Carbon Activation Diagnostic for Tertiary Neutron Measurements

Introduction

In inertial confinement fusion (ICF)1 implosions, nuclear
reactions in the fusion fuel produce energetic neutrons and a
variety of charged particles. The primary reaction for DT fuel
is

D+T - a +n (14.1 MeV). (1)

In a secondary reaction, a small percentage of 14.1-MeV
neutrons will scatter elastically from D or T ions in the fuel
(prime notation indicates a scattered particle):

n+D - n'+D' (0-125MeV), @)

n+T - n'+T (0-10.6 MeV). ©)

As these scattered ions pass through the fuel, some will
undergo tertiary, in-flight fusion reactions:

D' (0-125MeV)+T - a +n” (120-30.1MeV), (4)

T' (0-10.6 MeV)+D — a +n" (9.2-282 MeV). (5)

Theyield of these high-energy tertiary neutronsisproportional
to (oR)? for small values of pR, where pRisthe area density
of the DT fuel, and to pRfor large values of pR (Ref. 2) and is
about 1078 of the primary 14.1-MeV neutron yield.

The fuel area density pRis afundamental parameter that
characterizes the performance of an ICF implosion. For high
areal densities (oR > 0.3 g/cm?), which will be realized in
implosion experiments at the National Ignition Facility (NIF)
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and Laser Megajoule Facility (LMJ), the target areal density
exceeds the stopping range of charged particles, and pR mea-
surementswith charged-particle spectroscopy will bedifficult.
In this region, an areal-density measurement using tertiary
neutronsisone of the alternative methods. The use of tertiary
neutrons for measurements of high areal densities in ICF
impl osionshasbeen proposed by several authors?#inthepast.
This article describes the experimental development of a
tertiary neutron diagnostic using carbon activation and the
30-kJ, 60-beam OMEGA laser system.®

Carbon asan Activation Material

The use of carbon as a threshold activation material was
proposed many years ago.3 There are three main reasons why
carbon isagood activation material for tertiary neutron mea-
surement. First, the 12C(n,2n)11C reaction has a Q value of
18.7 MeV, well above the 14.1-MeV primary DT neutron
energy. Thus, the reaction 12C(n,2n)1C will occur only from
interactions with the high-energy tertiary neutrons. The ex-
perimental crosssection of the12C(n,2n)1C reaction shownin
Fig. 92.12 was measured in several experiments and can be
used to calculate atertiary neutron signal in a carbon sample.

The second attractive feature of carbon isthe properties of
its decay. The isotope 1C decays to 1B with a half-life of
20.39 min and emits a positron, resulting in the production of
two back-to-back, 511-keV gamma rays upon annihilation.
The 11C half-life is advantageous since it is compatible with
the experimental conditions on OMEGA. The OMEGA laser
fires at approximately one-hour intervals, and it takes a few
minutes to remove the disk from the target chamber and carry
it to the gamma-detection system after thelaser hasbeenfired.
Thus, if the half-life were much shorter, a significant amount
of information would belost during transfer. If it were consid-
erably longer, there would not be enough time to record all of
the decays between shots. The positron decay of 11C isnearly
identical to the $2Cu decay used in the copper activation
measurements of 14.1-MeV primary DT yields; therefore, the
well-developed copper activation gamma-counting system6:”
can be used.
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Figure 92.12

Experimentally measured cross section o for the reaction 12C(n,2n)11C. The
solid line is the fit used for calculations in the Carbon Activation for
OMEGA and the NIF section.

The third reason carbon was chosen is the availability of
high-purity samples. The purity of the activation sample is
very important for tertiary activation diagnostic, as will be
discussed in the Contamination Signal in Carbon Activa-
tion section below. Carbon is also a nontoxic, nonflammable,
inexpensive, and safe material. These propertiesgive carbon a
big advantage over sodium, which has also been proposed.3

OMEGA Carbon Activation System

Theactivation sampleswith a7.6-cm diameter and adiffer-
ent thickness can beinserted with a pneumatic retractor into a
reentrant tubeinstalled onthe OM EGA target chamber. Before
a shot, the activation samples are manually installed in the
retractor holder and inserted into the target chamber at 42 cm
from the target. Immediately after alaser shot, the activated
sample is automatically extracted from the chamber and
dropped through a plastic tube to the pickup basket in aroom
under the OMEGA Target Bay. The operator delivers the
activated sample to the gamma-detection system in the count-
ing room. Generally, this processtakes 1.5 to 3 min. Sincethe
spacein the OMEGA target chamber isvery limited, the same
pneumatic retractor isused for both copper and carbon activa-
tion diagnostics.
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The OMEGA gamma-detection system consists of two
7.6-cm-diam, 7.6-cm-thick Nal (T1) scintillation detectorssepa-
rated by 0.89 cm or 1.78 cm and associated electronics. Each
detector has an ORTEC 460 delay linear amplifier and an
ORTEC 551 single-channel analyzer (SCA), which perform
pulse-height discrimination. The time coincidence between
two detectors is established by an ORTEC 418A universal
coincidencemodul efollowed by an ORTEC 974 quad counter/
timer module that countstime, single counts from each detec-
tor and two detectors coincidence. The 974 counter isread by
aPC-based dataacquisition programevery 5sand recorded for
future analysis. The window of each SCA is set between
426 keV and 596 keV in order to detect 511-keV gammas
from positron annihilation. The energy scale of each SCA is
calibrated with a 22Na radioactive source before each set of
measurements. The Nal detectors are shielded from all sides
with 7.6 cm of lead to reduce cosmic ray background. As a
result of the shielding, the background coincidence count rate
isabout 18 counts/hour. ToisolatetheNal detectorsfromdirect
activation by 14.1-MeV neutrons produced during high-yield
OMEGA shots, the gamma-detection system is placed at a
distanceof 120 mfromthetarget. Dedicated experimentshave
shown that the gamma-detection system records no coinci-
dencefor yields up to 7 x 1013,

Contamination Signal in Carbon Activation

Any material that producesapositron emitter by interaction
with 14.1-MeV neutrons will add a contamination signal in
the carbon activation diagnostic. The most-dangerous con-
taminantsfor carbon activation are copper and nitrogen, which
produce positron emitters in reactions 83Cu(n,2n)52Cu,
65Cu(n,2n)84Cu, and 14N(n,2n)13N. Each of these reactions
has athreshold below 14 MeV. The nitrogen cross section for
a 14.1-MeV neutron is 6.5 mb and is comparable to the
carbon cross section for tertiary neutrons. The $3Cu cross
section for 14.1-MeV neutrons is about 100 times larger than
the carbon cross section for tertiary neutrons. Since the pri-
mary 14.1-MeV neutronyieldisabout 108 timeslarger thanthe
tertiary yield, the contamination in the carbon sample must be
lessthan one part per million (ppm) for nitrogen and 0.01 ppm
for copper.

In the development of the carbon activation diagnostic,
graphite disks from Bay Carbon® were used. Bay Carbon
carefully selects their graphite for its physical and chemical
compositions and performs chemical vapor purification
(CVP) of thegraphite. Bay Carbon purity isdefined asfollows:
No more than three elements may be present (other than
carbon), no single element may exceed one part per million
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(ppm), and thetotal impurity level may not exceed two ppmin
the graphite.

Inaddition tothe purity of the sample material itself, proper
packaging and handling procedures are very important. To
keep thegraphitedisksclean beforeashot, thedisksareshrink-
wrapped in plastic before being placed into the retractor and
delivered to the gamma-detection system. The plastic is re-
moved and discarded before counting. This procedure pre-
vents surface contamination of the graphite disks. This is
especially important on OMEGA becausethe sameretractor is
used for both copper and carbon activation. The graphite disks
without shrink wrap showed a contamination signal of about
1000 coincidences per hour of counting. The shrink-wrapping
procedure protectsthe graphite disks from surface contamina-
tion but leads to other forms of contamination.

The shrink-wrap plastic contains hydrogen. When bom-
barded by 14.1-MeV neutrons, the hydrogen atoms can pro-
duce elastically scattered protonswith energiesup to 14 MeV.
These protons interact with carbon in the graphite disks and
produce positron-emitting nitrogen via reaction 12C(p,))13N.
This source of contamination was eliminated through the use
of graphite foils (thinner pieces of graphite) placed on both
sides of the disk between the disk and the shrink wrap. The
graphitefoilsact asprotective barriersfor the protonsfromthe
plastic. This combination of the disk and two foilsiscalled a
“sandwich.” Thefoils are made from the same graphite asthe
disks in order to keep the disks clean. The foils are 2.5 mm
thick, enough to completely stop the protons originating inthe
plastic and prevent their penetrating the graphite disk. All
contamination from such protons is restricted to the graphite
foils, which are removed and discarded before counting.

Because the graphite porosity is about 20%, the graphite
disks can absorb and store 14N nitrogen from the air. The
14.1-MeV neutrons can produce positron-emitting nitrogen
13N via the reaction 14N(n,2n)13N. To remove air from the
graphite disks, aspecia purification facility was devel oped at
the SUNY Geneseo.

The first step in the purification process is to remove the
nitrogen and other contaminant gasesfrom within the graphite
disks and replace them with an inert gas such as argon that
cannot be activated by 14.1-MeV neutrons. To do this, alarge
three-zonetubefurnaceisemployed. Thisfurnaceiscomposed
of a 7-ft-long, 7-in.-diam quartz tube. The graphite disks are
inserted into the oven using a 5-ft-long rod. The oven is then
brought to vacuum, heated to 1000°C, and maintained at that
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temperature for several hours. After cooling to room tempera-
ture, the quartz tube is flooded with high-purity (0.99995)
argon. The disks stay in this environment for several hours.
They are extracted from the quartz tube by placing a large
glovebag over oneend of thetube, fillingitto positivepressure
with argon gas, and then using arod to remove the disksfrom
the quartz tubeinto the glove bag. Graphitefoilsarefit to both
sides of the disk, and the disks are then placed into small
vacuum bags, which are immediately vacuum sealed. The
disks can remain in the vacuum-sealed bag for at least six
months without contamination.

In earlier experiments, the disks were taken out of the
vacuum bags immediately before the shot and quickly sealed
in shrink wrap, which was left on during the shot. In later
experiments, the disks were shot in the vacuum bags, never
being exposed to air contaminants.

Experimental Results

The main goal of the diagnostic devel opment was to mini-
mize the contamination signal in carbon samples. Several
iterationsof the purification, packaging, and gamma-detection
system were made until the system described above was
developed. Inthissection, resultsobtainedin 2001-2002, after
major improvements to the system, are presented.

Testsof thecarbon activation systemwerecarried out onthe
30-kJ, 60-beam OMEGA laser system?® in direct-driveimplo-
sions. A 1-ns square laser pulse shape with 28-kJ to 31-kJ
energy was used to implode glass microballoons with shell
thicknesses from 2.5 to 4 um filled with 20 atm of DT. These
targets have avery low pR and should produce no measurable
tertiary neutrons. Thus, any signal in these experimentswas a
contamination signal. The primary DT neutron yield was
measured by an absolutely calibrated time-of-flight scintill at-
ing counter located 20 m from thetarget. The neutronyieldsin
these experiments ranged from 4 x 1013 t0 9.6 x 1013,

Intheexperimentson OMEGA, the cosmic ray background
for theempty gamma-detection system wasmeasured, fitted to
alinear function, and subtracted from the coincident countsfor
each carbon disk. Theresultsfrom the graphitediskswerethen
normalized to ayield of 7.4 x 1013, which was the average
neutronyieldfor thisseriesof measurements. The carbon disks
without shrink wrap produced acontamination signal of about
1000 counts; disks in shrink wrap produce about 80 to 100
counts; and disks packaged as a sandwich in shrink wrap pro-
duce acontamination signal of only about 30 to 50 counts. The
results for the carbon disksirradiated in sealed vacuum bags
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are shown in Fig. 92.13. The two shots with carbon disks in
vacuum bagswithout foils show ahigher contamination signal
than from asandwich, demonstrating theimportance of shield-
ing from the protons originating in the plastic. The six sand-
wich results include four shots from June 2001 and two
“consistency check” shots from June 2002. All of them show
asimilar contamination signal of 30 to 50 coincidence counts
for 7.4 x 1013 primary neutron yield.
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Figure 92.13

Coincidence countsin the gamma-detection system asafunction of timeafter
ashot for 0.89-cm-thick disks and “sandwiches.”

The0.89-cm carbon disk thicknessoriginatesfromacopper
disk thickness optimized for 511-keV gamma absorption in
copper. Since the absorption length of 511-keV gammas in
carbonisabout fivetimeslarger thanin copper, the carbon disk
thicknesscan beincreased. | n June 2002 wetested on OMEGA
carbon disks with athickness of 1.78 cm. The results of these
tests normalized to the same 7.4 x 1013 primary neutron yield
are shown in Fig. 92.14. The contamination signals from the
thicker disks are similar to the thinner disks, suggesting that
contamination ismostly asurface-related effect. In thethicker
disksthetertiary signal will increase by afactor of 2, and the
efficiency of the gamma-detection system decreases for the
thicker disk by approximately 20%; the thicker disk hasa 1.8
gain in sensitivity. Monte Carlo calculations for the optimal
carbon disk thickness are in progress.

Consistent, repeatabl e results in two sets of measurements
one year apart, which include the manufacture of new carbon
disks, show stability and reproducibility of the carbon activa-
tion diagnostic chain—from manufacturing the disk to the
purification and handling system.

164

Normalized to 7.4 x 1013

2077

@ L 4
€ 100 - -
Q L 4
O

= -
°

o

c

© 4
O

% —
Y4 .
= _
m -

0 1000 2000 3000
E11741 Time(s)
Figure 92.14

Coincidence countsin the gamma-detection system asafunction of timeafter
ashot for 1.78-cm-thick sandwiches.

Carbon Activation for OMEGA and the NIF

Direct-drive spherical DD cryogenic target implosions?
are routinely carried out on the 60-beam OMEGA laser
system, andimplosionswith cryogenic DT fuel areplanned for
the near future. The OMEGA cryogenic DT design and ex-
pected laser pulse shape with an intensity picket are shown in
Fig. 92.15. Theintensity picket shapesthe adiabat of the main
fuel and ablator, reducing both the seedsand the growth rate of
Rayleigh-Taylor instability.l0 A one-dimensional LILAC
simulation calculates aneutron yield of Y, = 6.0 x 10 and a
neutron-averaged fuel areal density (pR) = 245 mg/cm? for the
design shown in Fig. 92.15. The IRIS'2 postprocessor to
LILAC was used to calculate the spectrum of al neutrons
emerging from an OMEGA cryogenic DT target. Figure 92.16
shows the calculated tertiary/primary neutron spectrum and
the same spectrum multiplied by the cross section of the
12¢(n,2n)11C reaction approximated by the solid line in
Fig. 92.12.

The target design from Fig. 92.15 and tertiary spectrum
fromFig. 92.16 were used to estimate the expected signal from
acarbon activation samplein OMEGA cryogenic DT experi-
ments. A 7.6-cm-diam, 0.89-cm-thick carbon disk at 40 cm
from the target subtends solid angle 2.25 x 1073, Theiintegral
of the tertiary/primary neutron spectrum multiplied by the
carbon cross section in Fig. 92.16 is about 3 x 107> mb/
primary neutron. The 80-g carbon disk will receive 1.2 x
107 activations for each incident primary neutron or 2.7 x
10710 activations for each primary neutron produced in the
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target. The gamma-detection system has an efficiency of 20%,
thus the measured coincidence counts per produced primary
neutron will be 5.4 x 1071, At aprimary DT yield Y,, = 6.0 x
1014, we expect 3.2 x 10 coincidence counts from tertiary
neutronsinthe gamma-detection system. A similar cal culation
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Figure 92.15
The OMEGA cryogenic capsule design (a) and pulse shape with an intensity
picket (b).
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Ratio of tertiary N to the primary Np neutrons per energy interval (MeV) as
a function of tertiary neutron energy and the same ratio multiplied by the

carbon cross section gin mb.
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for the implosion quenched at a (pR) = 150 mg/cm? and
neutron yield Y,, = 9.2 x 1013 gives about 400 coincidence
countsinthe gamma-detection system. Withtheachieved | evel
of contamination signal, the present carbon activation system
can be used for areal-density measurements of OMEGA cryo-
genic DT targets.

Tertiary neutron measurements by carbon activation arean
inexpensive, well-developed diagnostic that can be easily
deployed on the NIF for areal-density measurements. All
major diagnostic development problems have aready been
solved on OMEGA. Purified carbon packages are good for at
least six months; consequently, they can be prepared in the
already-existing purification facility at SUNY Geneseo and
shippedtothe NIF asneeded. Thecarbon activation diagnostic
will require arapid transport system similar or identical to the
yield activation system on the NIF because of the relatively
short half-life of carbon.

Theonly problem that must be solved onthe NIFfor carbon
activationisbackground in the gamma-detection system itself
generated by the neutrons from a NIF implosion. Such a
background-induced problem wasobserved on OM EGA when
the gamma-detection system waslocated 40 m from thetarget.
In Fig. 92.17 the background coincidence counts of an empty
gamma-detection systemareshown asafunction of time. After
a shot with a neutron yield of 7.35 x 103, a jump of 42
coincidencecountswasrecorded. Additionally thebackground
stays high for about 1 h after the shot and then returns to the
normal cosmic ray level. On OMEGA this background prob-
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Figure 92.17

Background coincidence counts of an empty gamma-detection system at
40mfromthetarget duringan OMEGA shotwithaneutronyield of 7.35x 1013,
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lem was solved by moving the gamma-detection system much
farther from the target. Since neutron yield on the NIF will be
about 10° times higher than on OMEGA,, ajudicious choice of
neutron shielding and location of the gamma-detection system
will be required. Background measurements during the shot
will also be needed. Two identical gamma-detection systems
could be implemented—one for signal and another for the
background measurement.

Conclusions

Thisarticle has described the experimental devel opment of
the carbon activation diagnostic for tertiary neutron measure-
ments performed on the 60-beam OMEGA laser system. We
have created a purification facility and have devel oped pack-
aging and handling procedures that significantly reduce the
contamination signal in the carbon samples. Experiments on
OMEGA in 2001-2002 have shown very good reproducibility
of the contamination signal from the carbon samples.

The present carbon activation system is ready for areal-
density measurements of DT cryogenic targets on OMEGA.
The same carbon activation diagnostic can beimplemented on
the NIF, athough the neutron-induced background issues in
the gamma-detection system need to be solved for the NIF.
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