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Introduction

!

A series of inertial confinement fusion (ICF) capsule experiments were run on the Z
machine at Sandia’s Pulsed Power directorate. These experiments were designed
specifically to implode a 2 mm diameter hollow plastic capsule filled with deuterium gas.
The implosion of the capsule should raise the temperature (kinetic energy) of the
deuterium gas ions, which will interact with each other and produce 2.45 MeV fusion
neutrons. 1am reporting on one diagnostic technique used to measure the yield of these
fusion neutrons.

The technique chosen to measure the DD neutron yield is the use of lead (Pb) probe
detectors. My assignment was to calibrate two detectors for the 2.50-MeV neutrons
produced by the deuterium-deuterium fusion reactions on Z. I will introduce ICF, and
then describe the theory, the design, and the calibration of the lead probe. Finally, I will
present the results of the ICF experiments and explain the difficulties inherent in
analyzing the data.

ICF and the Z Machine

Inertial confinement fusion exploits the inertia of the target mass to create fusion.l ICF
can be driven two ways: directly and indirectly. Direct ICF is driven by laser beamlets
aimed directly at the fusion target. Indirect ICF is usually driven by a laser aimed at a
high-Z enclosure, called a hohlraum. The holhraum absorbs the energy and then emits
biackbody radiation in the form of x-rays, which then drives the capsule implosion.

The Z machine drives fusion indirectly, but in a different fashion than the more common
way described above. Instead of using a laser to indirectly drive the implosion, Z uses
large pulse power generators. For the capsule experiments run on Z, a cylindrical
tungsten wire array surrounds foam (5 mg/cc plastic) that encases the target capsule.
The generators run a large current (-20 MA) through the wire array. The 20-40 mm
diameter wire array quickly heats up and as a result, vaporizes into plasma. The
resulting combined electric and magnetic fields cause this plasma to accelerate inward.2
When the plasma stagnates on the foam, it heats up and emits x-rays. The collapsed
tungsten also serves as a hohlraum to help trap the x-rays. During some shots, the
foam has a gold coating which increases the hohlraum effect. After the plasma begins
to emit x-rays, the process becomes the same whether using lasers or generators to
indirectly drive the implosion.

The x-rays easily penetrate the foam and reach the capsule. The capsule consists of a
plastic spherical shell filled with 12 atmospheres of deuterium gas. As the x-rays
penetrate the capsule, the plastic heats up and expands. Conservation of momentum
dictates that the gas compress. This compression increases the kinetic energy of the
deuterium gas ions, so that they interact with each other. Deuterium ions react with
each other in one of two ways with roughly equal probability:

D + D + He3 + n (2.45 MeV)
D+ D-+=T+p

The lead probes are designed to detect the 2.45 MeV neutrons resulting from the DD
reaction. The tritium produced in the second reaction also interacts with the deuterium
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and produces neutrons, but they are 14.06 MeV neutrons, and on these experiments are
not measurable because the yields will be too low.

The Experimental Apparatus

The experimental apparatus consists of a neutron source, a high voltage supply, a lead
probe with a photomultiplier tube (PMT) and associated high voltage supply, an
amplifier, a discriminator, an analog to logic pulse converter, and a computer with a
multichannel scaler (MCS). The lead probe and the scintillator inside of it are discussed
in detail below. The photomultiplier tube converts the weak light output from the
scintillator into an electronic signal.3 Inside the PMT;is a photocathode, which is a
photosensitive material. The photocathode absorbs scintillator photons, the photons
give their energy to electrons within the photocathode, and the electrons escape. Using
voltage, the electrons are accelerated away from the photocathode, and they strike a
series of dynodes. The dynodes absorb the electrons and re-emit more than one, thus
multiplying the number of electrons. The resulting current is run through a resistor,
ultimately convetiing incident photons into a voltage pulse. A discriminator helps to
eliminate photomultiplier tube background noise, and the pulses that are above the
discriminator threshold are converted from an analog to a logic pulse. The logic pulses
are then counted by the multichannel scaler, which records the number of counts as a
function of time.4 The experimenter can select the length of the counting time interval,
which is referred to as the dwell time. The MCS records the number of counts in the first
interval in channel one, the number of counts in the next time interval in channel two,
and so on until either the count is stopped or all the channels available are used.

Neutron
Source

Q

Pb Probe Discriminator
w/PMT L n

I 1 I
I

d 7
Hv Computer w/MCS

Figure 1. The experimental apparatus.

Lead Probes

The lead detectors are comprised of a lead sheath, a plastic scintillator, and a
photomultiplier tube (see Figure 2). The neutrons enter the probe and activate the lead
by way of the Pb207(n,n’)Pb207mreaction. This reaction is an inelastic reaction, in which a
neutron interacts with a lead atom, leaving the nucleus in an excited state and depositing
some of its energy. The lead, now in a metastable state, eventually decays by gamma
emission. The gamma rays interact with a plastic scintillator, exciting atoms within the
scintillator. Those atoms emit visible light. These light pulses (photons) then enter a
photomultiplier tube, which converts the light to photoelectrons. The tube then amplifies
the number of photoelectrons and ultimately converts these to an amplified voltage
pulse. Although the lead probes are efficient neutron detectors, they cannot discriminate
between neutrons produced by fusion and high-energy neutrons produced through other
means. The detector can also be activated by gamma rays so that the events counted
must be thoroughly analyzed to verify that neutrons were truly detected.
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Figure 2. The lead probe.

Calibration of the Lead Probes

An adjustment to the high voltage supply or the pulse height discriminator alters the
sensitivity of the lead probe.5 To calibrate the system, the lead plug in the detector is
removed (see Figure 2). A known gamma source of Ba133,inside another plug, takes the
place of the lead plug that was removed. In this position, the gamma rays emitted by the
Ba133source are not attenuated by the lead. The Ba133source gammas are used to
simulate the gamma rays emitted by the lead after neutron activation. The source is
held a known distance from the face of the detector and the resulting number of
scintillations is counted.

In the laboratory, the system can be recalibrated by using the reference source used
during the initial calibration. The time of the initial calibration and the gamma activity of
the Ba133source at that time is recorded and issued with the lead detector. To
recalibrate, one must first determine the time passed since the initial calibration and
recalculate the number of gamma counts expected from the reference source.

For probe 1, the initial calibration took place on May 24, 1996 with 8980 counts per
2.376 seconds. First I calculated the new activity, and on June 29, 2000 expected 6887
counts per 2.376 seconds. To have this activity, I had to set the voltage supply for probe
1 to –2015 V. For probe 2, the initial calibration took place on September 4, 1996 with
6140 counts per 2.376 seconds. On July 12, 2000 the expected activity for probe 2 was
4782 counts per 2.376 seconds. To have this activity, 1had to set the voltage supply for
probe 2to–1750 V. The background on probe 2 was found to be slightly lower than that
of probe 1.

Methodology

The lead probe and other electronics were transferred to the Z machine. Lead probe 1
was fielded in the basement of the Z machine and probe 2 was fielded on top of the
machine at about a 30-degree line of sight. Once the probes were installed, they were
tested and recalibrated using the reference barium sources for each detector to assure
proper performance during the experiments.
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The half-life of the nuclide expected to be detected (Pb207m)is about 0.8 seconds; thus,
for accuracy, the dwell time of the multichannel scaler was set to 100 ms. Just before
the shot, the multichannel scaler (MCS) was turned onto begin background counts on
both probes. The MCS remained running after the shot until well after the counts
returned to background. The counts occurring just after the shot (those following the
peak count) were analyzed in order to calculate the half-life of the nuclide detected just
after the shot.

In order to analyze the data, the background counts had to be identified. In Figure 3
below, one notices a large peak followed by a few points of rapidly decreasing counts.
These data points are high background counts generated by the shot. Following the
high background is the region of interest: a linear line indicating exponential decay (note
that the plot is in semi-log scale). The data points in the region of interest were plotted
against time after subtracting the longer-lived background counts, again on a semi-log

scale. A best-fit line (using the least squares method) was found of the type A = Aoe-Lt,
from which we found the half-life of the exponential decay.

Activity -VS- Time (PbZ398)
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Figure 3. Sample plot of raw data taken from shot 398. The regions of background
before and after the region of interest are not used in finding best-fit lines for the data.

The initial activity (~) at t = O was extrapolated from the best-fit lines for each plot for
both probes. By multiplying AOby t112/ln2,the maximum number of activated atoms (No)
can be calculated (see Appendix A for calculations). Finally, the neutron yield is
calculated by multiplying NOby the sensitivity calibration for the lead probes: 9.04 x 10G
neutrons per count.
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Results

Activity -VS- Time (Pb2Z612)
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Figure 4. Sample of poor data. Activity versus time plot for lead probe 2, shot 612.
best-fit line equation indicates the nuclide detected had a half-life of 1.02 seconds.
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Figure 5. Sample of marginal data. Activity versus time for lead probe 2, shot 614. The
best-fit line equation indicates the nuclide detected had a half-life-of 0.84 seconds.
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Shot Number Probe Half-life (s)

612 1 0.64
612 2 1.02
613 1 0.48
613 2 0.71
614 1 0.37
614 2 0.84
615 1’ 0.54
615 2 0.75

Table 1. The half-life of the nuclide detected by both probes during each shot is shown.

For shots 612 and 613, the symmetry of the x-rays penetrating the capsule was poor.
The top of the holhraum was open so that various diagnostics had a direct view of the
implosion. For shots 614 and 615, the symmetry was improved by installing a titanium
shield on top (the titanium helped to trap x-rays, yet allow other radiation through for
detection.) However, the titanium did not seem to improve our results. For shots612
and 613, the average half-life was 0.71 s * 0.31 s. For shots 614 and 615, the average
half-life was 0.64s * 0.26s.

[n general, probe 2 gave better results than probe 1. The average half-life for probe 2 is
0.83s while the average half-life for probe 1 is 0.51 s. Probe 2 was expected to render
better results because it had lower background noise and a better line of sight to the
target than probe 1.

Shot AO NO Yield

612 318 367 3.32 X 109
613 1089 1257 1.14 xlo’0
614 342 395 3.57 x 109

615 1359 1568 1.42 X 1010

Table 2. Neutron yield calculations for probe 2.

These yield calculations seem high considering the marginal data we collected. The
yields on the order of 1010should have been easily detected by the other more sensitive
diagnostics fielded by the group. However, none of the other diagnostics indicated
neutron production. Without the other diagnostics being consistent with the lead probes,
these yield values must be considered suspect.

Conclusions

The results are not positively indicative of the production of DD neutrons. To verify
production of DD neutrons, we needed to calculate, with confidence, a half-life of 0.8
seconds. The half-lives calculated range from 0.37 to 1.02 seconds. Although the
average is 0.67 seconds, the statistics are so poor, one cannot have confidence in this
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result. The calculated half-lives can be easily changed simply by using additional or
fewer data points to create the plots. For instance, by excluding the last three data
points used in the plot for shot 614, probe 2, the half-life calculated changes from 0.84s
to 0.71 s. This is a significant difference, and I cannot find a way to defend either
calculation as better. Therefore, a higher yield of neutrons with better statistics will be
necessary to produce reliable results.

The ambiguous results of this experiment are probably due not only to the low neutron
yield, but also to the large number of gamma rays produced during the shot. Through

the reaction Pb207(y,y’)pb207m,gamma rays can activate the lead in the detectors to the
same metastable state the neutrons do. Therefore, when the lead decays due to the
gamma activation, the event is detected along with any neutron activation. Hence the
results become difficult to analyze because one cannot filter out the counts due to low
levels of gamma activation.

Appendix A - Neutron Yield Calculations

The initial activity, ~, is easily found in the best-fit lines for the plots of this form:

A =Aoe-fi

However, the activity is also the change in the number of counts over timee, dAVdt.
Thus, we can equate the equation for activity with c//Walt

dN—= Aoe-z
dt

To find the total number of activated neutrons, NO,integrate both sides:

hdN = “Ae-hdt
No o

Taking the integral of each side gives:

-NO= -AO; , where 1= 1n2 ‘%—. Thus,. No =Ao —
‘x in 2

Multiplying NO(counts) by the sensitivity calibration (neutrons/count) renders the neutron
yield.
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