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The deuterium-tritium (D-T) 𝛾-to-neutron branching ratio [3H(d,𝛾)5He/3H(d,n)4He] has been determined 

previously under inertial confinement fusion (ICF) conditions and in beam-target based experiments. In the 

former case, neutron-induced backgrounds are mitigated compared to the latter due to the short pulse nature of 

ICF implosions and the use of gas Cherenkov 𝛾-ray detectors. An added benefit of ICF based measurements is 

the ability to achieve lower center of mass energies as compared to accelerators. Previous ICF based 

experiments however report a large uncertainty in the D-T 𝛾-to-neutron branching ratio of ≈48%, which arises 

from the necessity of an absolute detector calibration and/or a cross-calibration against the D-3He 𝛾-to-proton 

branching ratio. A more precise value for the branching ratio based on data taken at the OMEGA laser facility 

is reported here, which relies on a cross-calibration against the better known 12C neutron inelastic scattering 

cross section. A D-T branching ratio value of (4.6 ± 0.6) × 10−5 is determined by this method. 
 

 

I. INTRODUCTION 

A. D-T Nuclear Fusion 

The deuterium-tritium (2H-3H or D-T) reaction1, with 

resonance at ≈100 keV, has been extensively studied and is 

known to have the largest fusion cross section at center-of-

mass energies below 500 keV. 3H(d,n)4He is the neutron 

producing branch of the D-T reaction, while 3H(d,γ)5He is 

the 𝛾 producing branch which occurs much less frequently 

than the former. The 3H(d,n)4He reaction, shown in Eq. 1, 

results in the production of a 14.1-MeV neutron and a 3.5 

MeV alpha particle. Eqs. 2-3 represent the 3H(d,𝛾)5He 

reaction in which an excited 5He nucleus relaxes via 𝛾-

emission. Upon relaxation to its ground state, a 16.75 MeV 

γ-ray (𝛾0) is emitted, represented by Eq. 2. In Eq. 3, an 

excited 5He nucleus relaxes to its first excited state, resulting 

in a broad γ emission line (𝛾1) with peak at ≈13.5 MeV. 

     D + T → 5He* → 4He(3.5 MeV) + n(14.1 MeV)        (1) 

          D + T → 5He* → 5He + 𝛾0(16.75 MeV)                (2) 

         D + T → 5He* → 5He* + 𝛾1(≈13.5 MeV)               (3) 

The D-T 𝛾-to-neutron (𝛾/n) branching ratio, 

[3H(d,𝛾)5He/3H(d,n)4He], is of fundamental interest from a 

nuclear and plasma physics perspective [1-2]. Constraining 

its value is of great relevance to experimental efforts at 

inertial confinement (IC) facilities and magnetic 

confinement (MC) facilities. Accurate measurements of the 

D-T reaction fusion products, enabled by a host of 

                                                 
1 Throughout the manuscript we use the conventional abbreviations D for 
2H and T for 3H. 

diagnostics, are necessary to assess and characterize 

performance. For tokomak-based nuclear reactors, such as 

JET and ITER, determination of the power gain factor (Q) 

is essential. In addition to neutron diagnostics [3-4], a direct 

measurement of D-T fusion 𝛾’s along with a precise value 

of the D-T (𝛾/n) branching ratio can augment and 

potentially facilitate the measurement of Q. This is 

motivated by the fact that the D-T 𝛾’s will be less perturbed 

by structural features as compared to the neutrons, and the 

𝛾 spectrum is distinct from other neutron scattering sources. 

At inertial confinement fusion (ICF) facilities, the D-T 

branching ratio can provide absolute yield measurements 

based on 𝛾-ray diagnostics.  

B. D-T Fusion at Inertial Confinement Fusion Facilities  

    The 192 beam National Ignition Facility (NIF) in 

Livermore California is the world’s most energetic ICF 

facility [5]. The primary goal at the NIF is to achieve self-

sustaining fusion burn, by utilizing its high energy lasers (up 

to 1.8 MJ) to implode capsules containing D-T fuel. The 

NIF and other ICF facilities, such as the OMEGA Laser 

Facility at the Laboratory for Laser Energetics in Rochester 

New York [6], also provide a platform to conduct 

experiments which are crucial for diagnosing aspects of 

implosion physics [7-10] and for studying nuclear reactions 

[11-15]. The application of tera-watt laser power onto 

spherical targets will cause the outer part of the capsule shell 

to heat up and ionize. As the outer part of the shell explodes, 

the inner part is accelerated toward the center of the sphere 



   

 

to conserve momentum. The gaseous D-T fuel is 

compressed, ionized, and heated up to thermonuclear fusion 

temperatures in this process [5,16]. To realize ignition, 

understanding the fusion reaction history is necessary to 

assess the quality of the implosion [17-18]. This can be 

achieved through characterization of the D-T fusion 

products. Because 𝛾 rays do not Doppler broaden in transit, 

as compared to neutrons, 𝛾-ray diagnostics can be 

advantageous in determining a fusion reaction history. A 

precise value of the D-T (𝛾/n) branching ratio would enable 

absolute yield measurements from 𝛾-ray detectors, which at 

ICF facilities are primarily based on the Cherenkov 

mechanism [19]. 

C. Cherenkov 𝜸-Ray Detectors 

ICF facilities currently utilize Cherenkov radiators for 

both neutron and 𝛾-ray detection. Fused silica is used as a 

radiator for 𝛾-ray detection in both the neutron time-of-

flight (nToF) quartz Cherenkov detectors (QCD’s) at the 

NIF [20-21], and the Diagnostic for Areal Density (DAD) at 

OMEGA [22]. Gaseous media are used for the gamma 

reaction history (GRH) and gas Cherenkov detectors (GCD-

1, -2, and -3) [23-24]. In a Cherenkov radiator, relativistic 

electrons produced through the Compton scattering of 𝛾’s 

produce photons at ultra-violet and visible wavelengths via 

the Cherenkov effect [19]. In this mechanism, atomic 

electrons in the propagation medium absorb the field energy 

of the relativistic electrons and radiate photons. The energy 

emitted due to any relativistic charged particle can be 

described by the Frank-Tamm formula shown in Equation 

4. Here q is the charge of the particle, 𝜔 is the emitted 

photon frequency, 𝜇(𝜔) is the electromagnetic 

permeability, and 𝑛(𝜔) is the index of refraction. For 

Cherenkov photon generation at frequency 𝜔, 𝛽 = 𝜈/c > 

1/𝑛(𝜔), where 𝜈 is the speed of the charged particle in the 

medium and c the speed of light in vacuum. Combining this 

requirement with the relativistic kinetic energy of an 

electron results in Equation 5. This describes the electron 

energy threshold for Cherenkov photon production. Here 

𝑚𝑒 is the mass of the electron. It can be seen that as the 

index of refraction of an optically transmissive medium is 

increased, the electron energy threshold will decrease. 

                      
𝑑2𝐸

𝑑𝑥𝑑𝜔
=  𝑞2𝜇(𝜔)𝜔 {1 −  

𝑐2

𝑣2𝑛2(𝜔)
}                (4) 

                     𝐸𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =  𝑚𝑒𝑐2 {
1

√1− 𝑛−2
− 1}                (5) 

For gas-based Cherenkov detectors, the gas composition 

and pressure will affect the index of refraction and therefore 

the electron energy threshold [23]. See Fig. 1 for a cartoon 

schematic of the GCD. 𝛾’s can Compton scatter in a 

converter disk which is typically aluminum or beryllium. 

The resulting relativistic electrons can generate Cherenkov 

photons as they propagate through the gas medium. These 

photons are guided by a Cassegrainian mirror setup to a 

microchannel-plate photomultiplier tube (PMT) for 

detection. Tungsten shielding is used to attenuate 𝛾’s which 

can directly interact with the PMT to create an extraneous 

signal. The Cassegrainian mirror setup also serves to 

temporally delay the primary Cherenkov signal from the 

extraneous 𝛾 signal. For absolute measurements of the 

fusion reaction history, as well as in determination of 

nuclear physics cross sections, a calibration of the 

diagnostic is required. This can be achieved either through 

a cross-calibration against a highly accurate neutron yield 

measurement, or the precise D-T (𝛾/n) branching ratio.  

 

Figure 1. A cartoon schematic of the GCD. D-T fusion 𝛾’s Compton scatter 

in the 𝛾-e converter plate to produce relativistic electrons. The relativistic 

electrons generate Cherenkov radiation as they propagate through the gas 

medium inside the GCD. The resulting Cherenkov photons are reflected by 

a Cassegrainian mirror setup to a PMT for detection. Tungsten shielding is 

used to attenuate 𝛾’s which can directly interact with the PMT to produce 
an extraneous signal. The distance between the pair of mirrors in the 

Cassegrainian setup provides a temporal delay between Cherenkov photon 

detection and direct 𝛾 interactions in the PMT. 

D. Previous Research on the D-T (𝜸/n) Branching Ratio 

    There have been extensive efforts to measure the D-T 

(𝛾/n) branching ratio, [3H(d,𝛾)5He/3H(d,n)4He]. 

Measurements have been made via accelerator-based beam-

target experiments [25-32], as well as under ICF conditions 

[11-12]. There is significant discrepancy in the obtained 

results. This can be attributed to the relatively small value 

of the D-T (𝛾/n) branching ratio, uncertainties in the 𝛾-ray 

emission spectrum [31,33], as well as the large background 

noise that can be produced by neutron scattering. In 

accelerator-based experiments, a deuteron beam is typically 

incident on a tritium-based target with corresponding center 

of mass energies which are typically greater than values 

relevant for fusion plasmas (≳100 keV). Scintillator 

detectors are placed at different angles and distances from 

the target. Techniques employing time-of-flight (TOF) 

configurations, coincidence counting, pulse-shape 

discrimination, shielding and collimation, and pulsed 

deuteron sources can help to mitigate neutron-induced noise 

[31].  

    At ICF facilities, the fusion products are inherently 

intense and extremely short in duration. Neutron yields can 

reach an excess of 1016 with burn widths typically less than 

200 ps. Nuclear diagnostics are essential in diagnosing the 

fusing plasmas. Multiple nToF detectors, the Magnetic 

Recoil Spectrometer (MRS) [34], and Neutron Activation 

Diagnostics (NADs) [35] are used in conjunction to 

accurately determine the neutron yields. The 𝛾-ray yields 

are determined with the GRH and GCD, typically operated 

at various gas pressures. In a single shot ICF experiment, 



   

 

undesired neutron-induced backgrounds can be eliminated 

through high-bandwidth electronics by temporally 

separating the D-T fusion 𝛾-rays. In previous ICF 

experiments to determine the D-T (𝛾/n) branching ratio [11-

12], two different methods were utilized. The first involved 

a direct measurement of ICF D-T 𝛾-ray and neutron 

emissions using absolutely calibrated detectors including 

GCD-1, and the second involved a separate cross-

calibration against the D-3He 𝛾-to-proton (𝛾/p) branching 

ratio [3He(d,𝛾)5Li/3He(d,p)4He]. In the former scenario, the 

D-T branching ratio is reported to be (4.3 ± 1.8) × 10-5 with 

a 7.3% statistical uncertainty and 33.9% systematic 

uncertainty. In the latter scenario involving the cross-

calibration to the D-3He γ-to-proton (𝛾/p) branching ratio, 

the D-T branching ratio is reported to be (3.9 ± 2.3) × 10-5 

with a 25.4% statistical uncertainty and 33.6% systematic 

uncertainty. The variance weighted value for the two 

methods is (4.2 ± 2.0) × 10-5. This work is an extension of 

these experiments and involves a cross-calibration against 

the inelastic neutron scattering cross section in 12C, the 
12C(n,n’𝛾)12C reaction. The primary advantage of using this 

reaction is that the cross section has been recently 

reevaluated, described in the following section, and is 

known to significantly greater precision than the D-3He 

(𝛾/p) branching ratio. By measuring both the D-T fusion and 
12C 𝛾’s resulting from the 12C(n,n’𝛾)12C reaction, in a single 

shot D-T implosion, absolute detector calibrations of the 

GCD-3 and PMT are obviated. The details of the 

experiment and the method used will be described in more 

detail in subsequent sections. 

 

II. THE D-T (𝜸/n) BRANCHING RATIO via a 

CARBON CROSS-CALIBRATION 

A. The 12C(n,n’𝜸) 12C Spectrum and Cross Section 

    Cockcroft-Walton accelerators have often been used in 

past experiments to generate a deuteron beam. In addition 

to studying D-T fusion, impingement of a deuteron beam on 

a target containing tritium can serve as a source of 14.1 MeV 

neutrons. Several experiments conducted in the past have 

utilized this method to investigate the inelastic neutron 

scattering cross section in 12C, or the 12C(n,n’𝛾)12C reaction. 

The neutron-induced 𝛾-ray spectrum from 12C is shown in 

Fig. 2 [36-37] and has an intense peak at 4.44 MeV. This 

feature is orders of magnitude more intense than other 

features in the spectrum making it approximately 

monoenergetic. 

    To accurately define the 12C(n,n’𝛾)12C cross section for 

14.1 MeV neutrons, the results from a few experiments 

conducted in the past [37-39], in which the angle (𝜃) 

between the incident neutron and measured 𝛾 is varied,  are 

used to determine a single adopted differential cross section 

[40]. A total cross section is calculated from the adopted 

differential cross section and is reported to be 217.5 ± 5.5 

mb according to Ref. [40]. The inelastic neutron scattering 

cross section in 12C is one of the largest known cross 

sections, and the resulting 𝛾 emission spectrum is distinct. 

These factors facilitate experimental efforts that rely on the 
12C(n,n’𝛾)12C reaction. This comprehensive evaluation of 

the cross section for 12C(n,n’𝛾)12C [40] is essential for a 

cross-calibration of the D-T (𝛾/n) branching ratio.  

 

Figure 2. The 12C(n,n’𝛾)12C spectrum [36-37] resulting from 14.1 MeV 
neutrons. The spectrum is approximately monoenergetic due to the intense 

line at 4.4 MeV which is orders of magnitude larger than other spectral 

features. 

B. Experimental Setup and Data 

    ICF implosions were conducted at the University of 

Rochester OMEGA Laser Facility [6]. The experiment 

utilizes 60 laser beams, at 351 nm, with a square pulse of 1 

ns in duration and total energy of ≈27 kJ. The targets are 

SiO2 shells of ≈3.7 𝜇m in thickness and with outer 

diameters ranging from 874.4 – 881.2 𝜇m. The shells are 

filled with 10 atm of gaseous, equimolar D-T fuel. The front 

face of the GCD-3 is located 20 cm from the target chamber 

center (TCC). A beryllium puck holder extends from the 

GCD-3 such that its inner, front face is 6.26 cm from TCC 

[41]. See Fig. 3.  

 

Figure 3. The GCD-3 and 12C puck experimental configuration [41]. The 

inner, front face of the beryllium puck holder is 6.26 cm from TCC. The 
front face of the GCD-3 is 20 cm from TCC. D-T fusion neutrons (solid, 

blue arrows) can inelastically scatter in the 12C puck to generate 12C 𝛾’s 

(dot-dashed, green arrows). The D-T fusion 𝛾’s (dotted, purple arrows) are 
mostly unattenuated by the beryllium puck holder and 12C puck. The 

experimental layout allows the fusion 𝛾’s to arrive at the GCD-3 ≈1 ns 

before the arrival of neutron-induced 𝛾’s. 



   

 

The puck holder has an inner diameter of 2.709 cm and a 

depth of 0.914 cm. For the relevant experimental shots, the 

puck holder is either filled with 12C powder (with a total 

mass of 5.93 ± 0.1 g) or is empty. In the former case or 

active configuration, the 14.1 MeV D-T fusion neutrons can 

inelastically scatter in the 12C puck to produce 4.4 MeV 𝛾’s. 

Because the neutrons can also scatter in other structural 

components to produce 𝛾’s, the latter case (background 

configuration) provides a neutron-induced background 

measurement for comparison. The experimental setup 

enables the D-T fusion 𝛾-rays to arrive at the detector ≈1 ns 

prior to the neutron-induced 𝛾-rays, due to the flight time of 

the 14.1 MeV neutrons and the distance to the beryllium 

puck holder and other structural features. The GCD-3 is 

operated with CO2 gas at a pressure of 400 psia, 

corresponding to an electron threshold energy of ≈2.6 MeV. 

A PMT, Photek PMT110, with a fast temporal response is 

used for the detection of Cherenkov photons. 

    The scope traces from four different shots, which were 

conducted under similar experimental conditions, are shown 

in Fig. 4. These traces are normalized to the product of the 

D-T fusion neutron yield, photomultiplier tube gain, and 

mean quantum efficiency over the Cherenkov spectrum.  

 

Figure 4. Scope traces from four different shots. These traces are 
normalized to the product of the D-T neutron yield, photomultiplier tube 

gain, and mean quantum efficiency over the Cherenkov spectrum. Shots 

77361 and 77374 (blue and orange, solid lines) are in the active 
configuration in which the beryllium puck holder is loaded with the 12C 

powder. Shots 77365 and 77367 (green and red, dashed lines) are in the 
background configuration in which the beryllium puck holder is empty. An 

excess signal can be seen from 0.8 to 1.6 ns in the active configuration 

which is due to 12C(n,n’𝛾)12C and subsequent 12C 𝛾 detection by the GCD-

3. 

Shot numbers 77361 and 77374 correspond to experiments 

conducted with the 12C puck (active configurations), while 

77365 and 77367 were conducted with an empty beryllium 

puck holder (background configurations). The scope traces 

have been shifted such that the D-T fusion 𝛾 peaks coincide 

with t = 0 with the dotted, vertical lines representing the 

beginning and end of the D-T fusion 𝛾 signal. The dot-

dashed, vertical lines represent the beginning and end of the 
12C 𝛾 signal. There is an excess signal in this region for the 

active configurations. The unnormalized D-T fusion 𝛾 

signals are shown in Fig. 5. The initial peak at t = 0 results 

from peak emission of 𝛾’s during the implosion. The second 

peak near 200 ps is an artifact of ringing and is inherent to 

the instrument response function (IRF) of the Photek 

PMT110. The 12C 𝛾 signal in the active configurations can 

be isolated from the extraneous neutron-induced noise 

through subtraction of the normalized background 

configuration traces. The resulting traces are then 

renormalized to the appropriate D-T neutron yield, PMT 

gain, and mean quantum efficiency. The results are shown 

in Fig. 6. The extraction of a clean 12C(n,n’𝛾)12C 𝛾 signal, 

along with the reevaluated cross section, permits the 

experimental determination of the D-T (𝛾/n) branching ratio 

using a cross-calibration method. 

 

Figure 5. The D-T fusion 𝛾 signal. This signal is representative of the raw 

(non-normalized) signals shown in Fig. 4. The initial peak at t = 0 is a result 

of peak emission of D-T fusion 𝛾’s during the implosion. The second peak 
near 200 ps is due to ringing and is inherent to the instrument response 

function (IRF) of the Photek PMT110.  

 

Figure 6. The 12C 𝛾 signal. The signal results from the normalized traces 

shown in Fig. 4. The background configuration shot trace is subtracted 

from the active and the result is renormalized to the appropriate neutron 

yield, PMT gain, and quantum efficiency.  

C. The Cross-Calibration Method 



   

 

    The integral of the D-T fusion 𝛾 signal, shown in Fig. 5, 

can be expressed as  

              𝑆𝛾
DT(𝐸𝑡ℎ𝑟) = 𝑌𝛾

DT × (
ΔΩ𝛾

DT

4𝜋
) × 𝑄𝐺𝑒𝑟 ×

                                        ∫ 𝐼𝛾
DT(𝐸)

∞

𝐸𝑡ℎ𝑟
𝑅′(𝐸, 𝐸𝑡ℎ𝑟)𝑑𝐸.          (6) 

Here 𝑌𝛾
DT is the D-T fusion 𝛾 yield and ΔΩ𝛾

DT/4𝜋 is the solid 

angle fraction for the collection of fusion γ’s by the GCD-

3. Q is the mean quantum efficiency of the PMT over the 

Cherenkov spectrum, G is the PMT gain, e is the charge of 

an electron, and 𝑟 is the input impedance of the digitizer or 

scope used in the data acquisition. 𝐼𝛾
DT(𝐸) is the D-T 𝛾 

spectrum and 𝑅′(𝐸, 𝐸𝑡ℎ𝑟) is the GCD-3 responsivity in 

Cherenkov photons collected per incident 𝛾. The D-T 𝛾 

spectrum is based on R-matrix analysis [42] of neutron-

alpha particle scattering which predicts the existence and 

shape of the D-T 𝛾0(𝐸) and 𝛾1(𝐸) spectral features, but not 

their relative strengths. D-T implosions were conducted at 

OMEGA with 𝛾 measurements taken by the GCD-1 at 

various threshold energies [33]. The experiments report an 

optimal 𝛾1: 𝛾0 (𝐺𝑟) ratio of (2.1±0.4):1. An appropriate 

expression for the resulting area-normalized spectral shape 

is given by 

                       𝐼𝛾
DT(𝐸) =

𝛾0(𝐸) + (𝐺𝑟 × 𝛾1(𝐸))

1 + 𝐺𝑟
 .                      (7) 

The GCD-3 responsivity (𝑅′(𝐸, 𝐸𝑡ℎ𝑟)) for 400 psia of CO2 

is shown in Fig. 7. This is based on GEANT4 Monte Carlo 

simulations [43].  

 

Figure 7. The GCD-3 responsivity, in productive particles per incident 𝛾 
for 400 psia of CO2, is determined from Monte Carlo simulations 

conducted in GEANT4. The solid, red curve is representative of photons 

and the dotted, blue curve for electrons.  

In Eq. 6, the D-T 𝛾 yield can be replaced with the product 

of the neutron yield (𝑌𝑛
DT), which is measured to high 

accuracy in ICF implosions, and the D-T (𝛾/n) branching 

ratio (𝐵𝛾

𝑛

DT): 

          𝑆𝛾
DT(𝐸𝑡ℎ𝑟) = 𝑌𝑛

DT × 𝐵𝛾

𝑛

DT × 𝑄𝐺𝑒𝑟 × (
ΔΩ𝛾

DT

4𝜋
) ×

                                   ∫ 𝐼𝛾
DT(𝐸)

∞

𝐸𝑡ℎ𝑟
𝑅′(𝐸, 𝐸𝑡ℎ𝑟)𝑑𝐸.                (8)  

The resulting expression can be solved for the branching 

ratio: 

            𝐵𝛾

𝑛

DT =  
𝑆𝛾

DT(𝐸𝑡ℎ𝑟)

𝑄𝐺𝑒𝑟(
ΔΩ𝛾

DT

4𝜋
)

1

𝑌𝑛
DT ∫ 𝐼𝛾

DT(𝐸)
∞

𝐸𝑡ℎ𝑟
𝑅′(𝐸,𝐸𝑡ℎ𝑟)𝑑𝐸

 .        (9) 

The expression in Eq. 9 represents a direct measurement of 

the D-T (𝛾/n) branching ratio. It requires an absolute 

calibration of the detector used for Cherenkov photon 

detection. The gain and quantum efficiency of PMT’s are 

susceptible to temperature fluctuations and can degrade 

over time. For these reasons, a cross-calibration can be 

desirable which removes any uncertainty in the PMT 

response and obviates the absolute calibration of the 

detector. For the 12C puck used in the experiments, the areal 

density (〈𝜌C𝑅〉𝑝𝑢𝑐𝑘) is equal to 𝜌C𝑇, where 𝜌C is the 12C 

powder density and T is the puck thickness. The product of 

the areal density and solid angle fraction for 14.1 MeV 

neutron collection by the puck (ΔΩ𝑛
𝑝𝑢𝑐𝑘

/4𝜋) is equivalently 

expressed as 

                     〈𝜌C𝑅〉𝑝𝑢𝑐𝑘 × (
ΔΩ𝑛

𝑝𝑢𝑐𝑘

4𝜋
) =

𝑀𝑝𝑢𝑐𝑘

4𝜋𝐷2  .                 (10) 

Here 𝑀𝑝𝑢𝑐𝑘 is the total 12C puck mass and 𝐷 is its distance 

to TCC. The 12C 𝛾 yield is given by 

      𝑌𝛾
𝑝𝑢𝑐𝑘

= (
ΔΩ𝑛

𝑝𝑢𝑐𝑘

4𝜋
) × 𝑌𝑛

DT ×
𝜎𝑛C,total

𝑚C
× 〈𝜌𝐶𝑅〉𝑝𝑢𝑐𝑘.    (11) 

𝜎𝑛C,total is the total inelastic neutron scattering cross section 

calculated in Ref. [40], and 𝑚C is the mass of a 12C atom. 

The integral of the 12C 𝛾 signal shown in Fig. 6 can be 

expressed as 

    𝑆𝛾
𝑝𝑢𝑐𝑘

= 𝑄𝐺𝑒𝑟 × 𝑌𝑛
DT ×

𝜎𝑛C

𝑚C
× 𝑓1 × (

𝑀𝑝𝑢𝑐𝑘

4𝜋𝐷2 ) ×

                    (
ΔΩ𝛾

𝑝𝑢𝑐𝑘

4𝜋
) × ∫ 𝐼𝛾

𝑝𝑢𝑐𝑘(𝐸)𝑅′′(𝐸, 𝐸𝑡ℎ𝑟)𝑑𝐸
∞

𝐸𝑡ℎ𝑟
.    (12) 

𝜎𝑛C here is the inelastic neutron scattering cross section at 

𝜃 = 90°, and 𝑓1 is a geometrical efficiency factor which 

accounts for the scattering angles from the 12C puck which 

result in 𝛾’s incident on the GCD-3 [40,44]. This is 

calculated in Ref. [40] by integrating the normalized 

differential scattering cross section (𝜎(𝜃)/𝜎(90°) ) over the 

appropriate range of angles. The resulting value for 𝑓1 is 

1.369 ± 0.089. ΔΩ𝛾
𝑝𝑢𝑐𝑘

/4𝜋 is the GCD-3 solid angle fraction 

for collection of 12C 𝛾’s and 𝐼𝛾
𝑝𝑢𝑐𝑘(𝐸) is the 12C(n,n’𝛾)12C 𝛾 

spectrum shown in Fig. 2. It should be noted that 

𝑅′′(𝐸, 𝐸𝑡ℎ𝑟) in Eq. 12 is not equivalent to 𝑅′(𝐸, 𝐸𝑡ℎ𝑟) in Eq. 

6. The latter corresponds to the GCD-3 responsivity to 𝛾’s 

emitted from TCC while the former responsivity is unique 

to the puck geometry and its distance to the GCD-3 front 

face.  



   

 

    With these definitions, the D-T (𝛾/n) branching ratio can 

be defined relative to the 12C puck measurement. This is 

accomplished by taking the ratio of the signals given by the 

expressions in Eqs. 8 and 12 and solving for the branching 

ratio: 

        𝐵𝛾

𝑛

DT =
ΔΩ𝛾

𝑝𝑢𝑐𝑘
𝑀𝑝𝑢𝑐𝑘

ΔΩ𝛾
DT4π𝐷2𝑚C

× 𝜎𝑛C × 𝑓1 × {
𝑆𝛾

DT(𝐸𝑡ℎ𝑟)

𝑆𝛾
𝑝𝑢𝑐𝑘(𝐸𝑡ℎ𝑟)

} ×

                     {
∫ 𝑡𝑛

𝑝𝑢𝑐𝑘
𝑡𝛾

𝑝𝑢𝑐𝑘(𝐸)𝐼𝛾
𝑝𝑢𝑐𝑘(𝐸)𝑅′′(𝐸,𝐸𝑡ℎ𝑟)𝑑𝐸

∞
𝐸𝑡ℎ𝑟

∫ 𝑡𝛾
DT(𝐸)𝐼𝛾

DT(𝐸)𝑅′(𝐸,𝐸𝑡ℎ𝑟)𝑑𝐸
∞

𝐸𝑡ℎ𝑟

} .        (13) 

The integrals over the 12C(n,n’𝛾)12C and D-T fusion 𝛾 

spectra include additional terms accounting for the 

attenuation of neutrons and 𝛾’s in the beryllium puck holder 

and 12C puck. 𝑡𝑛
𝑝𝑢𝑐𝑘

 is the transmission of 14.1 MeV 

neutrons through half of the puck holder and puck. This is 

determined in GEANT4 simulations to be 0.94. 𝑡𝛾
𝑝𝑢𝑐𝑘

(𝐸) is 

the energy-dependent transmission of 𝛾’s in half of the puck 

holder and puck. This is determined from bulk mass 

attenuation coefficients provided by NIST [45], for the 

appropriate materials. An integration of 𝑡𝛾
𝑝𝑢𝑐𝑘

(𝐸) over the 
12C 𝛾 spectrum shown in Fig. 2 results in a total transmission 

of 97.96%. These transmission terms in the integrand of the 

numerator in Eq. 13 account for the fact that the measured 

𝑆𝛾
𝑝𝑢𝑐𝑘

 is affected by the puck holder and puck which are 

directly in the line-of-sight to TCC. A similar transmission 

term is applied to the integrand in the denominator of Eq. 

13. 𝑡𝛾
DT(𝐸) is the energy-dependent transmission of D-T 𝛾’s 

through the full puck holder and puck. This is also 

determined from bulk mass attenuation coefficients 

provided by NIST. The integral of 𝑡𝛾
DT(𝐸) over the D-T 𝛾 

spectrum results in a total transmission of 97.54%. The ratio 

𝑆𝛾
DT(𝐸𝑡ℎ𝑟)/𝑆𝛾

𝑝𝑢𝑐𝑘(𝐸𝑡ℎ𝑟) in Eq. 13 can be expressed in terms 

of the number of productive Cherenkov photons that 

comprise each signal. Recall that 𝑆𝛾
𝑝𝑢𝑐𝑘(𝐸𝑡ℎ𝑟) in Fig. 6 

results from a background configuration shot subtracted 

from an active configuration shot. Taking this into 

consideration, the appropriate expression for the ratio of the 

signals is given as 

           
𝑆𝛾

DT(𝐸𝑡ℎ𝑟)

𝑆𝛾
𝑝𝑢𝑐𝑘(𝐸𝑡ℎ𝑟)

=  
𝑁𝛾

DT

𝑁𝛾
𝑎𝑐𝑡𝑖𝑣𝑒−

𝑌𝑎𝑐𝑡𝑖𝑣𝑒

𝑌𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝑁𝛾
𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

 .      (14) 

𝑁𝛾
DT represents the number of productive Cherenkov 

photons that comprise 𝑆𝛾
DT(𝐸𝑡ℎ𝑟) and is determined by the 

integral of the signals shown in Fig. 5 divided by 𝑄𝐺 (the 

product of the gain and quantum efficiency of the PMT) and 

𝑒𝑟 (the product of the electron charge in Coulombs and the 

scope input impedance in Ohms). Similarly, 𝑁𝛾
𝑎𝑐𝑡𝑖𝑣𝑒 

(𝑁𝛾
𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

) is the number of Cherenkov photons that 

comprise the signal in the active (background) 

configuration, bounded by the dot-dashed vertical lines 

shown in Fig. 4. And 𝑌𝑎𝑐𝑡𝑖𝑣𝑒  (𝑌𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) are the 

corresponding D-T neutron yields. The denominator on the 

right of the expression in Eq. 14 then represents the number 

of photons that comprise 𝑆𝛾
𝑝𝑢𝑐𝑘(𝐸𝑡ℎ𝑟) in Fig. 6. 

    The SiO2 capsule target also contributes to the primary 𝛾 

signal shown in Fig. 5 via inelastic neutron scattering which 

results in 𝛾-ray production. The expression in Eq. 6 can be 

re-written to account for this contamination and is expressed 

as 

               𝑆𝛾
DT+𝑐𝑎𝑝𝑠𝑢𝑙𝑒

=  𝑌𝑛
DT × 𝑄𝐺𝑒𝑟 × (

ΔΩ𝛾
DT

4𝜋
) ×

    ∫ (𝐵𝛾
𝑛⁄

DT 𝐼𝛾
DT(𝐸) +  𝜖𝐼𝛾

𝑐𝑎𝑝𝑠𝑢𝑙𝑒
(𝐸)) 𝑅′(𝐸, 𝐸𝑡ℎ𝑟)𝑑𝐸

∞

𝐸𝑡ℎ𝑟
.   (15) 

𝐼𝛾
𝑐𝑎𝑝𝑠𝑢𝑙𝑒

(𝐸) is the capsule 𝛾 spectrum. 𝜖 depends on the 

effective areal density (𝜌𝑅) of the SiO2 capsule during the 

implosion as well as the inelastic neutron scattering cross 

sections for 28Si and 16O (𝜎𝑛Si and 𝜎𝑛O). It is defined as 

            𝜖 =  𝜌𝑅 × (
〈𝑊𝑡𝑓𝑟𝑎𝑐〉Si∙𝜎𝑛Si

𝑚Si
+ 

〈𝑊𝑡𝑓𝑟𝑎𝑐〉O∙𝜎𝑛O

𝑚O
).           (16) 

〈𝑊𝑡𝑓𝑟𝑎𝑐〉 are the weight or mass fractions for Si and O, and 

𝑚 are the corresponding masses for a single atom. 𝜌𝑅 was 

measured in these experiments by the DAD [22]. The 

resulting average 𝜌𝑅, measured from all of the shots with 

similar capsule diameter and thickness, is 2.05 ± 0.24 

mg/cm2. For shots 77361 and 77374, the active 

configuration scenarios, the capsule 𝜌𝑅 was measured to be 

1.69±0.74 and 2.25±0.76 mg/cm2 respectively. The 

capsule 𝛾 spectrum (𝐼𝛾
𝑐𝑎𝑝𝑠𝑢𝑙𝑒

(𝐸)) is determined by three 

independent methods. The first is via MCNP (Monte Carlo 

N-Particle) simulations [46], in which 14.1 MeV neutrons 

are incident on a SiO2 shell of a given density. A second 

method instead relies on GEANT4 simulations [43]. The 

third method is analytical and relies on nuclear data tables 

and databases [47-49], for which the inelastic neutron 

scattering cross section for 𝛾 production (n,n’𝛾) is 

determined from ENDF/B-VIII.0 and JENDL-4.0 databases 

[50-51]. Scattering to 17 excited levels are considered for 

both 28Si and 16O. The resulting total cross sections, for 14.1 

MeV incident neutrons, are found to be 293.0 ± 28.8 mb for 
28Si and 317.9 ± 33.4 mb for 16O. The scattering cross 

section to each excited level and the de-excitation scheme 

from that level then determine the resulting 𝛾 spectrum. A 

comparison of the resulting analytical spectrum, for SiO2 

with a 𝜌𝑅 of 2.05 mg/cm2, against the MCNP simulations 

show similar amplitudes for most of the intense spectral 

lines. Lower energy spectral features are not captured in the 

analytical method as Compton scattering and other effects 

are not considered. For these reasons, the MCNP and 

GEANT4 simulation results are used to determine the 

capsule 𝜌𝑅 contribution to the primary 𝛾 signal. In Fig. 8, 

both the MCNP (solid, blue) and GEANT4 (dotted, red) 

simulation results are compared. The choice of database 

used and other techniques that are inherent to each code may 

result in the noticeable differences between the two 

generated spectra.  



   

 

    With the capsule 𝛾 spectra defined and 𝜌𝑅 measurements 

provided by the DAD, a corrected expression for the D-T 

(𝛾/n) branching ratio is found by taking a ratio of the 

expressions given in Eqs. 12 and 15 and solving for 𝐵𝛾

𝑛

DT:  

     𝐵𝛾

𝑛

DT  =   
ΔΩ𝛾

𝑝𝑢𝑐𝑘
𝑀𝑝𝑢𝑐𝑘

ΔΩ𝛾
𝐷𝑇4π𝐷2𝑚C

× 𝜎𝑛C × 𝑓1 × {
𝑆𝛾

DT(𝐸𝑡ℎ𝑟)

𝑆𝛾
𝑝𝑢𝑐𝑘(𝐸𝑡ℎ𝑟)

} ×

                {
∫ 𝑡𝑛

𝑝𝑢𝑐𝑘
𝑡𝛾

𝑝𝑢𝑐𝑘(𝐸)𝐼𝛾
𝑝𝑢𝑐𝑘(𝐸)𝑅′′(𝐸,𝐸𝑡ℎ𝑟)𝑑𝐸

∞
𝐸𝑡ℎ𝑟

∫ 𝑡𝛾
DT(𝐸)𝐼𝛾

DT(𝐸)𝑅′(𝐸,𝐸𝑡ℎ𝑟)𝑑𝐸
∞
𝐸𝑡ℎ𝑟

}  −

                 𝜖 × {
∫ 𝑡𝛾

DT(𝐸)𝐼𝛾
𝑐𝑎𝑝𝑠𝑢𝑙𝑒(𝐸)𝑅′(𝐸,𝐸𝑡ℎ𝑟)𝑑𝐸

∞
𝐸𝑡ℎ𝑟

∫ 𝑡𝛾
DT(𝐸)𝐼𝛾

DT(𝐸)𝑅′(𝐸,𝐸𝑡ℎ𝑟)𝑑𝐸
∞

𝐸𝑡ℎ𝑟

} .             (17) 

The last term in the above expression represents the SiO2 

capsule 𝜌𝑅 correction. For the final D-T branching ratio 

result, this correction term is an average of the MCNP and 

GEANT4 based simulations. 

 
Figure 8. The SiO2 capsule spectra are shown for an areal density of 2.05 

mg/cm2. The solid, blue curve represents the spectrum generated from 

MCNP simulations; and the dotted, red curve represents the spectrum 
generated from GEANT4 simulations.  

 

D. Results 

    The D-T (𝛾/n) branching ratio can be calculated for the 

two shots in the active configuration (𝐵1𝛾

𝑛

DT and 𝐵2𝛾

𝑛

DT) 

along with a corresponding variance for each. The total 

variance is given by 

                 𝛿𝐵 = √(
𝜕𝐵

𝜕𝑋
𝛿𝑋)

2

+ (
𝜕𝐵

𝜕𝑌
𝛿𝑌)

2

+ ⋯ ,              (18) 

with X and Y representing particular physical quantities with 

corresponding variances 𝛿𝑋 and 𝛿𝑌. Table 1 contains most 

of the relevant information, with the physical quantities and 

variances given where appropriate. The first column lists the 

physical quantity, the second contains its value, the third its 

variance, and the 4th and 5th columns contain its relative 

contribution to the total variance for each of the two 

calculated branching ratios. This relative contribution is 

expressed as |
𝜕𝐵

𝜕𝑋
𝛿𝑋|

 

 for each physical quantity (X).  

 

Quantity Value Variance |
𝜕𝐵1

𝜕𝑋
𝛿𝑋|  |

𝜕𝐵2

𝜕𝑋
𝛿𝑋|  

𝐺𝑟 2.1 0.4 7.83×10-7 8.50×10-7 

𝜎𝑛C (mb) 153.8 3.9 1.25×10-6 1.39×10-6 

𝑓1 1.369 0.089 3.21×10-6 3.57×10-6 

𝑀𝑝𝑢𝑐𝑘 (g) 5.93 0.1 8.32×10-7 9.26×10-7 

𝜌𝑅1 

(mg/cm2) 

1.69 0.74 2.32×10-6 NA 

𝜌𝑅2 

(mg/cm2) 

2.25 0.76 NA 2.38×10-6 

𝜎𝑛Si (mb) 293.0 28.85 NA NA 

𝜎𝑛O (mb) 317.9 33.38 NA NA 

𝑌𝑎𝑐𝑡𝑖𝑣𝑒−1 9.87×1013 7.73×1011 3.50×10-6 NA 

𝑌𝑎𝑐𝑡𝑖𝑣𝑒−2 9.27×1013 7.27×1011 NA 4.17×10-6 

𝑌𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 9.54×1013 7.47×1011 3.50×10-6 4.16×10-6 

𝑁𝛾
DT−1 7.01×106 1.96×104 1.38×10-7 NA 

𝑁𝛾
DT−2 6.86×106 1.94×104 NA 1.56×10-7 

𝑁𝛾
𝑐𝑎𝑟𝑏𝑜𝑛−1 1.63×106 6.41×103 1.94×10-7 NA 

𝑁𝛾
𝑐𝑎𝑟𝑏𝑜𝑛−2 1.44×106 6.01×103 NA 2.30×10-7 

𝐵1𝛾
𝑛

DT 4.41×10-5 6.57×10-6 1 NA 

𝐵2𝛾
𝑛

DT 4.79×10-5 7.53×10-6 NA 1 

Table 1. Relevant physical quantities are listed (1st column) along with their 

value and variance when applicable (2nd and 3rd columns). Also listed for 

each physical quantity are the relative contributions to the total variance in 

the calculated branching ratios 𝐵1𝛾

𝑛

DT and 𝐵2𝛾

𝑛

DT (4th and 5th columns). 

For the number of productive Cherenkov photons (𝑁𝛾) that 

comprise a measured signal (Eq. 14), the variance is 

estimated as the square root of the corresponding number of 

productive electrons (√𝑁𝑒), determined from the GCD-3 

response curve such as in Fig. 7. The 12C(n,n’𝛾)12C 𝛾 

spectrum is assumed to have no variance because of the 

intense peak near 4.44 MeV which is orders of magnitude 

larger than other spectral features. Variations in the other 

less intense spectral features will have negligible effects on 

the D-T branching ratio and its total error. It should be noted 

that there is a correction factor for the GCD-3 responsivity 

(𝑅′, 𝑅′′) which is calculated in Ref. [40]. The correction 

factor accounts for transmission and reflectivity losses in 

the optical components contained in the diagnostic. To first 

order, this correction is an absolute multiplicative factor, 

and so cancels in the ratio of integrands in Eq. 17. The 

variance in the shape of the capsule 𝛾 spectrum is not 

directly accounted for in the total error of the branching 

ratio. Only the more intense and higher energy spectral 

features will have a significant effect on the correction to 

the branching ratio, and these are roughly in agreement for 

the MCNP and GEANT4 generated spectra. The cross 

sections for 28Si and 16O are inherent to the MCNP and 

GEANT4 code, and so the corresponding variances are also 



   

 

not directly incorporated into the total error of the branching 

ratio. To account for these variances, the deviation between 

independent results obtained from the two methods is added 

in quadrature to the total error of the branching ratio.  

    The statistical variance-weighted average for the D-T 

branching ratio, according to the two shots in the active 

configuration, is 4.56 x10-5. The statistical error is found to 

be 0.38 x10-5, and a systematic error of 0.45 x10-5. The 

deviation between results obtained independently from 

MCNP and GEANT4 simulations is 0.04 x10-5. The final 

value for the D-T (𝛾/n) branching ratio as determined from 

this work is (4.56 ± 0.58) x10-5. 

 

III. DISCUSSION 

    The reported branching ratio has a significantly reduced 

variance compared to a previous ICF based measurement 

[11-12]. The contributions to the total variance arise from 

both systematic and statistical errors of relevant physical 

quantities as shown in Table 1. The systematic errors 

include the 12C(n,n’𝛾)12C scattering cross section (𝜎𝑛C) at 

90°, the geometrical correction factor applied to it (𝑓1), the 

uncertainty in the 𝛾1:𝛾0 ratio (𝐺𝑟), the SiO2 capsule areal 

density (𝜌𝑅), and the mass of the carbon puck (𝑀𝑝𝑢𝑐𝑘). 

Statistical errors include the measured signals (number of 

productive photons) in the different shot configurations as 

well as the precision in the D-T fusion neutron yield 

measurements. While there is an absolute, or systematic, 

error associated with these nToF based yield measurements, 

it is not requisite in these circumstances since the 

expressions in Eq. 13 and 17 for the D-T (𝛾/n) branching 

ratio involve a ratio of neutron yields. Because the 12C 𝛾 

signal arises from a yield normalized subtraction of the 

background configuration signal from the active 

configuration, the relatively small precision errors in the 

neutron yield measurements have a significant impact on 

the total D-T branching ratio variance. The statistical 

variance in the measured signals are negligible.  

    The reported D-T (𝛾/n) branching ratio and its total 

variance is compared to results obtained from previous 

experiments [11-12,25-27,29,31], both ICF and accelerator 

based. Beam-target experiments typically utilize a range of 

deuteron beam energies. In ICF plasmas at thermal 

equilibrium, most of the nuclear reactions occur at the 

Gamow peak energy (𝐸0). For a D-T reaction, the Gamow 

peak energy can be expressed as 𝐸0 = 6.66(𝑇𝑖𝑜𝑛)2/3 in a 

center-of-mass reference [16,52]. Here 𝑇𝑖𝑜𝑛 is the burn-

averaged ion temperature in keV and is equal to 10.3 ± 0.8 

for the shots relevant to this work. For the ICF based 

experiments, the resulting 𝐸0 is translated into an effective 

deuteron beam energy. All experimental results [11-12,25-

27,29,31], including the corresponding variances, are 

shown in Fig. 9 as a function of the (effective) deuteron 

beam energy. The results obtained in this work (black 

square) as well as in Refs. [11-12] (red square) are ICF 

based measurements which consider both the 𝛾1 and 𝛾0 

components of the D-T 𝛾 spectrum. The experiments 

conducted in Refs. [27, 29, 31] (yellow, blue, and cyan solid 

circles respectively) are beam-target based experiments 

which also consider both the 𝛾1 and 𝛾0 components. And 

finally, the experiments conducted in Refs. [25-26] 

(magenta and green open circles respectively) are beam-

target experiments that only consider the 𝛾0 component of 

the D-T 𝛾 spectrum. There is significant discrepancy in these 

results. 𝐵𝛾/𝑛
DT  is a relatively small quantity. Detection of the 

𝛾’s is further complicated due to neutron scattering and the 

potential noise created from (n,n’𝛾) interactions. These 

results suggest that more measurements are necessary, both 

accelerator and ICF based, with reduced statistical and 

systematic uncertainties.  

    The D-T (𝛾/n) branching ratio, as determined from 

experiments conducted at the OMEGA laser facility and 

utilizing the GCD-3 equipped with a 12C puck, is reported 

here. Mitigation of background noise over previous beam-

target experiments, a cross-calibration to the inelastic 

neutron scattering cross section in 12C (12C(n,n’𝛾)12C), and 

an improved understanding of the D-T fusion 𝛾 spectrum all 

contribute to significantly reduced uncertainties in the 

branching ratio. This work builds upon a unique puck-based 

determination of this fundamental nuclear property. It 

asserts the use of ICF implosion plasmas as a platform to 

study nuclear physics and provide precision measurements 

to augment traditional accelerator-based methods. 

 

Figure 9. The results of several experiments to measure the D-T (𝛾/n) 
branching ratio are shown. The branching ratio is plotted against the 

(effective) deuteron energy. The squares represent ICF based 

measurements which consider both the 𝛾1 and 𝛾0 components of the D-T 

𝛾 spectrum. The solid circles represent beam-target experiments which also 

consider both the 𝛾1 and 𝛾0 components. And the open circles represent 

beam-target experiments which only consider the 𝛾0 component of the D-

T 𝛾 spectrum. 

    Several improvements can be made for an ICF based 

cross-calibration of the D-T (𝛾/n) branching ratio. The 

individual errors associated with the some of the relevant 

quantities, which have a significant contribution to the total 

variance, can be further reduced. A modern measurement of 

the 12C(n,n’𝛾)12C differential scattering cross section could 



   

 

be beneficial in reducing the error in 𝜎𝑛C. Instead of using a 
12C disc, an annulus could be used. This can reduce the error 

in the effective geometrical correction factor (𝑓1). To reduce 

the effects of the precision errors in 𝑌𝑎𝑐𝑡𝑖𝑣𝑒  and 

𝑌𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 , the puck-to-TCC and GCD-3-to-TCC 

distances can be optimized to temporally separate the 12C 𝛾 

signal from the extraneous neutron induced signal. The 

GCD-3 can also be operated at different thresholds to 

experimentally constrain the 28Si and 16O cross sections. 

Additional shot data would further reduce statistical errors, 

while the use of materials other than 12C could potentially 

reduce systematic errors. Ideally, 𝜖 defined in Eq. 16 is zero 

or negligible. This can be achieved by using thinner target 

capsules to reduce 𝜌𝑅, and possibly with the use of a 

different capsule material. Future experiments will be 

conducted that will incorporate these modifications.  
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