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COSMIC-RAY-VETO DETECTOR SYSTEM

by

D. W. Miller and H. O. Menlove

ABSTRACT

To reduce the cosmic-ray-induced neutron background, we are testing a cosmic-
ray veto option with a neutron detector system that uses plastic scintillator slabs
mounted on the outside of a ^He-tube detector. The scintillator slabs eliminate un-
wanted cosmic-ray events, enabling the detector to assay low-level plutonium sam-
ples, for which a low-background coincident signature is critical. This report de-
scribes the design and testing of the prototype cosmic-ray-veto detector system.



I. INTRODUCTION

Passive neutron assays of 200-^ drums containing
low levels of plutonium have been limited because of
coincidence neutrons from cosmic rays. Incident charged-
particle cosmic rays cause spallation reactions on and in-
side the detector body, generating coincident neutrons that
obscure the characteristic coincident-neutron signatures of
low-level plutonium waste. Essentially all neutron-coinci-
dence background counts in a ^He thermal-neutron detector
originate from these cosmic-ray spallations. Thus, to re-
duce the neutron-coincidence background, the incident
cosmic rays must be reduced by shielding or by electronic
means. Shielding the cosmic rays is very difficult in that
it requires about 1 m of concrete to reduce the cosmic-ray-
induced neutron flux by a factor of 4. Neutron moderators
such as polyethylene (CH2), while having a large effect
on incident fast neutrons (15 cm of CH2 reduces the inci-
dent fast-neutron flux by a factor of 10), do not stop the
cosmic rays with energies ranging from several MeV to
several GeV. Thus the electronic veto approach has advan-
tages over bulk shielding.

To reduce cosmic-ray-induced neutrons electronically,
scintillator slabs are placed on the outside of the •'He
detector as cosmic-ray shields. When the scintillators reg-
ister an event, they block the -^He-detector signal for a
prescribed length of time greater than the 60-|is neutron
die-away time of the ^He detector, so that these cosmic-
ray background events are excluded from the assay.

We have investigated this cosmic-ray veto technique
using a prototype •'He-tube slab detector covered by a 5-
cm-lhick plastic scintillator slab for the veto trigger. We
have reduced the coincident background level by 72% un-
der favorable geometric conditions. This report describes

our instrumentation and preliminary results and provides a
list of general conclusions and recommendations for future
work in this area.

II. EXPERIMENT SETUP

Figure 1 shows the veto system that was used in the
experiment. The scintillator detector consisted of a Bicron
Pilot B plastic scintillator* mounted with two RCA 8575
photomultiplier lubes (PMTs) and Ortec Model 265 tube
bases.

The 3He detector consisted of two separate banks of
•* He tubes enclosed in polyethylene blocks as shown in
Fig. 1. Each bank had six tubes with a diameter of 2.5 cm
and a 33-cm active length. The tubes were filled with ^He
gas (to a pressure of 4 atm) and each bank used a standard
Amptek preamplifier. The two Ampteks were "daisy
chained" together and powered by a JSR-12 coincidence
shift register** at an operating high voltage of 1680 V.

The electronics circuit used to create the veto system
is shown in Fig. 2. The two negative PMT anode signals
(about 800 mV) are amplified and sent through the "octal
discriminators." which convert the input pulses above a
variable energy threshold (set by the user) into level logic
pulses for the nuclear instrument module (NIM). The two
PMT signals are joined by an "or" gale and ihen sent to a
pulse generator, which allows the user 10 vary the level
and width of the logic pulses. We used 150 JJS as the veto
gate length. The choice of a velo gate length is described
in detail in Sec. VI of this report.

•Manufactured by the Bicron Corporation, 12345-T
Kinsman Rd., Newbury, OH 44065.

**Shift Register Model JSR-12 manufactured by
Canberra/Jomar Systems, Los Alamos, NM 87545.

Ortec 265 RCA Bicron Pilot B 0.25" Al
PMT Base 8575 PMT Plastic Scintillator Shielding

-•6.5"

23.5"

3He Tubes"

Polyethylene-

—Lead

14"-

1
2.5"

T
Preamplifiers

Fig. 1. Front and side views of the prototype detector system for vetoing cosmic rays showing a Bicron Pilot B
plastic scintillator and two banks of*He tubes.
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Fig. 2. Circuit block diagram used for the detector system for vetoing cosmic rays.

A Mech-Tronics coincidence unit was used as the
gate. This NIM accepts as input the logic signal output
from the 3He detector; the veto pulses are accepted
through an anticoincidence gate. The output of this unit is
then sent to the JSR-12 for the time-correlation counting
of the 3He signal. When the anticoincidence gate input is
positive (about 5 V), the coincidence unit gives a zero
output; in the absence of an anticoincidence pulse, the
3He signal passes through the unit to the JSR-12 with
minimal signal distortion. The JSR-12 was set with a
time-correlation gate of 128 |is to cover two die-away
times (2 x 60 \\s) for the 3He detector system.

III. CALIBRATION

After the electronic circuit was configured, a 252Cf
source was used to check the response of the plastic scin-
tillator. With a high-voltage setting of -2100 V, the two
PMT anode signals were approximately 10-20 ns wide and
ranged from noise level to about 1-2 V after amplification.
To equalize the gain from the two PMTs, the phototube
base gains were adjusted while observing the anode signals
together on a fast oscilloscope. The oscilloscope was then
used to observe the relative timing of the two signals, and
the cable lengths were adjusted so that the PMT pulses
arrived at the gate simultaneously.

The discriminator energy threshold can be set in a
range of 0-10 V, corresponding linearly to an input
threshold range of 0-1 V. To set a threshold, it was neces-
sary to calibrate the discriminators by establishing a rela-
tionship between threshold setting and incident energy. To
provide this calibration, several gamma sources with
known emission spectra were measured with a multichan-
nel analyzer (MCA) to determine the relationship between
incident energy and channel number. Then a scintillator
spectrum was made with no source present and with the

discriminator output gating the MCA. By varying the dis-
criminator threshold and observing the spectrum, it was
possible to establish a relationship between the threshold
setting and the channel number. Combining these two
relationships, a threshold-vs-gamma-ray-energy calibration
was obtained. This calibration is shown in Fig. 3, which
displays the scintillalor background rate and equivalent
system deadtime at Los Alamos ground level as a function
of both threshold setting and the equivalent incident
gamma-ray energy. The system deadtime is the number of
counts per second above threshold in the scintillator mul-
tiplied by the 150-us veto gate.

The graph in Fig. 3 indicates both the amount of
scintillator background radiation and its energy distribu-
tion, revealing in particular a large increase in the back-
ground below an equivalent gamma-ray energy of about
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Fig. 3. Scintillator background count rate and the equiva-
lent system deadtime vs the discriminator threshold setting
and the equivalent incident gamma energy. The data were
taken at Los Alamos ground level.



500 keV. The cosmic-ray background level at Los Alamos
is about a factor of 7 higher than would be expected near
sea level.1 For background levels this high, the threshold
should be set in the 4-9 V range to avoid excessive dead-
lime in the 3He system. The discriminator threshold
should be set high enough to limit system deadtime and
still count a significant fraction of the incoming cosmic-
ray radiation.

IV. INITIAL SYSTEM CHECK USING A
2 5 2 C f SOURCE

To check the operation of the veto configuration, a
2 -Cf source was measured first without the scintillator
between the source and the 3He banks, and then with the
scintillator in place, with and without the veto gate in
operation. The discriminator threshold was set at 5 V and
5-cm-thick lead was placed over the scinlillator to shield it
from the 2 5 2 Cf gamma-ray spectrum. The scintillator
neutron efficiency was measured to be about 10%
(including the neutron scattering loss in the lead).

By measuring the 3Hc detector counting rates with
and without the veto gate, the operation of the configura-
tion was checked, in that the 3He count rate was signifi-
cantly reduced when the veto was on. However, the neu-
tron shielding effect of the 5-cm-thick plastic scintillator
reduced the totals neutron rate by 42%, whereas the elec-
tronic veto reduced the neutron rate by only an additional
12%. Thus the veto method is not very effective for reduc-
ing the incident fast-neutron flux, and bulk neutron shield-
ing would be just as effective for reducing the single-neu-
tron background rate.

Despite this result, the system should nevertheless be
useful for reducing cosmic-ray-induced spallation neutrons.
First, the scintillator should have a larger efficiency for
detecting charged particles. Secondly, because the bulk
shielding of cosmic rays requires large thicknesses of con-
crete or CH2 (1 m for a factor of 4 reduction), cosmic rays
detected by the 5-cm-thick scintillalor can still reach the
3He detector and cause coincidence counts from spallaiion
reaction neutrons. Thus the use of the electronic veto sys-
tem is a favorable alternative to using large thicknesses of
shielding from cosmic rays.

V. COSMIC-RAY VETO CAPABILITIES

To check the systems ability lo veto cosmic rays, we
moved the detector to a basement room approximately
12.2 m below Los Alamos ground level. The 6.7-m-
square room is surrounded on all sides by thick concrete
walls, but is not shielded from above, being separated
from the atmosphere by only thin sheet metal roofing.
The cosmic-ray flux is therefore restricted to incident
angles near vertical, so the cosmic-ray-induced neutron and

gamma background is significantly less than at ground
level. Figure 4 shows the sciniillator-measured back-
ground rate and equivalent system deadtime vs ihe discrim-
inator threshold setting at the underground measurement
location. Performing the lest underground is advantageous
because cosmic rays are well-collimated by the time they
reach ihe detector system. Because the cosmic-ray flux is
incident in only a small solid angle (~2n/25), one scinlil-
lator placed over the 3He detector banks is sufficient to
intercept most of the incident cosmic rays. The configura-
tion therefore represents a realistic comparison to a
ground-level system with a 2JI solid angle covered by the
veto scintillators.

The tests were performed with approximately 5 cm of
lead between the iwo 3He detector banks as shown in
Fig. 1. The lead acts as a cosmic-ray spallalion target and
enhances the neutron coincident counting rale in the 3He
detector by 2 orders of magnitude. The lead is placed
between the tube banks both to maximize the efficiency of
the 3He detectors for counting spallalion neutrons and to
allow the upper 3He lube bank to shield the plasiic scin-
tillator from the spallation neutrons.

The system was run with and without the electronic
veto gate in operation and with various discriminator
threshold sellings. The measured coincident background
rales were corrected for ihe veto-gale-induced system dead-
time to distinguish between events actively vetoed by the
plastic scintillator and those eliminated by a random dead-
lime effect. The results of ihe tests are shown in Fig. 5,
which shows the effect of the veto gate on the coincident
background rate measured with 3He detectors for different
threshold settings. As expected, the percentage reduction
in the coincident background varies inversely with the
threshold and ranges from 54% at 9 V to 72% at 1 V. The
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Fig. 4. Scinlitlalor background count rate and the equiva-
lent system deadtime vs the discriminator threshold setting.
The data were taken 12.2 m below Los Alamos ground level in
a room shielded by thick concrete walls.
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Fig. 5. The reduction in the 3He-detectormeasured
coincidence background by the electronic veto gate for
different discriminator threshold settings.

totals rate reduction is considerably less than Lhe coinci-
dent reduction because, in addition to cosmic-ray spalla-
lion in the detector, the totals counts originate from back-
ground sources such as radioactive decay in the 3He tubes
and spallation events distant from the detector.

The reduction in the coincident background ultimately
translates into an increase in the detector's measurement
sensitivity. If the coincident background is reduced by a
given factor, the detector measurement sensitivity
improves as the square root of that factor. Thus the largest
reals reduction of 72% (a factor of 3.5) at a 1-V threshold
would improve detector sensitivity by a factor of-1.9.

VI. DEADTIME CONSIDERATIONS

The deadtime of the veto system is determined by
both the discriminator threshold setting and the length of
the electronic veto gate. Because a low threshold is desir-
able for maximum cosmic-ray rejection, it is advantageous
to make the veto gate length as small as possible so that
the deadtime is kept at a minimum. The optimum veto
gate length for the system depends on the system's neu-
tron die-away lime. Using the same detector system con-
figuration as in the cosmic-ray tests, and with a 252Cf
source placed next to the lead, we calculated the system
die-away time by measuring the 3He detector reals rate as
the JSR-12 coincidence gale was varied from 8 to 128 us..
The die-away time is given by the relation

where /?2 and V?[ are the reals rates for coincidence gate
lengths G2 and G\y respectively and Gi is twice G\. The
veto system has a die-away time of -60 |is. For low-level
waste counters, it is desirable to set the shifi-register coin
cidence gate length relalively high because the accidentals-
to-reals ratio is very small.2 Given the 3He system's
60-|is die-away time, the JSR-12 coincident gate was set
at 128 us.

The coincidence gate will equally collect both neu-
trons from fissions in the assay source and neutrons from
spallations induced by cosmic rays because both have
equal die-away times. A conservative veto gate length is
therefore the length of the shift register coincident gate
plus the time interval between a cosmic-ray trigger in the
plastic scintillator and the first spallation neutron being
detected by the 3He detector. Because the latter time inter-
val is on the order of 20 us, the conservative veto gate
length is approximately 150 (is. A veto gate length below
the conservative length will not last for the duration of the
shift-register coincident gate, and consequently a portion
of the spallation-neutron distribution might not be vetoed.
A longer veto gate length will not improve the system's
veto ability and will contribute additional deadtime to the
system. For normal cosmic-ray veto conditions, the veto
gale length should therefore be set at -150 |is. However,
for high scintillator background conditions, the veto gate
can be reduced 10 -100 y& with only a small (10%) loss in
the system's veto effectiveness.

Further reduction in the system deadtime can be
obtained by reducing the scintillator background rate,
either by increasing the discriminator threshold or by
operating the system in a region of lower cosmic-ray
activity. We were able to reduce the background rate by
performing the measurements in the deep basement; a
similar reduction will be obtained by operating the system
at lower elevations. Another approach for reducing the
scintillator background is to use a plastic scintillator
thickness thai is significantly less than our current 5 cm.

VII. SCINTILLATOR VETO OF SAMPLE
RADIATION

A concern in using the electronic veto technique was
that neutrons or gamma rays from a source being assayed
mighi escape from the 3He detector and generate evenis in
the scintillator, causing substantial signal loss from sys-
tem dcadtime. To check this potential problem, a small



2->2Cf source was placed under the •'He tube banks to
simulate a source being assayed inside a closed detector
system, such as a barrel counter. The neutron emission
spectra for 2->2Cf and plutonium arc similar, with average
neutron energies of 2.14 MeV and 1.96 MeV, respec-
tively. However, the output of the 2 5 2Cf source (8 300
neutrons/s and 46 000 gammas/s at measurement lime) is
larger than the output of the low-level plutonium samples
for which the veto system was designed. The assay tests
were performed with two scintillator slabs placed side by
side over the lop of the 3Hc tube banks.

Table I shows the effect of the veto gate on the assay
totals and reals rates for different discriminator threshold
settings. The system dcadtimc is the number of counts per
second registered in the scintillator multiplied by the
150-|is veto gate. It is clear that for higher thresholds (6
to 8 V are of primary interest) the percentage reductions
from the veto gate in both the reals and totals rates are
very close to the respective deadiimc percentages. These
results indicate that the reduction in count rale was due
primarily to a random deadlime effect rather than an active
veto of the internal fission signal.

The principal limiting factor in the veto detector's
assay performance is the system dcadtime, or cqui valcntly,
the background rate in the scintillator slabs. The scintilla-
tor background must therefore be kept as low as possible
to avoid deadtime losses. This po' .1 will be further
addressed in the following section.

VIII. DETECTOR IMPROVEMENTS

The following steps could be taken to increase the
overall effectiveness of the cosmic-ray-veto detector:

(a) The 3He detector should be covered on the top
and sides by scintillator material to increase the
cosmic-ray rejection efficiency.

TABLE I. Effect of the Electronic Veto Gate on the
3He Detector Totals and Reals Rates of a Mock-Assay
2^2Cf Source for Different Discriminator Thresholds

Discriminator
Threshold

(V)

2

4

6

8

System
Dcadiime

(%)

21.7

12.3

7.7

5.3

Totals Rate
Reduction

(%)

18.9

14.6

9.7

6.7

Reals Rate
Reduction

(%)

28.5

14.6

10.0

7.0

(b) For good coincident background reduction, veto
electronics and polyethylene shielding should be
used together. Polyethylene placed between the
scintillator and 3He detector will not only further
lower the background rate, but will also prevent
source radiation from registering events in the
scintillator.

(c) A thinner scintillator would have a smaller effi-
ciency for delecting background gamma rays and
neutrons while still maintaining a reasonable
efficiency for charged particles. This would
decrease the scinullator background count rate and
reduce system deadlime.

(d) In regions of high neutron and gamma back-
ground levels, the discriminator threshold should
be set in the 5-9 V range to reduce system
deadtimc.

IX. CONCLUSIONS

We have demonstrated that plastic sciniillators can be
used in conjunction with a 3He detector to reduce back-
ground neutrons induced by spallations caused by cosmic
rays. Using our small prototype 3He neutron detector, the
neutron coincidence background was reduced by a factor of
3.5 using a sciniillator veto threshold of 1 V. This coinci-
dence background reduction improves our minimum
delectable mass limit for plutonium assay by a factor of
-1.9.

For practical applications of passive-neutron coinci-
dence assay for plutonium waste containers, the back-
ground reduction from the electronic veto can be compared
with bulk shielding of the cosmic rays. The shielding
effectiveness of the electronic veto is equivalent to -0.9 m
of concrete in the upper hemisphere. However, concrete
has the advantage that it will significantly reduce both the
spallation coincidence background and the single-neutron
background.

The deadtime problem that we have evaluated for our
prototype 3He detector will get considerably worse for a
full-sized 200-£-drum assay system because of the increase
in detector surface area. Our present plastic sciniillator had
a surface area of about 0.2 m2; however, a drum counter
would require approximately 4 m2 for cosmic-ray cover-
age. Thus our background rate could increase by a factor of
20 over the small prototype. The use of thinner scintilla-
tors would partially compensate for the increase in detector
surface area.

If the dcadtimc limitation is too restrictive, the active
veto technique might be limited to smaller 3He systems
such as the INVS-III3 and the HLNC-II.4 These detector



systems have high efficiencies (43% and 18%, respec- 2.
tively), and their primary limitation for low-background
environmental monitoring of plutonium is the cosmic-
ray-induced coincidence neutrons. Thus, this electronic
veto technique could be useful in decreasing the back-
ground and improving the sensitivity limits.
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