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Abstract

The He neutron spectrometer used for measuring ion temperatures and the
NE213 proton recoil spectrometer used for triton burnup measurements were ab-
solutely calibrated with DT and DD neutron generators placed inside the TFTR
vacuum vessel. The details of the detector response and calibration are presented.
Comparisons are made to the neutron source strengths measured from other cali-

brated systems. :
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1. Introduction

This report documents the absolute calibration of the TFTR neutron spectrom-
eters petformmed in December 1987. The neutron spectrometers were located in a
neutron collimator 15 m from the torus which viewed Bay F nearlv perpendicular
to the plasma current. Two spectrometers were calibrated: (a) a *He ionization
chamber! which has been used(1-3} for measurement of the Doppler broadening of
the d(d,n)*He 2.45-MeV neutron emission; and (b) a NE213 proton recoil spectrom-
eteri4] which has been used[5] for measurement of the magnitude of the d{t.n)a
14-MeV nentron emission from the burnup of the d(d, p)t 1-MeV triton fusion prod-
uct.

The calibration was accomplished by measuring the detector point efficiencies
(counts per emitted neutron) across the collimator aperture separately with calibrated
2.5-MeV and 14-MeV neutron generators, and then integrating toroidally to simulate
the respa.ise to a line source. The DT calibration of the NE213 spectrometer provides
an absolute magnitude of the 14-MeV neutron emission, and thus compliments the

'Model FNS-1 Seforad (Israel), purchased circa 1972.

-~



3 2 CALIBRATION PROCEDURE

DT calibrations of the neutron activation system:6), surface barrier detector 7}, and
the 23%{/ fission detectors[8] which also provide some measurements of the triton
burnup. The NE213 DT calibration is more accurate than the other systems because
the collimation provides a relatively more complete angular coverage and the high
efficiency of the NE213 ensures good statistical accuracy. Obtaining the triton buraup
from the ratio of 14-MeV events to 2.3-MeV events in the same detector also helps
remove some systematic uncertainties in the burnup measurement, and was done to
20% accuracy. The DD calibration of the He ionization chamber supplements the
DD calibration of the fission chamber neutron detectorsi9,10], although the fission
chambers {the NE syvstem) are thought to be calibrated to higher precision. The
DD calibration of the NE213 spectrometer was obtained with about 30% uncertainty,
which is comparable to the precision of the fission detector calibration using the

generator.

2. Calibration Procedure

The neutron collimator (Figure 1) contains a 3He ionization chamber surrounded
by a two-inch thick lead cylinder with a NE213 liquid scintillator placed immediately
behind the lead cylinder. The collimatori1l] is composed of Li;CO, and paraffin
mixed in equal volumes. It views the plasma through a double cenical apertureill!
which is designed to minimize the flux of forward scattered neutrons {from the aper-
ture} onto the detectors. The collimator views TFTR Bay F (Figures 2 and 3} at a
3.6° = 0.1° angle from the perpendicular, under the horizontal Pulse Height Analysis
svstem vacuum tube. The collimator was aligned with respect to a laser beam that
passed through the vessel minor axis in the center of Bay F, the center of both col-
limator cones, and the center of the detector casing. The laser was positioned just
outside the vacuum vessel. The alignment uncertainty of =10 cm was due to the
blind projection of the beam: into the vessel. From the dimensions of the edges of the
cones of the collimator the optical cone angle of the collimator was d = 33 +1 mRad,
leading to an expected angle ¢ = 360°Ld/(27 /) = (10.2 = 0.3)° of toroidal extent
for a torus of major radius Ry at a distance L = 14.7 m away. The geometrical factor
of the NE213 spectrometer (the ratio of those unscattered neutrons passing through

the detector to the total emitted) was expected to be ,
= Aé -9 -3 )
9—4”2R‘JL—\J.TXIO (1)

for an extended line source of torcidal radius £, = 2.7 m and a detector area A =
20.3 cm?, and no attenuation.
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Figure 1: Plan of neutron collimator with double conical aperture, lead shield, 3He
ivnization chamber and NE213 liquid scintillator. ’

2.1. NE213 Proton Recoil Spectrometer

The detector consisted of a 2 inch high by 2 inch diameter NE213 liquid scintil-
lator (detector area A = 20.3 cm?), encased in a reflecting cylinder with a transparent
window at one end. An RCA8857 photomultiplier tube (PMT) was attached to the
window and had a RCA2209A PMT base.

The circnit used is shown in Figure 4. The PMT was run at —1600 \ from an
Ortec 436 high voltage supply. The anode output was run through RG/62 93 cable
to the input of an Ortec 474 Timing Filter Amplifier set with 20 nsec integration and
20 nsec differentiation at x10 gain. That cutput was put into an Ortec 436 100 MHz
Discriminator. .

There are two parallel circuits after the discriminator. each centered at different
energies. with one around 2.5-MeV neutron energy and one around 14 MeV'. Each of
the two discriminator outputs were put into a Ortec 416A Gate and Delay Generator.
and the Delaved Marker output was used for the Stop signal in an Ortec 467 Time-
to-Pulse Height Converter (TPHC). The dynode output of the PMT base was sent
through RG /38U 512 cable to an Ortec 452 Spectroscopy Amplifier set at about x40



3 Fignte 2: Photograph of neutron collimator and the section of TFTR (Bay F) that
it views,
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Figure 4: The circuit diagram of the NE213 system.

gain. with a 0.25 usec shaping constant and a built in 2 usec delay on the cutput. The
Bipolar outpuy. was split into two parallel circuits. each of which goes into separate
Ortec 551 Tirring Single Channel Analyzers (TSCA). The Negative output of the
TSCA was used as the Start of the TPHC. Using the slow dynode signal for the Start
reduces the number of triggers of the TPHC for out-of-range pulse heights, and causes
the neutron rise-times to be displaved hefore the 4 rise times{12].

The Unipolar output of the amplifier was split, and each signal sent through
a 427A Delav Amplifier to a 426 Linear Gate. The SCA output of the TPHC was
then used as the Enable of the Gate. with the output sent to histogrammers of the
TFTR data acquisition system (CICADA). The TPHC output was also sent to a
histogrammer.

The pulse-shape discrimination circuit was set up by:

rs
b

1. Using a '37Cs ~-ray source (0.667 MeV). the discriminator of the 436 unit was
set on the Compton recoil edge (at a value above which the discriminator output
rate would sharply reduce to near zero).
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. The Lower Level Discriminator (LLD) on the 531 was set to not further dis-
criminate against the '7Cs pulses.

(3

3. Using a *Na v-ray source (1.25 MeV'), the Upper Level Discriminator of the
331 was set just above the Compton recoil edge (below which the output wonld
sharply increase from near zero).

4. The TPHC pulses from the 467 unit were made to be several volts by varying
the Delay of the 551. The Timing Walk of the 551 was varied until the most

narrow band of rise-time pulses was obtained.

5. A PuBe neutron-v source was used to confirm that the neutron rise-time pulses
were separated and below the y-ray pulses,

6. Energy spectra with the available y-sources (*37Cs, ®Zn, *Na, and Y were
used in the calibration) were used to determine an energy calibration from the
Compton edges.

7. The ULD and the LLD of the SCA on the TPHC were set on either side of the
neutron peak.

8. For the 14 MeV branch of the circuit, the LLD of the TSCA was set just below
the Compton recoil edge of the 4.43 MeV 4 from the PuBe source. This edge
was hard to see and the setting not very accurate (channel 60 instead of 90).
The setting of the ULD was insensitive since it can be set quite high without a
dynamic range problem.

Unfortunately, the TPHC unit drifts slightly day-to-day, making the rise-time
spectrum shift channels by 1-5%. This drift can easily allew photon pulses to be
gated into the energy spectrum. However, unique identification of neutron events is
possible by using the rise time spectrum itself and just integrating under the neutron
peak. The rise-time spectra obtained from the PuBe source (Figure 5) have a “figure-
of-merit” {peak separation divided by the sum of the FWHM of the two peaks) of 1.8
or better. The width of the rise-time peaks and their separation have been observed
to be constant to within 1% between spectra taken at diffcrent times below neutron
source strengths of 3 x 10’¥ sec™?. The neutron counts are found by fitting the v peak
with a Gaussian, moving 3 standard deviations below the peak of the v's (typicailly
26 channels for the low energy circuit and 19 channels for the high energy circuit),
and summing down for 80 channels for the low energy circuit and 65 channels for the
high (equivalent to +2 standard deviations of the neutron rise-time peak). Thus. a
14-MeV rate and combined 2.5-MeV and 14-MeV rate are available.
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Figure 5: Pulse-shape discrimination rise-time spectra from the two parallel circuits
using a PuBe neutron-y source.
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In any pulse-shape discrimination circuit the magnitude of the contribution to
the neutron counts from ¥’s must be considered. For a pure v source (such as **Na)
the fraction of gamma counts observed inside the lower energy neutron windcw is
about 1 in 30. Estimating the v events under the neutron peak in a timing spectrum
taken with a neutron source is more difficult. The rise-time spectrum of the 4's
may not be Gaussian, but may have exponential tails. Assuming a worse case of
exponential tails the y-rejection (fraction of counts under the neutron peak due to
7's) was still batter than 1 part in 30 in the ;uw energy channel. When the algorithm
dzscribed above of finding and summing under the neutron peak is used, the resulting
neutron rates are expected to have 95% of all neutron counts and less than 2% of
any gamma counts. With a typical y-to-neutron ratio of 3 or iess at the detector,
these DD rates have a relative uncertainty in comparing discharges of less than 8%
from this method of analysis. The vy-rejection improves significantly at higher energy,
and hence is over 100 for the high energy channel. The rejection cannot be measured
directly because a v source was not available above the bias setting used. But in
plasma discharges less than 1 in 100 of the 7’s appear in the neutron channel.

The energy calibration of the spectrometer is shown in Figure 6. The chan-
nels in the energy spectrum where the Compton recoil edges appear for various v
sources{16,14], along with the channels of the DD and DT neutron recoil edges, de-
termine the channel-to-energy calibration. This is only important as a diagnostic
check, and in comparing the expected physical efficiency (from the detector counting
efficiency times the geometrical factor) with the absolute calibration.

The discriminator settings, combined with the energy calibration, allow deter-
minaticn of the counting efficiency of the two channels. Integrating over the data
of Verbinskij13] an absolute counting effictency of the NE213 for 14-MeV neutrons is
obtained of (5.7 & 0.2) x 10~2. The absolute counting efficiency for 2.5-MeV neutrons
is about (3.0 & 1.0) x 1072, where the large error is because the bias is set very close
to the 2.5 MeV recoil edge and hence the counting efficiency is very sensitive to small
changes in the bias. The absolute counting efficiency for 14-MeV neutrons in the
lower energy window is (1.8 2 0.2) x 1072, The ratio of counting response in the two
circuits to 14-MeV neutrons is predicted to result in approximately 0.31 2= 0.04 counts
in the lower energy window for every count in the higher energy window.

2.2. 3He Ionization Chamber *

The 3He ionization chamber was operated as in Refs. 2 and 3 with —2500 volts
applied to it and a 12 usec shaping constant used on the main amplifier.
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hatched regions show the channel ranges of the parallel energy circuits 'see Figs. 9(b)
and 9(d) .
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2.3. Neuntron Generator and Operation

A neutron generator® (DD emission level of 2 x 10® sec™! or DT emission level of
2 % 10'° sec™!) was placed inside the vessel and pointed along the plasma minor axis
‘(Fig. 3) in a number of locations which scanned TFTR Bays F and G. The neutron
emission from the generator was measured in the forward direction by a 233U fission
detector, and the fission detector was calibrated by activation foils[6] placed (Fig-
ure 7) immediately in the forward direction (Indium for the DD generator head and
Aluminum for the DT generator head). The fluence through the foils was determined
by the activation to about 12% uncertainty, including about 2% from statistics, 8%
from uncertainty in the counting efficiency of the H PGe counting system, 1% in the
generator target-foil distance (1 mm}, and 5% in the energy-dependent cross-section.
(Cross-sections of 347 mbarn for Indium at 2.76 MeV forward emission energy} and
111 mbarn for aluminum at 14.55 MeV were used.)

The angular emission of the generator has been previously measured|17] using
an NE213 spectrometer. No data exists on the azimuthal symmetry of the emission,
and in this paper it has been assumed to be uniform. (Note the collimator sight-
line was 12 degrees Jow.) From the data of Ref. 17, the total neutron emission in
all directions relative to the emission in the forward direction was 0.56 x 4r for the
DD generator and 0.76 x 47 for the DT generator with 8% uncertainty from model
dependent choices of how to integrate the angular data and deal with missing data
at some angles, and on how to normabize to the 0° emission. The total “vield” of the
generator on each shot is the monitor fission chamber counts divided by its calibrated
efficiency for total neutron emission. The efficiencies are 2.83 x 10~7 for DD and
5.25 x 10~7 for DT, with 15% overall uncertainty.

The collimated detectors used here primarily see unscattered, full-energy neu-
trons, or in other words they see the generator emission in the direction of the detec-
tors. That “directed yield” is the total vield times the relative emission at the angle
of observation; that is, it is the vield as if the generator emitted isotropically at the
same magnitude that it emits in the direction of the detector. The “point efficiency”
is the ratio of the detector counts to the directed yield. The directed yield towards
the neutron collimator varied by about 20% for the positions of the generator used
in the calibration (Figure 8).

For each experiment or “shot.” the TFTR data acquisition computer was trig-
gered, and then the generator was turned on, run for the necessary duration, and then
turned off. The total integrated counts in the monitoring detector and the detectors
being calibrated were then tabulated and analyzed. The gain of the monitor detector
electronics drifted < 1% shot-to-shot, but with occasional overnight changes of up

2Kaman Model A711 neutron genetator with either a DD or a DT head.

-
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to 4%. This was observed from variations in the peak of a calibrated pulser. The
channe] of the peak of the fission spectrum staved proportional to the channel of the
pulser (at 57 = 1%). The monitor detector count was taken as the sum of the counts
in the fission spectrum between 31.8% and 91.3% of the pulser channel for each shot.
Uncertainties of < 1% arise from 1 channel uncertainties in the spectrum integration
and counting statistics.

The calibration consisted of

1. a scan of 10 minute DD generator runs in the Bay F area.

)

a single 3 hr DD generator run at one location near the maximum sensitivity
derived from the Bay F scan. and *

3. a scan of two minute DT generator runs in the Bay F area.

(There was additional work done for detectors at Bay M.)
The cables for the neutron generator entered the TFTR vacuum vessel through
an opening at Bay K. and the generator was always pointed away from that Bay.



16 ) 2 CALIBRATION PROCEDURE

Hence, for the work near Bay F, the generator was always pointing counter-clockwise
when viewed from above. The head of the generator was located on its cart above
marks positioned on a work floor, with the toroidal angle measured from the center of
Bay F in a counter-clockwise from above direction (so that the toroidal angle increases
from left to right when viewed from the collimator). The target of the generator was
positioned a2t 270 cm major radius, with the beam tangential to the torus at that
radius. Two data points were taken at 280 cm major radius, and a single data point
was taken with the DD generator beam pointed outward by 45°. All but two shots
were taken at a z-position of 0 in the center of the vacuum vessel; those two shots
had the DD generator raised by 15 or 30 cm. The generator was moved to different
toroidal angles for each data acquisition “shot.”
Table 1 is a printout of the data from all the Bay F calibration shots.
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Table 2: NE213 Background Rates

Detector ! Time Neutron n-Rate - ~-rate

| (secs) counts (cps) counts (eps)
NE213 (DD) ' 8700 10 1.15 x 1073 420 483 x 102
NE213 (DT) | 8700 20 2,30 x 1072 937 6.17 x 10-2

3. Detector Response

3.1. NE213: Rise-Time and Energy Spectra

The rise-time zpectra from the NE213 detector (Figure 9} to (a) the DD genera-
tor, and (c) the DT generator have significant pulse-shape discrimination. Using the
algorithm described before and integrating between the channels as marked rejects
less than 5% of the neutrons and accepts less than 2% of the gammas.

The energy spectrum for the DD generator {Fig. 9(b)] shows the recoil edge
for the 2.5-MeV neutrons but no 14-MeV neutrons. For the DT generator spectrum
[Fig. 9(d)] the recoil edge at 14 MeV is clearly seen. The enhanced counts at low
energy are consistent with the expected detector response to 14-MeV neutrons{l3].
The dip seen in the higher channels is not consistent with the expected neuntren
response. However, for the DT data the TPHZ had drifted significantly [the gamma
peak had moved from channel 359 during the DD calibration to channel 340 as seen
in Fig. 9{c)], so that v events could get into the energy spectrum. Correspondingly,
some fraction of the fastest rise-time neutrons were rejected. The combination of
these two effects is expected to be the cause of the dip in the energy spectrum at
channel 120. For this reason, the neutron calibration directly uses the counts in the
neutron peak of the rise-time spectrum and not the gated energy pulses.

With 3-hour counting times there were modest background counting rates. The
background rates are shown in Table 2. and have been subtracted from the raw data
yielding small (less .han 1%) eflects for the NE213 DT data and modest (ten percent)
corrections for the NE213 DD data.

3.2. 3He Energy Spectra

The 3He ionization chamber spectra obtained under different circumstances in-
cluding a series of TFTR plasmasi2] are shown in Figure 10. The spectra are com-
posed of a pulser (channel 370) which monitors the integrity of the electronic pulses,
a 2.15-MeV neutron peak (channel 195) which is Doppler broadened by the 2.5 keV
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ion temperature of the plasma deuterons, some low energy neutron counts down to
about 1.7 MeV, a recoil proton edge due to methane gas in the jonization chamber,
a He recoil proton edge, a thermal 3He(n, p)t peak at channet 52, and a low energy
exponential spectrum probably due to ¥ induced counts.

The calculated detector response function|18] (Figure 11} for pure 2.5-MeV neu-
trons is similar in shape and relative magnitude to the measured spectrum above 2
MeV (channel 160) indicating that most of the counts between the 2.5-MeV Doppler
brozdened peak and proton recoil edge are wall counts. Wall counts are events where
one of the *He(n, p)t products, usually the proton, has lost energy to the walls. A
prominent aspect of the respeonse function is the He recoil edge [Figure 12(a)]. Its
magnitude might be usefu] in establishing the absolute calibration of the detector;
however. pulse pile-up of the thermal neutron counts with themselves (channel 95 in
the measured spectrum) is a noise source for determining the magnitude of the *He
recoil edge. The recoil edge in the 3 hr spectrum is also lower than for the plasma case
which we interpret to be a combination of the plasma having more lower energy scat-
tered neutrons as well as more pulse-pile up of the thermal neutron peak with itself.
The detector response function has no calculated response to epithermal neutrons;
however, the plasma spectrum does indicate the presence of epithermal neutrons and
low energy (< 1.5 MeV) neutrons. These are scattered neutrons that might originate
either at the vacuum vessel or inside the collimator.

Since we have taken a three hour run with the DD neutron generator in the Bay F
plasma location, we also took a three hour exposure without any source operating.
This background spectrum (shown in Fig. 12) did not indicate any epithermal nentron
events but did indicate a significant background {10~? cps) in the vicinity of 2.5-MeV
neutron energy. Presumably, these events are cosmic ray events or possibly some
internal arcing in the detector or in the cable or connectors.

The entire spectrum for the three hour run is plotted in Fig. 10(2) with details
shown in Fig.12. An epithermal neutron peak is clearly evident above background as
is a *He recoil edge (Fig. 12(a}). The 2.5-MeV neutron peak (Fig. 12(b)), however,
is only marginally evident above the background.

The spectrum cbtained when the DT neutron generator was used 'Fig. 10(c)]
shows no observable peak since it would be off-scale. Furthermore, above about 3 MeV
neutron energy, the detector response becomes dominated by wall events. That is,
the *He recoil and *He(n, p)t reaction products have so much energy that they tend
to strike the wall. Therefore, we take the detector response in channels 60 to 200 to
be dominated by *He recoils which, however, do not go to full energy because they
strike the wall.
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4. Collimator Aperture Map and Detector Efficiencies

4.1. NE213 Detector

4.1.1. Aperture Maps

The point efficiencies € versus toroidal angle ¢ for the DT [Figure 13(a)j and DD
‘Figure 13(b)] generators for the NE213 system were peaked near the center of Bay F.
They show similar features, approximately at the locations of the toroidal field coils
and, with the Bay F view, the thick flanges on the Bay F port. The data taken at
higher z-positions and with the generator rotated outwards by 45° is shown in Fig-
ure 14, Such data is about equivalent to data taken at toroidal angles 2(360/27)/ Ry
which are 3° or 6° from the peak. Data from both generatcrs was taken on the far
side of the machine from 198°-270° in toroidal angle, but at significantly reduced
genérator emission for the DT case. In both cases, the detector point efficiencies,
when corrected for background, were consistent with being zero. For example, with
the DT generator 7 counts were seen with an expected background of 8.6 counts but
for a total vield of only 1.9 x 10! neutrons.

Typical profiles of neutron emission calculated for TFTR ohmically-heated or
beam-heated plasmas are sufficiently narrow that most of the neutron emission would
fall inside the collimator aperture (Figure 15). Moreover, the vertical alignment
(within 10 cm) is probably sufficient to ensure that both the 3He ionization chamber
and the NE213 detector observe over 85% of the neutron emitting plasma (Fig. 15).
Since the calibration demonstrated significant local neutron absorption and scatter-
ing, future calibrations should attempt a two-dimensicnal map of the area.

4.1.2. Neutron efficiencies

There are 10-20% uncertainties, largely from generator uncertainties, in esti-
mating the point efficiencies of the peak {in units of counts per neutron)

epr(peak) = 5.4 x107'°
epp(peak) = 1.2x 107"

.

and at —2° (where the 3 hour exposure was taken)

tpr(-2°)
609(-20)

1.3 x 10710
6.8 x 107!,

To get a tnroidal angle average efficiency for comparing to a line-source of neu-
trons, one can linearly interpolate through the point efficiency data (or draw a smoaoth
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curve). and then integrate the area. That is, the detector efficiency to a toroidal line-

source 1s ‘ ~ [ _ fed‘ﬁ
" Tde T Tde
One can divide the integral I by the point efficiency ¢ somewhere to estimate the
“average” width ir angle of the data.
One question is the contribution to the integrated efficiency from data at angles
not measured. In 1985, a ?52Cf source was moved inside TFTR and observed by a
NE213 detector in the neutron collimator in approximately the same location. In
retrospect insufficient toroidal detail was taken in 1985 to clearly resolye the peak.
and there were questions about the detector background. The 1985 point efficiency
data uncorrected for any background decreased to a toroidallv constant level by about
2 bays (36°) from Bay F on either side. In treating the 1987 data. we assumed that
the point efficiency of our detector is zero on the far side of the machine, and that the

(2)
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Figure 13: Calculations of collimator view of neutron profiles. The closed symbols
represent the calculated (by SNAP) line-integrated neutren emission profile. The
open symbols represent the fraction of the total emission seen by a collimated detector
if the center of its view was at the labeled major radius. The calculation assumes
the collimator aperture has a Gaussian profile with an equivalent width of 14° of
toroidal angle. and convalutes that aperture with the line-integrated emission, The
calculation thus assumes that viewing the plasma from belov: is equivalent to viewing
the plasma from the outside horizontal midplane. (a) The ohmic TFTR plasma (shot
20255 try 03) from which the neutron spectrum was measured. 2. {b) A neutral beam
injected plasma of 1.8 MA and 2.7 MW (shot 36409 try 01).
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point efficiency drops linearly to zero from the measured end points within 1 =0 °
bay.

The detector efficiency to a toroidal line-source, 7 (Eqg. 2}, again in units of counts
per neutron, is the sum of the integrals over peak region where the measurements were
taken and over the wings where little data was taken, (Jpeak + Jiving,)/360°. This is

nor 2104 x107"
nop = 4413 x1072

It

where the 12% error on the generator direct emission is included. We estimate about
10% overall accuracy in integrating the available data for the DT neutrons, and a 20%
error in determining the shape and a 10% error in determining the overall magnitude
for the DD data. The ratio of these efficiencies is 4.8 = 1.0 where the uncertainty of
the ratio is reduced by removing similar systematic uncertainties. The average width
of the aperture 7/¢(peak) is about 14°.

The DD and DT angular stiuctures are consistent with being the same within
the 12% uncertainties of the generator emission. There were 6 pairs of toroidal angles
with daia from both generators with more than 9 counts above background for the
DD generator. The average of the ratio of point efficiencies epr/epp for these 6 pairs
of toroidal angles is 4.9 = 0.6. The DD data at —2° is low {the efficiency ratio is 6.0)
but still statistically consistent with the other ratios.

The major contribution to the uncertainties in the NE213 calibration come from
the accuracy of the toroidal integrals through the sparse data set. Significant vari-
ations in the point efficiency with angle were seen, raising questions about further
unmeasured variations in spaces between the data points that were sampled. However
we fee] that our quoted uncertainties include the possibility of such variations as well
as the statistical errors, that they are relatively conservative and, when doubled, that
they represent a high (95%) level of confidence of the accuracy of the measurement.

The observed fraction of low-energy channel counts for DT operation was 4305
out of 12220 seen in the high energy channel, or 37%. This was near the 31 = 4%
estimated from the ratio of counting efficiencies, as expected from the NE213 detector
response function[13].

The expected efficiency for the NE213 system in the absence of any attenuation
or scattering was the geometric factor (Eq. 1) times the counting efficiency. For DT
neutrons this would be

Texpectea = 5.7 X 1072 x 3.7 x 107 = 2.1 x 10 %counts per neutron
which is 100 times greater than observed. The expected point efficiency in the center

was (A/47L?)5.7 x 1072 = 4.3 x 107® instead of the 5.4 x 107® observed, again the



4.1 NEZ213 Detector ’ 29

Table 3: Materials between the plasma and the spectrometers in the collimator.

Material ! Steel Inconel Carhon Lead
SpecificDensity p i 8.02 8.25 20 113
Atomic Weight A i 58 58 12 207
Thickness (inches) ¢t |  0.38 3.0 1.5 2.0
o.(15 MeV) (barns) i 1.55 1.55 0.92 3.39
o.(3 MeV) (barns) | 1.95 1.95 1.58 3.72
pto.fAmy, (15 MeV) | 0.13 0.98 0.35 0.57
pto.fAm, (3 MeV) | 016 1.24 0.60 0.62

same two orders of magnitude low. The reduced efficiency can be partially explained
by effects of small-angle scattering between the plasma and the detector. The “re-
moval cross-section” represents the probability per atom of a scattering event that
changes the energy of the neutron, followed by its subsequent removal by mederation
in hydrogenous material (such as the paraffin of the collimator)[19]. Table 3 lists the
approximate materials between the detectors and the neutron source, their removal
cross-sections at 3 and 15 MeV, and their estimated effect on the “attenuation” of
the directed neutrons. The average thickness of the Inconel of the port is uncertain
and could be from 1 to 5 inches in places. The carbon of the protective plates is
an important effect, for despite the lower removal cross-section it has a high number
density p/Am,. Summing up the removal coefficients pto./4Am, and exponentiating
the sum gives the estimated effect of the attenuation to the *He detector. Adding the
effect of the additional 2 inches of lead in front of the NE213 detector vields a total
factor of 1/13 for DT neutrons and 1/26 for DD neutrons to that detector. These
calculated effects are about one-third to one-quarter of that seen in the calibration.
The 2.5-MeV neutron response is expected to be a factor of 4 lower than the 14-MeV
response, half because of differential attenuation and half because of the factor of
1.9 difference in counting efficiency, with no effect from differences in the angular
acceptance of the collimator. In view of the distance of the collimator to the plasma
and the variability of materials in that distance, we take these ~ttenuation factors as
reasonable agreement with the observed 1/100 attenuation.

Comparing the energy spectra (even with the v problem dsmbcd above) for
data taken looking at 99° in the forward direction with respect to the generator
as opposed to 73°-83° in the backward direction shows about a 2 channe] shift of
the racoil edge. This shift is consistent with the 0.2 MeV change in generator energy
between those angles(20]. Comparing data taken in the peak of the aperture map with
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data taken in the wings shows no difference in the shape of the spectrum attributable
to scattering.

The effects of scattering on the response have been studied in another way. A
sequence of 32 Ohmic discharges run with helium had a very low neutron rate. From
1-3 seconds a total of 3 neutron counts and 19 v counts were seen by the NE213
systemn. From 3-5 seconds the neutral beams were injecting into their calorimeters,
causing a background of scattered neutrons. During this time 3375 4 counts were
seen, and 28 “neutron” events, or a 0.83% background from the v counts. In typical
deuterium plasma discharges the neutron counts are about 39% of the number of v
counts. Hence, if we make the assumption that the calorimeter neutrons make the
same fraction of «s at the NE213 detector as the plasma neutrons do. then the normal
component of scattered neutrons to the NE213 system is less than 0.0083/0.39 = 2%.

The single experiment of rotating the DD generator towards the detector resulted
in a factor of twe drop in the point efficiency (the detected counts dropped while
the directed yield increased from the rotation) (see Fig. 14). Only 13 counts were
observed, and about 30 were expected. However, it was difficult to insure the toroidal
angle of the generator head was exactly the same when the entire generator was
rotated. Small positioning errors at the —2° Jocation of the experiment could have
had a large impact on the results because of the steep gradient of the point efficency
at that angle (presumably because of shielding by the edge of the flange).

4.1.3. Comparison of yields to other calibrated systems

The neutron vields from the NE213 detector compared to the fission chamber
systemi9] are within statistical accuracy of 1.0 for DD neutron source strengths from
5 x 10'? sec™! in Ohmic discharges to 6 x 18' sec™! in NBI discharges (Figure 16).
There is no discrepancy on the overall DD neutron calibration within the 30% uncer-
tainty of the NE213 calibration. This is despite the **1; fission chamber primarily
responding to scattered neutrons of all energies, while the NE213 responds to coili-
mated, unscattered, “directed” neutrons of nearly full energy. The relative precision
of comparing discharges is about 10% from counting statistics in the NE213 and the
accuracy of identifying all the neutron counts without a gamma contribution. No
dependence on major radius between 2.45 m and 2.60 m is seen within that relative
precision between discharges, and no difference on whether the neutrons are from
ohmic or neutral beam injection. This last point differs from previous results with
the 3He detector'3; where a factor of 1.5 was seen between ohmic and certain special
neutral beam discharges. A slow decrease in the efficiency of the U detector can be
seen in this comparison, confirmed by comparison to other detector svstems. Table 4
shows the shot lists used for the comparison.
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Figure 16: NE213 vield divided by NE system vield versus shot number. The open
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discharges are included, as well as discharges at 2.45 m and 2.6 m major radius.

The + signal in the high energy circuit during the DD generator calibration
was statistically consistent with being entirely due to background, with 1376 events
seen compared to a background expected of 1340 events. However, this statistically
insignificant difference of 36 out of 1340 counts (one sigma increase), if continued
uniformly from neutrons emitted around the whole torus, would lead to a detection
efficiency of v’s in the DT channel of 8 x 10-'2, which is actually greater than the
neutron efficiency of the low energy channel, npp. That is, we could not determine
directly the detection efficiency to 4's in the DT channel. In actual practice we see
almost the same number of 7y events in the DT channel as neutron events in the DD
channel from TFTR plasmas. With a better than 100-1 7-rejection in the DT circuit
and the ratio of DT/DD efficiency for neutrons of 4.9, this provides a conservative
lower bound for the burnup to be detected of 1/(100 x 4.9) = 0.2%. Integrated
burnup of about 0.3% can be clearly detected by a peak in the 14-MeV neutron
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rise-time spectrum. After the neutral beam injection the amount of +’s drops mote
rapidly than the 14-MeV neutron emission, and the detector easily becomes sensitive
to much lower emission levels. )

The DT neutron source strength from the NE213 system is consistent with the
rate deduced from the 2*U fission chamber using its DT calibration[9,8] (Figure 17).
However, since the exact ratio of DT/DD relative emission at these late times is
unknown, it is possible that the DD rate is still up to 50% of the DT rate(8]. 50%
DD rate (1 out of 3 neutrons) with a factor of 5 lower detection response than for the
DT’s in the NE213 system means only one-tenth as many DD events as DT events at
this time. And since in the low energy circuit there is 1 event for every 3 in the high
energy channel just from DT neutrons, one is faced with subtracting 10 counts for
every 13 in the low energy channel to determine the actual DD rate. Only with large
numbers of counts from many reproducible discharges to reduce the statistical error
can this be doae accurately. While from the NE213 detector it appears that the DD
rate is much less than 50% of the DT rate, this result is within the 40% uncertainty
of the relative DT/DD calibration of the ***U detectors which found the high level of
DD neutrons8). This would then mean that there could be a 50% difference between
the fission chamber DT source strength and the NE213 DT calibration.

4.2. 3He Detector
4.2.1. Aperture map and scattering

For the *He detector the aperture was mapped using the DD and DT generators
with the thermal *He(n, p)t counts, and with the *He recoil counts. The *He recoil
counts for the DT generator scan (Figure 18} yield the best statistics. The shape of
the aperture map is very similar for the 3He detector and the NE213 detector, but
with differences attributed to scattering. Neutron penetration through the collimating
cones might further broaden the optically expected response. According to such a
model, the aperture view should be flat between the toroidal field coils and cut off
by the toroidal field coil {Fig. 18). The observed collimator aperture is narrower
than the distance between the toroidal field coils and shows local absorption effects
in the vicinity of the flange edges (6 inches of steel) (see Fig. 3). The *He recoil
mapping and the NE213 recoil mapping (Fig. 18) follow each other except in the
wings where the *He recoil signals are relatively higher. Since the *He recoils are at
a lower energy relative to the recoil edge than are the NE213 signals, there may be
more scattered neutrons of degraded energies in the *He recoil counts. Consequently,
the wings would have a larger component of scattered neutrons causing the relatively

larger *He detector response.
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Figure 17: The NE213 DT neutron source strength is plotied versus the rate from
the NE2 detector (assuming all the neutrons are DT). The data are from the accu-
mulations of three sequences of discharges during the post-NBI phase. If the DD rate
were still 30% of the DT rate the data would shiit left by the distance from the solid
to the dashed line.

Some features of the aperture scan data give an indication of the relative pro-
portions of scattered neutrons detected inside the collimator:

1. The thermal (multiple scattered) neutron counts Figure 19(a)’ have a similar
aperture map to the more energetic *He recoil neutron counts, except in the
wings where there is more respanse to thermal neutrons. This indicates that a
significant proportion of the thermal neutron counts in the detectpr originate
from already scattered neutrons entering the aperture. -

[~

The dip at the flange edge { —6° toroidal angle point) indicates that many of
the thermal neutron counts also originate as direct neutrons and thus have heen
thermalized inside the collimator.
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Figure 18: The 3He recoil counts for the Bay F scan of the DT generator, compared to
the NE213 response. The optical view of the collimator is approximately =10°-12°,

3. The detected thermal counts per emitted neutron were lower with the DD gen-
erator than with the DT generator ‘Fig. 19(a).. This would indicate that the
14-Me\' neutrons caused a larger, scattered neutron flux inside the collmator.
Probably the higher neutron energy of the DT neutrons penetrated the colli-
mator aperture more easilv. However. such penetration causes enough energy
degradation that the high energy threshold of the NE213 detector still results
in similar angular maps for DD and DT.

The aperture map Figure 19(b) of the *He recoil edge for the DD neutron
generator again indicates a similar aperture to the DT generator. However. the count
rates are so low that the statistical uncertainties make this map less useful than
Fig.19(a). We do uot attach any significance to the high point at —18° because of its
large statistical uncertainty.
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Table 5: Efficiency of the 3He detector observed during the 3 hr generator run (total
directed yield of 2.32 x 10'? neutrons) compared to that expected for the response

function.
' Point Source Efficiencies

3 Hr Exp. Response Function
Thermals 7.8 x 1079+12% 0
3He Recoils | 4.0 x 10~''+32% 2.7 x 10~194+25%

DD Peak | 7.8x1072x70% 8.5 x 10-11+25%

4.2.2. Detector efficiency

The intrinsic efficiency of the 2.5-MeV neutron peak[18] is about 6 x 105, (This
value is taken from Figure 9 of Ref. 18, and disagrees from the values in Table 3 of
that reference by a factor of 10.} The recoil edge efficiency is obtained by comparing
the ratio of the number of counts in the response function under the peak and under
the recoil edge over the 500 keV (60 channels) region that is summed. These intrinsic
efficiencies can be multiplied by the geometrical factor for the spectrometer to obtain
point source efficiencies. The active area of the detector is 5 ¢cmx15 cm and about
1/2 of the detector has a direct view of the generator. For the detector 14.7 m
from the torus the geometrical factor Af4wl? is 1.4 x 107%. The observed peint
source efficiencies from the 3-hour generator exposure for the ?He ionization chamber
are about an order of magnitude lower than expected for these types of detectors
(Table 5). Other efficiency measurements[21,22] for this type of detector have found
efficiencies similar in magnitude to the detector response function. Presumably, the
reduced efficiency is due to absorption and scattering by the material between the
generator and the detector (see Table 3). From the removal cross sections{19] for
these materials, we expect the 2.5-MeV neutron flux to be attenuated by a factor-of-
14. The ratio of the DD peak response and the 3He recoiis is in agreement (within
statistical uncertainties) with the response function again indicating that the *He
recoil edge can be potentially useful for establishing the absolute detector efficiency,
since it has more counts and, therefore, lower statistical uncertainties and, as well, a
lower background (Fig. 12). A complication is that the pile-up of the thermal neutron
peak with itself occurs near the *He recoil edge. The addition of a pile-up rejection
circuit to the detector electronics would improve the utility of the *He recoil edge since
it is desirable to operate the detector at maximum count rates in order to accumulate

full energy counts.
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Table 6: 3He Detector Efficiency (counts per neutron) for Plasma Neutrons

| 3 hr Exp. Shot 30255 Bay F Scan
Equivalent
Plasma vield | 22 x 2.32 x 1072 4.01 x 10" 01,02 x 10%
Thermals ;' 39x107M+25%  7.9x107M=20% 44 x 10°"'=12%
3He Recoils | 2.0 x 107"2+40%  2.9x 107'2220% 1.3 x 107'2=78%
25-MeV n's | 39x10°8:72%  45x1079242% <49 x 10-9

1.2.3. Comparison {o plasma yvields

The efficiency of the *He ionization chamber for TFTR plasma neuirons was
obtained using shot 30255 where the neutron emission|2] was measured using the ep-
ithermal neutron system with its own calibration. A measurable DD 2.5-MeV neutron
peak and *He recoil proton spectrum were obtained on this single plasma shot which
had a total neutron emission from the 2°U detector of (4.0 + 1.0) x 10’ neutrons.

The efficiency of the *He ionization chamber for 2.5-MeV neutrons inside the
TFTR vacuum vessel was obtained from the 3 hr run of the DD generator. In this
case, \le generator can approximate the plasma by using the measured collimator
aperture (Fig. 18). The equivalent isotropic emission is the directed yield divided
by the fraction of the torus seen by the collimator. That fraction is about 18/360
where the 18° + 4° represznts either the measured collimator aperture (I/€pp(2°)) or
one Bay. Unfortunately, the background subtraction significantly interfered with the
accuracy of this calibration and resulted in the large quoted uncertainty (Table 6).
Still, the eficiencies agree with the plasma case.

Another method of calculating the efficiency of the *He ionization chamber to
TFTR 2.5-MeV neutrons is to use the Bay F scan. Taking a set of 10 minute irra-
diations (shots 90017,90020, 90021, and Y0023-90028) that are nearly evenly spaced
throughout Bav F, the aperture does not need to be known since the equivalent
isotropic emission at the perpendicular rate from the full torus is obtained by mul-
tiplying the directed yield from these shots by the number of Bays. Although the
2.5-MeV peak could not be resolved. the efficiencies for the *He recoil edge and the
thermal peak were the same as for the 3 hr exposure (Table 6). -
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5. Conclusions

The absolute efficiency of collimated NE213 and *He neutron spectrometers has
been determined experimentally using 2.5-MeV and 14-MeV neutrons produced in
neutron generators that were placed inside the TFTR vacuum vessel.

The NE213 efficiency for 14-MeV neutrons is within 30% of tha* expected from
previous triton burnup studies{5] where the signals had been cross calibrated to the
fission detectors(9,8]. It agrees within the 20% relative calibration error of the DT
calibration of the 2*U detector{9), if insignificant DD neutrons are present late in
time[23}. The NE213 DT efficiency would be 1.5 times too low if there were 1/2 as
many DD as DT neutrons, a value consistent with the **{’ DT calibraticn{8|. The
NE213 efficiency for 2.5-MeV neutrons agrees with the fission detectors within the
25% relative calibration error for both ohmic and neutral beam injected discharges,
and over a small range of major radius. The agreement is good despite the lack of a
two-dimensional map of the view of the tokamak and it's varying attenuation. The
absclute calibration for the magnitude of the triton burnup is known within 20%, .
where the small uncertainty occurs since several systematic errors can be eliminated
from the ratio once both fluxes were measured by using the same detector.

The accuracy of the *He detector calibration was limited due to a background
(approximately 10~! counts per minute) in the 2.5-MeV neutron energy range. The
background is probably caused by microarcing. Nevertheless, ihe detector response to
2.5-MeV neutrons either from the d(n, p)t reactions or the 3He recoil events is within
about 50% of that obtained from neutrons from TFTR plasmas. This means that the
3He detector calibration was consistent with the calibration of the epithermal neutron
detectors. A striking feature of the observed spectra is that the neutron spectrum
above about 2 MeV is composed primarily of full energy neutrons, This result means
that a recoil spectrometer such as the NE213 scintillator can usefully use a 2-MeV’
threshold to eliminate most of the scatiered neutrons from its detector response.

The effects of attenuation on the detector efficiencies is significant. From the
estimated amount of material between the plasma and the spectrometers, the DD neu-
tron attenuation was measured to be about 3 to 4 times that expected for the NE213
detector, and approximately equal to about half that expected for the *He jonization
chamber. Considering the wide variation in material thickness in the collimat: r field
of view, uncertainties in the absolute detector counting efficiencies, and the differing
energy thresholds of the spectrometers, this is considered to be reasonable agreement
of the experimentally measured efficiencies and the theoretical expectations.
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