induced pulses with the beam shield cylinder down to the number with
the cylinder up was 0.0054. This measurement was completed using a pulse-
height range corresponding to a neutron energy span of 1 to 10 MeV.

A comparison of 252Cf spectra measured with the detector assembly loca-
ted inside and outside of the shield/collimator assembly is shown in Fig. 19.
As shown, the detector shielded result is lower below 1.4 MeV. One possible
explanation for this is that room scattered neutrons were completely removed
using the shielded configuration. Collimator lip scatter did not appear to
be a problenm.
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V. ZPPR FAST NEUTRON LEAKAGE MEASUREMENTS

Extracted-beam-type neutron spectra were measured at ZPPR with the
shield/collimator aligned near the axial half-height of the reactor. Special
tunnel fuel plates were used in the reactor to produce a hole of either 15.9
or 25.4 mm in diameter exiting through a 50.8 mm opening in the radial support
structure of the reactor. Additional collimation in the form of a steel and
polyethylene pre-collimator with a 25.4 mm square hole, was placed near the
reactor to eliminate neutrons originating from the outer edge of the radial
reflector. The pre-collimator was placed directly in the path between the
beam hole and shield/collimator assembly. This geometry allowed for back-
ground measurements by using the beam plug discussed previously in Section IV.

Leakage neutron spectra studies were performed on ZPPR assemblies 3 and
4. Evaluation of the operating characteristics of the spectrometer was per-
formed on ZPPR assembly 3. Moderate data acquisition times were used to ob-
tain information on the relative neutron to gamma-ray background, the relatiwve
neutron to gamma-ray flux in the extracted beam, the optimum reactor power,
and the approximate neutron spectrum above 1 MeV. These results showed that
the spectrometer could be used to measure leakage neutron spectra above 1 MeV



28

at any radial position (along matrix row 137) in ZPPR. One day per measure-

ment would be required with the reactor operating at a nominal power of
50 watts,

More precise measurements were then made with beams extracted from the
inner core, outer core, and radial blanket on ZPPR assembly 4, phase 2, The
FERDOR unfolded results of these measurements are shown in Figs, 20-22, The
outer core spectrum contains oscillations at high energies inherent in un-
folding poor statistical data. This measurement was made simultaneously with
a gas-filled proportional counter spectrum measurement. As shown in Fig, 21,
the integrated power for this run was very low, only 8.4 watt hours. Inner
core and radial blanket spectrum measurements were each completed within one
day at power levels of 50 and 75 watts respectively., These two spectra
accurately describe the leakage spectrum from the core and blanket,
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