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Inertial fusion implosions are diagnosed using - rays to characterize the implosion physics or measure basic
nuclear properties, including cross sections. For the latter, previously reported measurements at laser facilities
using gas Cherenkov detectors are limited by a large systematic uncertainty in the detector response. We
present a novel in-situ calibration technique using neutron inelastic scattering, which we apply to the new
GCD-3 detector. The calibration accuracy is improved by ~ 3x over the previous method.

I. INTRODUCTION

Detecting ~ rays produced by nuclear reactions oc-
curring during laser-driven inertial confinement fusion
(ICF)! experiments is important for diagnosing aspects
of the implosion physics®®, and for studying nuclear
reactions® 8. v-ray detectors at ICF facilities are primar-
ily based on the Cherenkov mechanism®, including the
gas Cherenkov detectors (GCD)!%!! and Gamma Reac-
tion History (GRH)'2. The GCDs, described extensively
in Refs. 10,11, are placed inside the target chamber; the
front face contains a low-Z converter in which incident
~v rays Compton scatter electrons into a gas cell where
they produce Cherenkov light, which is collected by a
Cassegrain optics system onto a photomultiplier tube
(PMT).

In studies of nuclear physics cross sections, an abso-
lute calibration of the instrument is required. Previous
work using the first iteration of GCD (GCD-1) to mea-
sure y-producing reactions, for example Refs. 6-8 used
an in-situ calibration method against the D®He reaction
using separate diagnostics to measure the proton yield
combined with the v/p branching ratio'®. The latter has
a large uncertainty, ~ 35%, which then propagates into
inferred quantities including the DT fusion «/n branch-
ing ratio®” and the T3He cross section for production of
6Li, an astrophysically-important reaction®.

The ~-ray yield of a reaction = (Y;) can be calculated
from the integrated signal (V X s) measured by one of
the Cherenkov detectors using the detector equation

V xs X

Ym:QxRxerExGxa’

(1)

where € is the detector solid angle, R is the scope input
impedance (50 Ohm), e is the fundamental charge, QE
is the PMT quantum efficiency, and G is the PMT gain.
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FIG. 1: Calibration geometry. An implosion (left)
generates DT neutrons, which are incident on a puck of
12C placed between the implosion and the GCD.

C, is the effective GCD response for reaction x in pho-
tons collected per incident «, which is calculated using
Geant4 Monte-Carlo simulations'®. y is the overall de-
tector efficiency calibration factor, which we infer in this
work, and mainly results from deficiencies in the Geant4
model to accurately capture collection and transport of
the Cherenkov light in the physical instrument.

In this paper, we report a new calibration inferred from
in-situ measurements of neutron inelastic scattering on
a 2C puck placed near the detector. This method is
conceptually similar to the method used to infer an ef-
fective response for the y-ray detectors to carbon areal
density!®, except in this case we use available nuclear
data from accelerator experiments to infer the calibra-
tion factor. We report a calibration factor for the new
GCD-3'116 which is accurate to £12%, a substantial im-
provement, by about a factor of 3x, over the previous
D3He technique.

Il. '2C PUCK DATA

In the calibration scheme, a puck of '2C graphite of
known areal density is placed in front of the instrument
and exposed to 14.1 MeV neutrons generated by an im-
plosion filled with DT fuel. The DT-n inelastically scat-
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FIG. 2: Calibration data, consisting of two shots with a 2C puck (77361 and 77374) and two background shots
(77365 and 77367) with an empty puck holder. The signal at ¢ = 0 is from direct DT fusion ~s, the puck signal
comes between 0.8—1.5ns, and signal from (n,y) reactions on other diagnostic snout hardware occurs later in time.
The signals are normalized to the snout signal between 1.5—1.7 ns.

ter in the carbon ‘puck’, generating a signal in the
detector from the 4.4 MeV v-ray line. The experimen-
tal geometry is shown in Fig. 1. A puck holder, 2.7cm
in diameter and 0.9cm deep, is filled with '2C powder
with a total mass of 5.52g. The front of the carbon puck
is 6.27cm from the implosion. The carbon is held in a
beryllium case with a thickness of 1.2mm on the front
and rear.

Data from calibration shots on the OMEGA laser
facility!” are shown in Fig. 2, including two background
shots where the puck assembly does not contain 2C, and
two calibration shots with the '2C sample. The data are
time-aligned so that the DT-v peak is at ¢t = 0. Based on
the neutron time of flight to the sample, the puck signal
occurs at ~ 1.1ns. Since some (n,y) reactions occur in
the hardware that holds the puck, the ‘empty’ puck shots
show some background signal that must be subtracted
from the '2C shots to obtain the signal due only to '2C
inelastic scattering. Later in time, from approximately
1.5 ns onwards, there is additional Cherenkov signal gen-
erated by neutron inelastic scattering in other materials
in the target chamber, predominantly diagnostic ‘snouts’
close to the implosion. The configuration of this hard-
ware is kept constant so that it can be subtracted.

The empty puck background is subtracted from the
two '2C shots; the background-subtracted signals shown
in Fig. 3. These traces represent the signal from carbon
inelastic scattering, with a total signal obtained by inte-
grating the data from 0.8 to 1.5 ns (gray dashed lines).
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FIG. 3: GCD data from the two carbon puck shots
after background subtraction. The integration period is
from 0.8 to 1.5 ns.

I1l. INFERRED CALIBRATION FACTOR

The calibration factor can be inferred from the inte-
grated signal (V x s) using Eq. 1 with the number of car-
bon s incident on the detector. This can be calculated
using the DT neutron yield, which is measured using nu-
clear activation and scintillator-based detectors'®', and
the differential cross section for neutron inelastic scatter-
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FIG. 4: Published data on '2C inelastic scattering from
Refs. 20-22.

ing on 2C.

Published data?’ 22 on neutron inelastic scattering on
12C is shown in Fig. 4 as absolute (top) and relative
(bottom) values of the differential cross section. A strong
angular anisotropy is observed in the differential cross
section, which will affect the inferred calibration factor
using this technique.

Typically the angular distribution is described by a fit
of the form

o(0) = 0(90°) [1 + acos®(0) — beos* (0)] . (2)

While best-fit values with uncertainties are reported in
Refs. 2022 for 0(90°), a, and b, the full correlation ma-
trices are not reported, yet are important - especially for
a and b. We therefore re-fit the raw data from Refs. 20—
22 using Eq. 2. The best-fit differential cross sections
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FIG. 5: Fits to the differential cross section data as
well as adopted mean.

are shown in Fig. 5

The three data sets show a clear discrepancy, especially
near the peaks at ~ 45°. To create a single adopted
differential cross section, we use a weighted mean of the
three values at each value of cos(6),

> 0i(0)doi(6) 2
> 00:(0)72
where 7 denotes our fit to each of the three data sets

(Refs. 20-22), and do; is the uncertainty from our fits.
The uncertainty in the mean is taken as

o(f) =

3)

do(6) = \/ S T N L) o) ()

The first term in the square root represents the weighted
mean’s uncertainty. We add in quadrature the typical
standard deviation of the mean (with N = 3) in the sec-
ond term to account for the fact that the variance within
each data set is a clear underestimate of the deviation
in shape between data sets. The resulting mean value
(0(0)) is plotted in Fig. 5, with the uncertainty (0o (6))
shown by the shaded region. We also calculate the total
cross section as 217.5 + 5.5 mb.

With this differential cross section we calculate a ge-
ometric efficiency factor f;, following Ref. 15, which
accounts for the scattering angles that result in the ~
ray incident on the face of the GCD-3. This factor
is obtained by integrating the normalized differential
cross section over the face of the detector, which gives
f1 = 1.369 + 0.089. This can then be combined with a
rewritten version of Hoffman’s Eq. 1 and our Eq. 1 to



obtain an expression for the GCD-3 calibration factor,

11 Vs 1mednD?1
X YoOxRxexQExXGRy, 0 My f1

where o is the total cross section, f; accounts for the an-
gular anisotropy, m¢ is the mass of a carbon nucleus, D
is the puck distance, and My, is the total puck mass.
R, - is the number of Cherenkov photons detected by the
PMT per incident v ray, and is calculated using GEANT4
for the 4.44 MeV ~ ray characteristic of inelastic scat-
tering on '2C. The expression in Eq. 5 uses the mea-
sured neutron yield on a shot with the known geometry
and nuclear physics quantities to infer the number of ~s
incident on the detector from inelastic scattering, which
when combined with the known detector quantities deter-
mines, empirically, the calibration factor. For each shot
the random uncertainty largely results from Y,,, since the
signal integration has a negligible contribution. System-
atic uncertainties result from o, fi, Mpyck, D, and the
PMT response (QE x G).

Finally, a correction for the attenuation of both the
incident neutrons and outgoing  rays in the puck and
puck holder is included. The incident DT neutrons are
attenuated by ~ 5.4% in the beryllium puck holder and
half of the puck material, while the outgoing s are atten-
uated by ~ 2% in half of the puck material and the puck
holder. Including the self-attenuation correction, we take
a weighted mean of the two shots, finding x = 0.56+0.07.

IV. GCD-3 D®*HE CALIBRATION

Data on the GCD-3 to use the old D3He cross-
calibration technique are also available. Three D3He-
filled implosions are used in this calibration. The raw
data are shown in Fig. 6. These data are analyzed
by calculating the total signal and inverting Eq. 1
to obtain y. The total y-ray yield from D3He is cal-
culated using a published value of the «y/p branching
ratio'® and measurements of the proton yield from WRF
spectrometers?3.

In this calibration, the signal uncertainty is dominated
by statistical uncertainty from the number of produc-
tive Compton-scattered electrons in the system, which
is the statistically-limiting step of the Cherenkov detec-
tor technique. The statistical uncertainty in the D3He
proton yield measurement is also included. The major
source of uncertainty is from the uncertainty in the D3He
branching ratio3. The calibration factor is calculated as
a weighted mean of the three D3He shots and found to be
0.50 £ 0.20, which is consistent with our value using the
new '2C calibration technique, albeit with a substantially
larger uncertainty. A comparison of the inferred calibra-
tion factors from the two techniques is plotted in Fig.
7.
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FIG. 6: GCD data from D?He fuel implosions.
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FIG. 7: Comparison of the inferred x from the old
calibration technique (D3He) compared to this method
(12c).

V. CONCLUSION

Absolute calibration of Cherenkov detectors used at
laser-fusion facilities, including OMEGA and the NIF is
important, especially for measurements of absolute cross
sections for nuclear reactions (e.g. Refs 6-8). These
studies used the D3He reaction as a cross-calibration,
which is severely limited in precision. Here we present
a new technique, utilizing in-situ cross-calibration to in-
elastic scattering on a '2C puck, which we apply to the
newest GCD-3 on OMEGA. When combined with nu-
clear data, an absolute calibration factor can be inferred
with an improvement of about ~ 3x compared to the
D3He method. This technique is more broadly applicable
to other Cherenkov-based detectors, and the uncertainty
could be further reduced through improved nuclear data
on '2C neutron inelastic scattering.
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