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Determination of the deuterium-tritium branching ratio based on inertial
confinement fusion implosions
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The deuterium-tritium (D-T) y-to-neutron branching ratio [*H(d,y)’He/*H(d,n)*He] was determined under
inertial confinement fusion (ICF) conditions, where the center-of-mass energy of 14-24 keV is lower than that in
previous accelerator-based experiments. A D-T branching ratio value of (4.2 & 2.0) x 107> was determined by
averaging the results of two methods: (1) a direct measurement of ICF D-T y-ray and neutron emissions using
absolutely calibrated detectors, and (2) a separate cross-calibration against the D->He y -to-proton branching ratio
[*He(d,y)’Li/*He(d,p)*He]. Neutron-induced backgrounds were significantly reduced as compared to traditional
beam-target accelerator-based experiments due to the short pulse nature of ICF implosions and the use of gas
Cherenkov y-ray detectors with fast temporal responses and inherent energy thresholds. These measurements of
the D-T branching ratio in an ICF environment test several theoretical assumptions about the nature of A =5 sys-
tems, including the dominance of the 3/27 resonance at low energies, the presence of the broad first excited state
of He in the spectra, and the charge-symmetric nature of the capture processes in the mirror systems He and 5Li.
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At the National Ignition Facility (NIF), high energy lasers
(up to 1.8 MJ) are used to implode capsules of cryogenically
layered deuterium (D) and tritium (T) fuel enclosed in high-
Z hohlraums. The ultimate goal is to achieve self-sustaining
fusion burn, requiring extreme fuel core conditions (e.g., fuel
areal density >1 g/cm?) that have been unattainable in past
laboratory inertial confinement fusion (ICF) experiments [1].
One key to achieving ignition is an accurate understanding of
the fusion reaction history as it relates to capsule performance
[2]. The D-T fusion reaction emits two strong candidates for
diagnosing thermonuclear burn: 14.1-MeV neutrons and high-
energy (10-17 MeV) y rays. Fusion y-ray diagnostics have
potential advantages over neutron measurements because y
rays emerge from the implosion relatively unperturbed and
do not Doppler broaden in transit to a detector. To obtain the
absolute fusion reaction history out of y-ray measurements,
either a cross-calibration against a highly accurate neutron
yield measurement is required or precise D-T y-to-neutron
branching ratio information under ICF conditions is needed.

The D-T branching ratio is also of fundamental interest
from a nuclear physics perspective. The fusion of D and T
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PACS number(s): 25.60.Pj, 27.10.+h, 29.40.Ka, 52.70.La

produces an excited SHe nucleus, which deexcites via at least
three branches [3]:

D+ T — °He* — *He(3.5 MeV) + n(14.1 MeV), (1)
D+ T — SHe* — He + 1(16.75 MeV), )
D+ T — °He* — He* + y,(~13.5 MeV). 3)

The most common mode results in the emission of a 3.5-MeV
« particle and a 14.1-MeV neutron [Eq. (1)]. Less frequent
modes involve the excited >He nucleus relaxing to the ground
state via the emission of a 16.75-MeV y ray, yo [Eq. (2)], or
to the first excited state via emission of a broad y-ray line at
approximately 13.5 MeV, y; [Eq. (3)] [4]. While yy has been
measured directly in beam-target experiments, ; has been
more elusive due in part to the 14.1-MeV neutron-induced
y-ray background present in such experiments [5-7].

While the D-T y-to-neutron branching ratio has been
measured via accelerator-based beam-target experiments for
at least 50 years, the published values for the yield ratio
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of the y-ray branches [Egs. (2) and (3)] to the neutron
branch [Eq. (1)] range from 1 x 1075 to 3 x 107* [5-12].
The disparity in these data can likely be explained by (1)
an undetermined D-T fusion y-ray energy spectrum and (2)
an intractable 14.1-MeV neutron-induced y-ray background,
produced by solid targets in beam-target experiments. In
contrast, ICF provides a pulsed D-T fusion y-ray source with
interferences that either are negligible or can be excluded from
the signal.

In this paper, we determine the D-T branching ratio by two
methods under ICF conditions. The first method is based on the
absolute calibration of y -ray and neutron measurements in ICF
D-T experiments. To lessen the possibility of unknown sys-
tematic uncertainties in absolute y-ray detection, the second
method relies on cross-calibration to the better known D->He
y-to-proton branching ratio. Based on a weighted average of
the two methods, the D-T branching ratio is determined to be
(4.2 & 2.0) x 1073, where both y; and y; are included.

ICF implosions were measured at the University of
Rochester OMEGA Laser Facility. To achieve the implosions,
60 laser beams (351 nm), with a total energy of 23-28 kJ,
were focused on the target at chamber center (TCC) for a
duration of 1 ns. For the D-T experiments, the target was a
CH plastic shell of thickness 15-30 pm and an outer diameter
of approximately 1 mm, filled with 15 atm of gaseous D-T
fuel in a ratio of D/T ~ 65/35. Because the fuel is gaseous
and the capsule wall is thin, implosion areal density remains
low and neutron-induced y-ray backgrounds from the target
itself are greatly reduced. Known high-energy background y
rays include those emitted from the inelastic scattering in the
shell (?C(n,n’y) at 4.44 MeV [13]) and from radiative capture
in the fuel (D(n,y) at 15.58 MeV [14]). The intensity of the
D(n,y) y-ray signal depends on fuel pR (the radial integral of
the fuel mass density, whose value from simulation is in the
range of 6-8 mg/cm?) and is estimated to contribute <0.1%
for these noncryogenic gas-filled capsules at OMEGA [15].
Existing neutron-induced y-ray data for '>C indicate that the
12C(n,n’y) reaction has approximately 4 orders of magnitude
greater intensity than other y-ray producing channels in
12C [16]. Given these data and the limited areal density
of 2C in the compressed plastic capsules (approximately
40 mg/cm? at OMEGA), only the 4.44-MeV y-ray is sig-
nificant. This background, though significant, can be discrimi-
nated by using energy thresholds inherent to Cherenkov y -ray
detectors.

The gas Cherenkov detector (GCD) [17-19] and gamma
reaction history (GRH) [20,21] diagnostics were designed
for this purpose. The GCD converts y rays to Compton
electrons as they interact with a 1.5-cm-thick, 7-cm-diameter
beryllium disk. Pressurized CO, (variable up to 100 psia) acts
as the dielectric medium, producing optical Cherenkov light,
which is then relayed via Cassegranian optics to a Photek
ultrafast, microchannel-plate photomultiplier tube (PMT). The
GRH operates in a manner similar to that of the GCD, but
with a 1.0-cm-thick, 12.7-cm-diameter aluminium converter
and SF¢ (up to 200 psia) as the dielectric medium. To
isolate D-T fusion y rays from the 4.44-MeV background,
the CO, gas pressure in the GCD was fixed at 100 psia
corresponding to a Cherenkov production energy threshold
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FIG. 1. (Color online) Time-integrated and normalized GRH
(top) and GCD (bottom) y-ray signals (S/""(Ey)) as a function
of absolute neutron yield, obtained from 22 OMEGA implosions.
S;DT(E‘hr) increases linearly with neutron yield, indicating constant
y-to-neutron branching ratio. From Eq. (5), the branching ratio can
be determined by calibrating the detector response.

of 6.3 MeV, while in the GRH, the SF¢ gas pressure was
set to 87 psia, corresponding to an energy threshold of
5 MeV. Other undesirable neutron-induced backgrounds were
eliminated through high-bandwidth electronics, which allowed
D-T fusion y-rays to be detected before 14.1-MeV neutrons
had a chance to interact with masses surrounding the target,
including the detectors themselves.

Figure 1 shows the time-integrated GCD and GRH y-ray
signals normalized by the PMT gain and PMT quantum
efficiency, as a function of absolute neutron yield. The data
were obtained from a total of 22 OMEGA implosions taken
between 2008 and 2011. The absolute D-T neutron yield was
measured by using the neutron time-of-flight (n'TOF-12m)
OMEGA facility diagnostic [22] to an uncertainty of less than
5%, and y rays were measured with the GCD installed on
an OMEGA ten inch manipulator (TIM), set at a detector
front-to-TCC distance of 20 cm, and the GRH on the chamber
wall with a TCC-to-detector distance of 187 cm. The time-
integrated signal S }]?T(Ethr) in units of volt-seconds (Vs) results
from the detector response R(E; Ey,) to the D-T fusion y-ray
yield YT and an assumed D-T fusion y-ray spectrum 1" (E)
(normalized to one) at a given energy threshold Ey,. It can be
written as

o0
SDT(Egy) = ¥PT f IPY(E)R(E: Eg)dE
E!hr

=Y, "B} (AQ/4m)QGer

o

< [ IPNERE: EadE, @)
Ethr

where ¥,”" is the measured neutron yield, B! = Y>T/y>"

is the D-T branching ratio, AS2/4m is the solid angle fraction
of the converter plate (GCD’s AQ/4mr = 1.1 x 1072 and

061601-2



DETERMINATION OF THE DEUTERIUM-TRITIUM ...

GRH’s AQ/4r = 2.9 x 107%), Q is the PMT quantum
efficiency to the uv/visible Cherenkov emission spectrum
which reaches the PMT photocathode (typically ~15%), G
is the PMT gain (typically 10*-10%), e = 1.602 x 107! Cis
the charge of an electron, and » = 50 2 is the circuit resistance.
R'(E; Eyy) is the response of the Cherenkov gas cell to y rays
of energy E, inunits of productive Cherenkov photons/incident
y ray. Thus, the normalized y-ray signal, S°T(Ew)=
SPT(Ewr)/(QGer AQ/47), is proportional to ¥,>T.

In Fig. 1, it can be seen that normalized y-ray signals
from the GCD and the GRH increase linearly with neutron
yield, indicating a constant y-to-neutron branching ratio.
Inverting Eq. (4), B}, can be inferred from the following
expression:

SPY(Ew) /YT
BJ]/)/];l: - D):F ( thr/ n ' (5)
Jr IPY(E)R(E; Eqy)d E

The spectral shapes of the y; and y; lines have been determined
theoretically using an R-matrix analysis [4,23]. Figure 1 in
Ref. [4] indicates that the D-T y-ray spectrum consists of
more than just a single line at 16.75 MeV corresponding to
deexcitation of the He* nucleus to the ground state. D-T fusion
y-rays resulting from the transition of >He* down to the first
excited state also contribute to the spectrum. Recently, the ratio
of these lines (y/y) has been experimentally determined to
be in the range of 2-3 based on Cherenkov energy-threshold
scans also conducted at OMEGA with the GCD [24]. The
experimental spectrum is used to determine IJPT(E) and a
detailed description will be given in a later publication.

An absolute determination of B}],)/Tn, requires accurate GCD
and GRH responses R'(E; Ey,). To obtain these values, two
independent Monte Carlo computer codes, ACCEPT [4] and
GEANT4 [25], were modified by adding time- and wavelength-
dependent Cherenkov and optical transition radiation (OTR).
Both simulation codes were validated against measurements
at the High Intensity y-Ray Source (HIyS), where the GCD
and the GRH were placed in a collimated (1 cm in diameter)
mono-energetic y-ray beam (at 4.4, 10.01, or 16.86 MeV), and
the Cherenkov light from the GCD and the GRH was measured
with the same instrumentation fielded at OMEGA. The GCD
and GRH code results (ACCEPT and GEANT4) are consistently
higher than the HIyS data. A factor of approximately 0.7
allows the GCD and GRH models to match the measurement.
Keeping a correction factor of 0.7, the simulations were then
extended to the OMEGA configuration and used to compute
the absolute detector response for each of the detectors.
Figure 2 shows that D-T branching ratios obtained from the
GCD (square symbol) and from the GRH (circle symbol)
based on these responses are in agreement. An absolute D-T
branching ratio of (4.3 £ 1.8) x 107 with 7.3% random
uncertainty and 33.9% systematic uncertainty is inferred by
a weighted average of the results from the two detectors.

To obtain the D-T branching ratio from the second
approach, the D-*He cross-calibration method used by
Kosiara et al. [9] and Kammeraad et al. [7] was adopted.
D-’He fusion is similar to D-T fusion Egs. (1)-(3) with the
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FIG. 2. (Color online) Absolute y-ray yields obtained from the
GCD (square symbol) and from the GRH (circle symbol) are in
agreement. After a weighted average, the slopes of the lines reveal a D-
T branching ratio of (4.3 £ 1.8) x 107>, The solid line corresponds
to a branching ratio of 4.3 x 107°. The lower and upper lines show
the range of the branching ratio, (2.5-6.1) x 1073,

exception that >He* is replaced with its mirror nucleus, *Li*.
The energy level structures of SHe* and Li* are very close to
each other, and thus their y-ray energy spectra are similar [7].
The D-T neutron emission is replaced by a 14.7-MeV proton in
the D->He reaction, further reducing problems associated with
the 14.1-MeV neutron backgrounds found in beam-target D-T
y -to-neutron branching ratio experiments. Assuming the y -ray
spectra are identical for "He* and °Li*, and without knowing
the absolute detector response R'(E; Ey,), we can infer

DT
By/n as

pDT _ pD3He S),/DT(Ethr)/YrPT 6
v/in — Zv/p S}//D3He(Elhr)/Y1])D3He' (6)

D-3He and D-T implosion experiments were performed on
the same day at OMEGA, over two campaigns (September,
2010 and May, 2011). The D-3He capsules were glass and filled
with 6 atm of D, and 12 atm of 3He. Gamma-ray measurements
were made on both types of implosions with the same GCD
instrument. Neutron yield measurements were made for the
D-T implosions as before, while proton yield measurements
were made for the D-*He implosions. In contrast to the
neutron yield measurements, proton yield diagnostics in ICF
implosions need to account for anisotropic fluence effects
associated with electromagnetic fields around the capsule,
which deflect charged fusion products [26]. To ensure a
properly angle-averaged proton yield, seven proton diagnostics
were fielded at selected locations around the target chamber.
Included were charged particle spectrometers (CPS-1 and -2),
wedge range filter (WRF) proton spectrometers, range-filtered
CR-39, and the magnetic recoil spectrometer (MRS) [27].
Uncertainties in the global proton yield were kept to less than
10% by averaging all of the proton data.
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FIG. 3. (Color online) (Top) A time trace of the D->He y-ray
signal normalized by proton yield. (Bottom) A time trace of the D-T
y-ray signal normalized by neutron yield. These data indicate that the
D-T y/n branching ratio is ~1/3 of the D-*He y/p branching ratio.

Figure 3 shows GCD reaction histories for D-*He (top)
and D-T (bottom) implosions normalized for proton and

neutron yields, respectively. Integrating the signals from
3 . . . SPT(Eg)/YPT

D-"He and D-T implosions, we obtain —f—-—"o— =
S;PPHe(Eyy)/ YD He

DT
Sy (0.31 £ 0.08). Applying the published value of total

D3He
By/p

(= yo+y)B2Me = (125 £ 4.2) x 107 from Cecil et al.

[28] to these data results in a D-T branching ratio of B}]?/Tn =

(3.9 & 2.3) x 107 for the cross-calibration approach, where
random uncertainty is 25.4% and systematic uncertainty is
33.6%.

The error weighted-average value for the D-T branching
ratio over the two methods, absolute and cross-calibration,
is (4.2 & 2.0) x 107>, The current analysis incorporates the
D-T fusion y-ray emissions, yp and yj, and is shown in Fig. 4
(red solid circle) as compared to earlier beam-target results. In
the right-hand panel of Fig. 4, Cecil et al. [5] data are plotted
where only y is considered and also Morgan et al. [6] data are
plotted where Morgan et al. assumed that y-ray data measured
above 13.5 MeV did not contain any contribution from ;.
In those measurements y; was obscured by the 14.1-MeV
neutron-induced y -ray background. Additionally, in thermal-
equilibrium ICF plasmas, most of the nuclear reactions occur
at the Gamow peak energy E(, which for a D-T reaction can
be written Eg = 6.66(Ton)*> in the center of mass, where
Tion is the burn-averaged ion temperature in units of keV
[29,30]. For these D-T plastic capsule implosions at OMEGA,
Tion was 3-7 keV resulting in an E, value of 14-24 keV.
When translated to beam-target experimental conditions, these
values correspond to an effective deuteron beam energy
of E; = 23-40 keV, a value significantly lower than the
deuteron beam energies previously reported from beam-target
experiments.

To interpret these experimental results, we assume the
dominance of the 3/27 resonance in all reactions initiated by
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FIG. 4. (Color) D-T branching ratio determined from this ICF
implosion work (red solid circle) as compared to earlier work.
Branching ratios shown in the left-hand panel include y, and y;
emissions, while only yy is considered in the right-hand panel.

D + Tatlow energies. This leads to the theoretical expectation
that the branching ratio is constant below about 100 keV
center-of-mass energy, meaning that the ratio of Maxwellian
averages of the cross sections at an ion temperature of
5 keV should not deviate significantly from the value seen
at low energies in beam-target measurements. However, the
expected energy dependence is evident only in the more recent
beam-target measurements of Cecil et al. [5] and of Morgan
et al. [6], which were measurements of the ), branch alone.
Because their value for the y; transition barely overlaps the
upper end of our error bar for the sum of y + y; transitions,
the results cannot be considered consistent. This gives us
cause for further theoretical investigations of the D-T y-ray
spectrum, and of the energy dependence of the branching
ratio, under low-energy ICF conditions. The y-ray spectra
were calculated using an approximation that neglects the recoil
momentum of the photons, which should be corrected by using
fully relativistic kinematics. The presence of other transitions
in the *H(d,y) reaction at low energies in addition to the
dominant 3/2" one could change the energy dependence of the
branching ratio there. Such transitions have been observed in
the polarization data of Riley et al. [31] and Balbes ef al. [11].

The observed difference in the 3H(d,y)’He and
3He(d,y)’Li branching ratios further motivates investigation
of the multichannel He- and >Li-system data simultaneously
with a Coulomb-corrected, charge-symmetric R-matrix analy-
sis. Such an analysis would impose the charge symmetry of the
strong interactions by making the reduced-width amplitudes
of the R-matrix levels the same in the two systems, while
allowing the level energies in the two systems to differ by
an overall Coulomb shift. Additional Coulomb differences
would come from the external relative wave functions (e.g.,
penetrability) in the initial d + ¢ and d + *He channels, in
the final n 4+ “He and p + *He channels, and possibly in the
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photon widths of the y + SHeand y + Li channels due to the
increased charge of °Li. To attribute a ratio (B))},/ B)l/);[lfe) as
low as approximately 0.3 purely to Coulomb effects would be
a challenge for such an analysis, but is not beyond the realm of
possibility. Therefore, we cannot at this point say whether the
experimental result is evidence for charge-symmetry breaking
without further theoretical analysis.

In summary, two methods have been employed to obtain
the D-T y-to-neutron branching ratio by using ICF implosion
experiments. Reduced background interferences over previous
beam-target experiments and an improved understanding of
the D-T y-ray spectrum significantly lessen the uncertainties
in the value. Averaging over the absolute and cross-calibration
methods, a D-T branching ratio of (4.2 £ 2.0) x 107> has
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been determined under ICF conditions. Having D-T neutron
and y-ray measurements and the D-*He proton yields for this
purpose allowed a unique determination of this fundamental
nuclear property and an improved understanding of theoretical
predictions and previous measurements. This study illustrates
the use of ICF implosions as a new platform in the emerging
field of plasma nuclear science [32] to augment traditional
accelerator-based nuclear physics.
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