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We have developed and tested sensitive neutron detectors for neutron time-of-flight measurements in
z-pinch and plasma focus experiments with neutron emission times in tens of nanoseconds and with
neutron yields between 10° and 10'? per one shot. The neutron detectors are composed of a BC-408
fast plastic scintillator and Hamamatsu H1949-51 photomultiplier tube (PMT). During the calibra-
tion procedure, a PMT delay was determined for various operating voltages. The temporal resolution
of the neutron detector was measured for the most commonly used PMT voltage of 1.4 kV. At the
PF-1000 plasma focus, a novel method of the acquisition of a pulse height distribution has been
used. This pulse height analysis enabled to determine the single neutron sensitivity for various neu-
tron energies and to calibrate the neutron detector for absolute neutron yields at about 2.45 MeV.
© 2011 American Institute of Physics. [doi:10.1063/1.3559548]

I. INTRODUCTION

Time-of-flight (ToF) diagnostics is one of the most ac-
curate methods of measuring energy spectra of fast neutrons
which are produced by D(d, n)*He fusion reactions. That is
why the ToF analysis has been applied to diagnose fusion
processes in controlled thermonuclear fusion research.'™
This method is also commonly used for diagnostics of z-
pinches and plasma foci with neutron yields between 10° and
103 (see Refs. 5-12). Such neutron yields enable to acquire
ToF signals within a single shot. The duration of neutron
ToF signals in z-pinches is typically tens of nanoseconds;
therefore, it is necessary to use neutron detectors with a
fast time response. Nanosecond temporal resolutions can be
easily achieved with plastic scintillators which are relatively
inexpensive and easy to handle. These properties are impor-
tant when a large number of ToF detectors are used, such as
at the PF-1000 facility.® In this paper, we describe the design,
the calibration, and the initial test of a neutron detector which
is composed of the BC-408 fast plastic scintillator and the
Hamamatsu H1949-51 PMT assembly. The description of the
neutron detector is provided in Sec. II. Section III deals with
the issues of temporal resolution and timing of the detector.
Section IV presents a novel method of the measurement
of single neutron sensitivity in the energy range between
1.8 and 3.0 MeV. Section V brings forward the calibra-
tion of the neutron detector for absolute neutron yields at
2.45 MeV. Finally, Sec. VI describes the initial test of the
neutron ToF detector during the measurement of a neutron
production time.
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Il. DESCRIPTION OF NEUTRON TIME-OF-FLIGHT
DETECTOR

One of the most common ways of detecting fusion neu-
trons is to produce a recoil proton through elastic scattering
in a hydrogen-containing scintillator.'> Because the free path
length of recoil protons is usually negligible in comparison
with scintillator dimensions, the recoil proton energy is fully
deposited into a scintillator. The fluorescence of excited atoms
in a scintillator can be converted into an electrical pulse by a
PMT combined with a high-bandwidth transient digitizer. For
purposes of ToF analysis with the temporal resolution on the
order of several nanoseconds, fast plastic scintillators based
on a polyvinyltoluene matrice are used since they can be eas-
ily fabricated and handled. In our plasma focus and z-pinch
experiments,® %1214 we mostly used Saint Gobain BC-408
plastic scintillators with a 0.9 ns rise time, a 2.5 ns FWHM, a
2.1 ns decay time, and a 425 nm peak emission wavelength.'
The general characteristics of the BC-408 scintillator are the
density of 1.032 g/cc and the atomic ratio between hydrogen
and carbon of 1.104. The front surface of our cylindrical
scintillator is 45 mm in diameter. The 50 mm thickness of the
scintillator is approximately equal to the mean free path of
2.45 MeV neutron in the polyvinyltoluene matrice. The fast
plastic scintillator is coupled to the Hamamatsu H1949-51
PMT assembly which is composed of a high voltage divider
and the R1828-01 photomultiplier tube.'® This type of the
PMT with a 1.3 ns rise time (at a 2.5 kV voltage), the peak
cathode sensitivity at 420 nm and the photocathode of a 46
mm effective diameter is well matched to the parameters of
the scintillator. A large dynamic range of the PMT (>10°, see
Ref. 17) enables us to use a neutron detector for a broad range
of neutron yields. The neutron detector described in this paper
was used at small plasma foci with 10° neutrons/shot,!*!!
at the mega-ampere PF-1000 plasma focus®3® and the S-300
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FIG. 1. (color online) Cross section of the neutron time-of-flight detector showing the BC-408 scintillator and the H1949-51 photomultiplier tube inside the
stainless-steel housing. The inside cover of the scintillator is from black-anodized aluminum. In order to minimize the interface reflection, a silicone grease was

applied between the scintillator and the PMT entrance window.

z-pinch'? with neutron yields up to 10'? as well as at the
PALS laser facility.?”

As far as the electromagnetic shielding is concerned,
each scintillator-PMT combination was put inside a heavy
duty housing which was manufactured by ACS Ltd.'® (see
Fig. 1). At the PF-1000 facility, the housing with the detec-
tor was placed into a AS16U-8 mobile stand at 1.2 m above
the floor."” In the presence of a harsh x-ray environment, such
as at the S-300 z-pinch!? or the PALS laser system,?’ scin-
tillators were shielded with up to 10 cm of lead. It was also
suitable to place the scintillator-PMT combination in such a
position to avoid a direct exposure of the photomultiplier tube
or to shield the PMT by even larger amount of lead or tung-
sten. In both cases, it was essential to place shielding close to
the neutron detector in order not to influence significantly the
time-of-flight of neutrons. Further details on the design of the
ToF detector can be found in Ref. 18.

lll. TEMPORAL RESOLUTION AND TIMING
CALIBRATION

The temporal resolution of the neutron detector is given
by the pulse width of the scintillator (2.5 ns FWHM) and by
the width of a PMT time response which depends on a photo-
multiplier voltage (cf. Fig. 2). The response of an acquisition
system below 1 ns and a transit time of 2.5 MeV neutrons
through 50-mm-thick scintillators (1 ns uncertainty) do not
limit the temporal resolution. For the most commonly used
PMT voltage of 1.4 kV, the typical time response to a 3 MeV
neutron recorded with a 500 MHz oscilloscope is shown in
Fig. 3. The observed signal corresponds to the result obtained
by the convolution of the PMT time response with the scintil-
lator decay (see a dashed line in Fig. 3). The width (FWHM)
of the neutron signal was 5.7 £ 0.6 ns (+20). The rise time
and fall time were 2.9 0.2 and 8 & 1 ns, respectively. As
far as the detection of two neutrons is concerned, it was pos-
sible to distinguish them when the temporal shift was about
5.5 ns.'® The temporal resolution could be slightly improved

by a higher PMT voltage. At a 1.9 kV voltage, for example,
the width of the neutron signal was by 0.4 ns smaller, i.e.,
5.3 ns. (At even higher voltages, a single neutron produces
>10 mA peaks and, if a large number of neutrons are de-
tected, the PMT may operate in a nonlinear regime, i.e., the
anode current is above 250 mA. For that purpose, a neutral
density filter may be placed between the scintillator and the
PMT. Because it reduces the signal-to-noise ratio, we do not
use operating voltages above 2.0 kV.)

The applied voltage determines not only what the tem-
poral resolution shall be but also influences a PMT delay, the
information that is necessary to know in order to synchronize
all neutron detectors between each other as well as with other
diagnostic tools. The dependence of the PMT delay on the
applied voltage was measured for each PMT and the result of
one of PMTs can be seen in Fig. 4. An uncertainty of the PMT
delay was below 1 ns and differences between various PMTs
did not exceed 2 ns for >1 kV voltages.
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FIG. 2. The dependence of the PMT response (FWHM and rise time) on the
operating voltage. The error bars indicate +20 uncertainty.
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FIG. 3. (color online) The typical time response to a 3 MeV neutron recorded
with a 500 MHz oscilloscope (solid line) and the convolution of the PMT
time response with the scintillator decay (dashed line). The measurement was
based on the technique which is described in Sec. IV. Since only a single
neutron was detected, the uncertainty caused by a neutron transit time through
50-mm-thick scintillators is not included in this time response.

IV. LIGHT OUTPUT AND SINGLE NEUTRON
SENSITIVITY

The pulse height distribution for a specific scintillator and
for various neutron energies can be calculated by the MCNP
code?!' postprocessed by the PoliMi package, similarly as it
was simulated by Pozzi et al.?>?* Such a numerical simula-
tion is useful for a calibration of detectors operating in the
counting mode. In the case of our ToF measurements, %24
the detectors are operating in the current mode. It means that
a large number of neutrons create a ToF signal. Therefore, it is
necessary to know what the average light output for neutrons
with a given time-of-flight is.

The calculation of the average light output for neutron en-
ergies between 1.8 and 3.0 MeV is not as straightforward as
it may seem. First, recoil proton energies are distributed uni-
formly from zero energy to the full kinetic energy of an inci-
dent neutron.'? Second, the response to protons and carbons is
nonlinear for energies below 5 MeV.'>23 Third, neutrons can
lose their kinetic energy during the transport from the source
to the detector. If a neutron loses its energy near the scintilla-
tor (especially at the PMT and lead shielding), the measured
time-of-flight corresponds to a higher neutron energy than the
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FIG. 4. The dependence of the PMT delay on the PMT voltage. The error
bars indicate +20 uncertainty.
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energy of a detected neutron. Finally, it is necessary to calcu-
late the coupling efficiency of a scintillator light by the PMT
tube, the photocathode quantum efficiency, and the electron
gain.

To include all these effects, we developed a novel method
of calibrating a neutron detector for different neutron ener-
gies between 1.8 and 3.0 MeV. We experimentally estimated
in situ the response to a single neutron at the PF-1000 plasma
focus (2 MA peak current, 5 us rise time, Ref. 26). It means
that the detector described in this paper was developed for the
application at this device. When a deuterium gas is used, this
facility is capable to produce more than 10'' D(d, n)’He neu-
trons with energies from 1.8 to 3.5 MeV within 100 ns. In the
case of such a high neutron yield, it is possible to detect in-
dividual neutrons at a distant place from the neutron source
and to calculate the energy of a detected neutron by the ToF
method. An illustrative ToF signal is displayed in Fig. 5. In
comparison with the method described in Refs. 27 and 28,
where the neutron detector was calibrated at a 2 m distance,
the detector at the PF-1000 was positioned upstream at a dis-
tance of 83.7 m from the plasma. Such a great distance en-
ables us to measure the single neutron sensitivity for neutron
energies between 1.8 and 3.0 MeV.

The kinetic energy of a neutron, E, could be calculated
from the basic time-of-flight method. The energy resolution
of the ToF method AE is determined mainly by the duration
of neutron emission At as

AE  2At

E '
where t is the neutron time-of-flight from a source to a de-
tector. At the PF-1000 plasma focus, the FWHM of neutron
emission At is usually below 100 ns. Then, for a 83.7 m dis-
tance and for 2.45 MeV neutron with the ToF of 3860 ns, we
obtain the uncertainty of a neutron energy A E on the order of
0.1 MeV.

If the energy estimated from the time-of-flight is known,
it is possible to measure a pulse height response of the
detector to neutrons with various neutron energies. During
the calibration at the PF-1000 facility, the noise level was 0.2
mV (root mean square). Therefore, the discrimination level
was set at 1 mV and only single peaks above this threshold
were taken into account. The response to a single neutron was
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FIG. 5. An example of a ToF signal recorded at 83.7 m.
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FIG. 6. (color online) The dependence of peak areas on neutron energies cal-
culated from the neutron ToF. A dashed line represents a relative dependence
of the light output for recoil protons according to Ref. 15.

recognized by its FWHM which should be between 5 and 7
ns. In order to avoid pile-up effect, we excluded from the anal-
ysis those parts of a ToF signal where the coincidence of two
neutrons was expected. During 20 shots (these correspond
to 1 day operation of the PF-1000 facility), we accumulated
~5000 peaks and analyzed 300 well separated peaks (see
Fig. 6). Even though the operating regime of the PF-1000
facility was not optimized for the pulse height analysis and
neutron yields were higher than optimal, 300 well separated
pulses ensured sufficient accuracy for our Monte Carlo recon-
struction of neutron energy spectra.'?242%30 If a higher ac-
curacy is required, more shots in an optimized regime of the
device can be easily achieved.

Figure 6 shows that the maximum light output observed
for a given energy of the incident neutron is rising more than
linearly. Such a result agrees with the fact that the response
to recoil protons with the full neutron energy is nonlinear for
energies below 5 MeV.!> 1323 Since only a portion of the neu-
tron energy is usually transferred to a recoil proton in a sin-
gle scattering event, there are more events with pulse heights
lower than the maximum for the incident neutron energy in
Fig. 6. As far as the average values are concerned, the depen-
dence of the light output on the neutron energy was fitted by a
polynomial of the second order. The result was influenced by
the 1 mV discrimination level because events with 0-5 mV ns
peak areas were not included and, thus, the average light out-
put is somewhat overestimated. If we assume that a number
of events in the 0—10 mV ns region was the same as in the
1020 mV ns region, the average neutron light yield should
be decreased by about 3 mV ns for all energies and we re-
ceive fit parameters which are presented in Fig. 6. Error esti-
mates of fit parameters include the uncertainty of neutron en-
ergies and the influence of a discrimination level and Poisson
statistics.

On the one hand, Fig. 6 shows that colliding neutrons
with higher energies produce higher light outputs. But on
the other hand, more energetic neutrons have usually lower
probability of a scattering event with protons in a scintillator.
In order to include this effect in our measurement with the
BC-408 scintillator, we estimate the dependence of the de-
tection efficiency on a neutron energy using the ENDF
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FIG. 7. The dependence of the detection efficiency of the neutron energy for
50 mm thick BC-408 scintillator.

database.?' In the first order approximation, we assume a thin
target and we calculate the probability of the elastic interac-
tion of an incident neutron with a recoil proton. The result
can be seen in Fig. 7. Since the detection efficiency is not so
strongly dependent on a neutron energy and since the light
output caused by scattering on carbon is very small and can
be neglected (cf. Ref. 15), the error of our approximation is
expected to be on the order of a few percent. As a result, the
detector sensitivity to multiple neutrons with various energies
is given by the multiplication of the dependencies presented
in Figs. 6 and 7.

Such a calibration of the current mode neutron ToF de-
tector does not occur often in fusion experiments. Usually,
the detector response is assumed to be independent on a neu-
tron energy. This assumption is valid only in the case of a
narrow neutron energy spectrum. In the case of z-pinch and
plasma focus experiments,> '>2%32.33 the width of neutron en-
ergy spectra could exceed 500 keV and thus the dependence
of a detector sensitivity on a neutron energy should be taken
into account. For instance, the difference between 2.1 and
2.9 MeV neutrons reaches 35%. Such a value is compara-
ble with the axial neutron emission anisotropy observed in
z-pinches.”*

V. NEUTRON YIELD AND NUMBER OF DETECTED
NEUTRONS

The calibration mentioned in Sec. IV was carried out
mainly for the purpose of more precise reconstruction of neu-
tron energy spectra.”*2%3% In addition to that, the known re-
sponse of the detector to a single neutron can be used for the
estimation of the number of detected neutrons by the current
mode detector. Figure 8 shows the histogram of a peak area
for neutrons with energies between 2.2 and 2.7 MeV. The av-
erage peak area A was about (37 & 5) mV ns, i.e., 0.75 pC, for
the 1.4 kV operating voltage (as regards the calibration at var-
ious voltages, it was possible to use the measured dependence
of the radiant sensitivity of the PMT tube on a voltage pub-
lished in Ref. 18). Then, if we determine the charge produced
by the current mode detector, Q, the number of detected neu-
trons can be estimated as Negected = @/ A.

If the number of detected neutrons is known, a neutron
ToF detector can be calibrated for absolute neutron yields.
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FIG. 8. The histogram of peak areas for 2.2-2.7 MeV neutrons. In order to
include the effect of the discrimination limit, several counts were added into
a 0-0.2 pC region.

Assuming the isotropic emission, the neutron yield is given
by

_ 4_77 N, detected
=5 —77 ,
where Q2 and 5 stand for the solid angle and the efficiency
of neutron detection, respectively. The solid angle 2 covered
by a detector can be simply inferred from the experimental
arrangement. As for the detection efficiency, n, i.e., the ra-
tio between detected and impinging neutrons, it is ~50% in
the case of 2.45 MeV neutrons (cf. Fig. 7). At the PF-1000,
we were able to compare the neutron yield measured by this
technique with the one determined by four silver activation
detectors.’ When we considered the influence of neutrons
scattered at the experimental chamber (see Ref. 35 and 37),
the neutron yields measured by scintillators were by about
30% lower. The observed difference could be ascribed to a
neutron flux anisotropy and to the accuracy of neutron yield
measurements by these methods.

On the contrary, if the neutron yield Y is known, we can
calculate the expected number of detected neutrons Ngegected-
At the PF-1000 facility, for instance, neutron yields are on
the order of 10'! per one shot. At the distance of 30 m, the
4.5 cm diameter of the cylindrical detector corresponds to the
solid angle  of 2 x 1077 srad. Calculating with the 50% de-
tection efficiency, we obtain more than 7000 detected neu-
trons. As far as the number of detected neutrons is concerned,
a neutron detector operating in the current mode requires a
sufficiently high number of scattering events in order to re-
duce the quantum noise. The quantum noise is given not only
by the stochastic nature of neutron detection but also by the
stochastic transfer of a neutron energy to recoil protons and,
therefore, by the stochastic distribution of pulse heights for a
given neutron energy. Therefore, it is necessary for ToF mea-
surements to detect at least several tens of neutrons within the
temporal resolution of the detector. At the PF-1000 facility,
the typical duration of ToF signals at 30 m is about 300 ns.® In
the case of 7000 detected neutrons, we obtain about 115 neu-
trons within the 5 ns temporal resolution. Such a value seems
to be high enough to reduce the quantum noise. In the case of
the 85 m distance, the quantum noise is much more signifi-
cant since the number of detected neutrons is lower and also

Y @)
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the width of a ToF signal is broader. For this reason, it seems
better to use cylindrical scintillators with a larger diameter.'®
Another possibility is to use a longer cylindrical scintillator
positioned perpendicularly to the source—detector axis.

VL. TIME OF NEUTRON PRODUCTION, TEMPORAL
ACCURACY, AND TEMPORAL RESOLUTION

An illustrative test of the fast neutron detector is the mea-
surement of neutron production time at a small plasma focus
PFZ at the Czech Technical University in Prague. The time
of neutron production is usually estimated from the nearest
neutron ToF signals, therefore, it is convenient to place the
neutron detector as close to the source as possible. The short-
est possible distance is given by an experimental arrangement
and by the fact that a neutron signal has to be temporally
separated from hard x-ray emission or harsh electromagnetic
noise. At the PFZ device, the time of neutron production is es-
timated from the nearest side-on ToF detector at about 150 cm
from the plasma. The advantage of side-on detectors is usually
less amount of hardware in the direction of diagnostic ports
which implies a smaller influence of scattered neutrons.'* An-
other advantage of side-on detectors is that neutron energy
spectra are centered at about 2.45 MeV. Therefore, in order to
obtain the temporal evolution of neutron emission, it is possi-
ble to shift the observed neutron signals by the time-of-flight
of 2.45 MeV neutrons (69.4 ns in the case of 150 cm distance,
64.4 ns delay after hard x-rays). For example, Fig. 9 shows a
radial neutron signal shifted by the ToF together with wave-
forms of soft and hard x-ray radiations and current derivative
d7/dr.

In Fig. 9, we can see the temporal correlation of the d/ /dt
dip (maximum compression) and soft and hard x-ray signals.
All these waveforms were recorded by the same oscilloscope
and were adjusted to account for different transit times from
each detector. A 2 ns temporal uncertainty between these
waveforms is given by the uncertainty of a detector distance,
length of cables, a PMT delay, and a 500 MHz bandwidth
of the oscilloscope. As regards the shift between hard x-rays
and neutron signals, they are taken from the same waveform.
Therefore, the temporal uncertainty is determined only by the
accuracy of the distance from the source to the detector. In
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FIG. 9. (Color online) The waveforms of current derivative, soft x-rays, hard
x-rays, and neutron emission recorded in discharge No. 090429-23 with a
neutron yield of about 107.
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the case of 2.45 MeV neutrons, the distance of about 2 cm
corresponds to a 1 ns temporal uncertainty.

Much more important than the 2 ns temporal uncertainty
(temporal accuracy) is the temporal resolution of neutron
detection. Since the neutron emission is detected at a cer-
tain, nonzero, distance from the neutron source, the tempo-
ral resolution is given not only by the 5.7 ns pulse response
of the neutron detector (see Sec. II), but also by the width
of a neutron energy spectrum. The difference between neu-
tron kinetic energies implies the broadening of ToF signals.
In the case of a 500 keV width of side-on energy spectra
which was observed in most of plasma focus and z-pinch
experiments,” %2432 the instant neutron emission is broad-
ened to a 6.5 ns FWHM at 1.5 m distance. Calculating with
the 5.7 ns pulse response to a single neutron, we obtain the
overall temporal resolution of about 8.5 ns.

The overall temporal resolution of 8.5 ns seems to be suf-
ficient for most neutron measurements in gas puff z-pinches
and plasma foci. In these devices, temporal changes of neu-
tron emission are not so fast since it takes some time to
produce fusion neutrons from accelerated deuterons. For in-
stance, the free path length of 100 keV deuterons in z-pinch
plasmas is typically several centimeters long. Each 3 cm then
represents the time period of about 10 ns. This time delay can
partly explain differences between the hard x-ray and neutron
signal in Fig. 9. The application of a faster neutron detector is,
therefore, valuable especially in the case of a shorter neutron
emission, a narrow energy spectrum, and a small distance of
the neutron detector.

VIl. CONCLUSION

We have developed and tested sensitive neutron detectors
which are designed for neutron ToF measurements in z-pinch
and plasma focus experiments. The pulse response of the neu-
tron detector is ~5 ns. During the calibration procedure at
the PF-1000 facility, we demonstrated the applicability of a
novel method of the acquisition of the pulse height distribu-
tion. With the ToF detector at the distance of 85 m, it was
possible to measure the single neutron sensitivity for neutron
energies between 1.8 and 3.0 MeV. The detector described in
this paper has been successfully used in z-pinch and plasma
focus experiments with neutron yields from 10° to 10'? neu-
trons/shot.
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