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The National Ignition Facility (NIF) is the world’s premier inertial confinement fusion 
facility designed to achieve sustained thermonuclear burn (ignition) through the 
compression of hydrogen isotopic fuels to densities in excess of 103 g/cm3 and 
temperatures in excess of 100 MK. These plasma conditions are very similar to those 
found in the cores of Asymptotic Giant Branch (AGB) stars where the s-process takes 
place, but with a neutron fluence per year 104 times greater than a star.  These conditions 
make NIF an excellent laboratory to measure s-process (n,γ) cross sections in a stellar-
like plasma for the first time.  Starting in Fall 2009, NIF has been operating regularly 
with 2-4 shots being performed weekly.  These experiments have allowed the first in situ 
calibration of the detectors and diagnostics needed to measure neutron capture, including 
solid debris collection and prompt γ-ray detection.  In this paper I will describe the NIF 
facility and capsule environment and present two approaches for measuring s-process 
neutron capture cross sections using NIF. 

1.   Neutron Capture Using the National Ignition Facility 

The National Ignition Facility (NIF) is the latest in a long series of laser-
driven inertial confinement fusion (ICF) facilities designed with the goal of 
forming a plasma that satisfies the Lawson criterion [1] required to obtain 
ignition (a plasma capable of self-sustained thermonuclear energy generation). 
Ignition constitutes a scientific “grand challenge” in its own right and opens the 
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possibility of a range of potential studies including unique material science and 
plasma dynamics tests to novel nuclear energy generation facilities.  

In addition to this primary goal, NIF offers a unique opportunity to study 
the slow neutron capture process responsible for the formation of nearly ½ of the 
elements heavier than Iron. This is because the thermonuclear reactions typically 
used at NIF to generate energy, which include T(D,n)4He (Q = 17.5 MeV), 
D(D,n)3He (Q = 3.27 MeV), and T(T,2n)4He (Q = 12.30 MeV) also produce a 
huge neutron fluence, which can have a large sub-MeV component due to elastic 
scatter on the hydrogen fuel. The combination of the high energy density 
plasmas created at NIF (kT ≈ 10 keV, ρ ≥ 100 g/cm3) and the large “down-
scattered” neutron fluence (≥1018-22 cm-2) creates a plasma environment similar 
to that found in the interiors of Asymptotic Giant Branch (AGB) stars where 
neutron-capture nucleosynthesis takes place [2]. However, the compression of 
the NIF capsules, coupled with the much higher neutron density from TN 
reactions, produce a neutron capture rate on the order of 104 times larger than in 
the stellar interior. These conditions offer the realistic opportunity to measure 
neutron capture reactions in the high energy density plasma environment in 
which they occur in nature.   

Of particular interest is the possibility of measuring (n,γ) cross sections on 
short-lived radioactive “s-process branch point” nuclei where neutron capture 
competes with β-decay [3]. Knowledge of these (n,γ) cross sections would 
provide insight into the neutron flux and hydrodynamic conditions present at the 
s-process site in AGB stars. Any accelerator-based measurement of neutron 
capture on a s-process branch point nuclei would involve target nuclei in their 
ground state and not in any low-lying excited state since excited state lifetimes 
are generally on the order of 10-8-10-12 s.  In contrast, a capture reaction in a NIF 
capsule, which has temperatures and densities comparable to the interior of an 
AGB star, could conceivably take place on nuclei whose low-lying excited states 
have been populated via nuclear-plasma interactions [4]. These interactions, 
which are often mediated by interactions between electrons in the plasma and 
the bound atomic orbitals, remain almost entirely unmeasured, and an exact 
calculation of the excitation rate is fraught with difficulties arising from the non-
local thermal equilibrium nature of the ICF implosion plasmas. As a result, the 
degree to which such a thermalization would take place in a NIF-based 
experiment remains highly uncertain. 

The compilation mentioned above [3] listed (n,γ) cross sections on ten 
branch point nuclei as being particularly important for understanding of the s-
process.  Table 1 shows these 10 nuclei and their fractional excited state 
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population if they were in thermal equilibrium with a stellar plasma at kT = 25 
keV.  

 
Table 1. The 8 most important s-process branch point nuclei from reference [3] 
and the fraction of time each would be in their first excited state in a kT = 25 
keV plasma.  

 
Branch Point % Excited Branch Point % Excited 

79Se 7.98% 
170Tm 11.31% 

85Kr 0.00% 
171Tm 29.02% 

147Pm 3.37% 
179Ta 18.98% 

151Sm 55.30% 
204Tl 0.00% 

 

2.   The National Ignition Facility 

The National Ignition Facility consists of 192 Nd laser beams produced by 
a single master oscillator with a pulse duration ranging from 100 ps to 25 ns. 
While the initial pulse is quite small (≈nJ), a set of pre-amplifiers, power 
amplifiers and main amplifiers boost the laser signal to a maximum energy level 
on the order of 106 J.  Figure 1 shows a schematic of the laser optics 
highlighting each stage in the amplification process. A more complete 
description of NIF can be found online at: 
http://lasers.llnl.gov/about/nif/how_nif_works/index.php. 
 

 
Figure 1: Schematic of the NIF laser system.  Beams start at the Injection Laser System, which 
includes the first pre-amplifier stage, and are then amplified in the power amplifier, the main 
amplifier, and again in the power amplifier before the beam is run through the switchyard and into 
the target chamber.  The total power amplification is a factor of ≈1015.   

 
The NIF laser beams are directed toward the center of a 5-m-radius target 

chamber where they are made incident on several different types of 5–10 mm 
radius capsules comprised of, to date, Germanium-doped plastic. These capsules 
can also be doped with small quantities of implanted ions (≤1015). The laser 
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beam directly drives the implosion of some of these capsules, while others 
utilize an indirect-drive configuration via their placement in the center of a 
cylindrical cavity called a “hohlraum”.  The laser beams are incident on the 
hohlraum rather than the capsule itself and are used to create a kT≈300+ eV 
Planckian photon bath in which the capsules are immersed.  The laser drive, 
whether direct or indirect, causes rapid (≈ns) ablation of the exterior of the 
capsule.  This ablation process depends on the temporal structure of the laser 
pulse.  One type of capsule uses the laser to drive shocks into a gas payload 
(exploding pusher).  In other designs the pulse causes dramatic compression of 
the remaining ablator plus a payload of cryogenic Hydrogen fuel (Cryo/Cryo-
THD) or a combination of H fuel and a CH designed to simulate higher fuel 
areal density (Symcap). Table 2 shows the properties of a subset of the different 
NIF capsule/drive designs that have been fielded to date, which are of potential 
interest for neutron-induced reaction cross sections measurements. 
 

Table 2. Properties and numbers of nuclear physics-relevant NIF 
capsules fielded to date. Convergence indicates the ratio of the initial 
to the final capsule radius. Fuel types are H = 1H, D = 2H, T = 3H, He 
= 3,4He. 
 

Capsule 
Type Fuel Loaded Expected 

Yield 
# fielded 
to date 

Temp. 
(keV) 

ρRfuel 

(mg/cm2) 
Convergence 

(ri/rf) 
Exploding 

Pusher Any (T,H,D,He) 1013-1015 11 3-15 10-300 ≈1 

Symcap Any (T,H,D,He) 1010-1015 17 ≤ 10 300-2500 ≤15 
Cryo-THD T+H+(≤20% D) 1013-1016 6 ≤ 10 300-2500 ≤40 
Cryo-DT 50%D+50%T 1016-1019 3 ≤ 20 300-2500 ≤30 

 

3.   Neutron Capture in NIF Capsules  

As noted above, indirectly driven capsules can converge significantly prior 
to the peak generation of thermonuclear neutrons (and energy) in the implosion.  
This compression causes both the fuel and any remaining capsule material, 
including any dopant introduced prior to loading, to undergo a significant 
increase in areal density prior to exposure to the neutrons generated by the 
thermonuclear reactions.  During the time that the capsule remains assembled, 
neutrons initially at higher energy (≤14 MeV) may partially thermalize with the 
hydrogen isotopic fuel. The degree to which this thermalization occurs is 
dependent on the assembly time of the capsule and the fuel/capsule areal 
density.  Figure 2 shows simulated neutron spectra from the interior of imploded 
NIF capsules from the LASNEX code package for capsules loaded with 
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50%D+50%T, 0.5%D+49.75%T+49.75%H and 100%D that obtained high 
ρRfuel (≈1000 mg/cm2).  The figure on the right shows that for the 100% 
deuterium fuel capsule, multiple scattered low energy (<100 keV) neutrons 
leave the capsule >100 ps later than un-scattered neutrons (>2 MeV). 
 

Nuclei of species AZ in the remaining ablator of such as capsule would 
undergo neutron-induced reactions at a rate that is proportional to the product of 
their areal density (atoms/cm2), capture cross section (cm2) and neutron current 
(s-1). 

 
 
Figure 2:  Simulated NIF neutron spectra for three different high ρRfuel capsules (left) and the 
neutron flux vs. time for several different neutron energy bins for the capsule loaded with 100% 
deuterium fuel (right).  Most of the cryogenic NIF shots performed to date are believed to have 
spectra similar to that seen in the T+H+D case (red) 
 

Using the simulated neutron spectra shown in Figure 2, we can calculate the 
number of neutron captures that occur in a symmetric NIF capsule implosion 
where 1015 atoms are loaded into the inner ablator and compressed to a 30 µm 
radius.  The results are shown in Table 3 for the ENDF-B7 evaluation of the 
171Tm(n,γ)172Tm reaction. 
 

Table 3:  Numbers of 172Tm nuclei made via the 171Tm(n,γ)172Tm 
reaction in pure deuterium loaded, 49.75%T+49.75%H+0.5%D 
loaded, and 50%D+50%T loaded NIF capsules as a function of 
incident neutron energy. A 30-µm convergence radius spherical 
implosion is assumed.  The relative fractions for each energy bin are 
listed in parentheses. 
 
Energy Bin 

(MeV) 
Pure D 
(146 J) 

TH+0.5%D 
(1.2 kJ) 

DT (50/50) 
(11 MJ) 

0.0-0.18 9.2 x 107 (75%) 4.6 x 108 (59%) 3.2 X 100 (0%) 
0.2-1.0 2.1 x 107 (17%) 2.1 x 108 (27%) 2.10 x 107 (0%) 
2-11.5 8.7 x 106 (7%) 9.8 x 107 (13%) 2.3 x 1011 (72%) 
12-25 2.8 x 104 (1%) 8.2 x 106 (1%) 9.1 x 1010 (28%) 
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An important point to note is that unlike many traditional activation-based 

measurements of neutron capture there will be virtually no post-shot conversion 
of the capture products via interaction with scattered neutrons returning to the 
location of the dopant (which is flying apart at 1-5 cm/µs). This is due to the 
dramatic decrease in the neutron fluence once the neutrons leave TCC.  For 
example, 10 µs after peak compression the neutron fluence at the 10 cm surface 
where the target material is located is down by more than 109 as compared to the 
fluence in the target.  

Any measurement of the reaction cross section will require detectors that 
determine the number of reaction products formed, and a high-fidelity 
measurement of the sub-MeV neutron spectrum. A large suite of neutron 
spectral diagnostics exists at NIF and more are planned for the near future.  
These detectors are described in these proceedings in the article by Hatarik et 
al.  Lastly, a target nucleus with a low-lying state that might be populated by 
nuclear-plasma interactions prior to exposure to the neutron flux would also 
require a measurement of the fraction of the target nuclei in their excited state.  
This could be best accomplished using HOPG crystal spectrometers of the sort 
that are regularly fielded at the Laboratory for Laser Energetics (LLE) [5].    

In the next two sections I will describe two complementary approaches to 
measuring neutron capture cross sections at NIF: solid debris collection and 
prompt γ-ray measurement.   

4.   Solid Debris Collection Approach 

The first approach to measuring (n,γ) on nuclei doped into a NIF capsule 
ablator would be to load two nuclei with similar chemical properties, one in 
which the (n,γ) cross section is known and another in which it is not, and 
measure the relative number of reaction products formed via collection of a 
portion of the debris after the shot. This solid collection approach is being 
pursued at NIF currently. Debris following a range of NIF shots has been 
collected from several surfaces in the NIF target chamber at distances ranging 
from as little as 25 cm to as far as 5 m from NIF target chamber center (TCC).  
A variety of elemental compounds have been detected.  The most interesting of 
these elements is gold because it is principally associated with the hohlraum and 
is likely to contain elements of the capsule material. Figure 3 shows false color 
X-ray intensity maps generated by energy dispersive spectroscopy (EDS) of a 
feature on an aluminum shield located near TCC. EDS provides elemental 
identification via X-ray emission, and shows the presence of 5– to 50-µm 
features containing Au, Si and Cu.  While the EDS images provide information 
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about “large scale” deposits, these chunks might only represent a relative small 
portion of the Au in the hohlraum. 

 
 

 
 
 
Figure 3: Scanning electron microscopy image of one of the ≈40-µm-wide features on an aluminum 
shield 50 cm from TCC (left).  The three false color images are intensity maps of the feature relative 
to the X-ray contributions from Cu, Si and Au. 
 

To quantify the entire fraction of gold collected in the shot, the Al shields 
were activated via neutron activation analysis at the US Geological Survey 
TRIGA reactor in Lakewood, Colorado, and the amount of gold in the samples 
was determined by measuring γ-rays following the β-decay of the 198Au formed.  
Shields located 25 and 50 cm from TCC for a series of shots with yields varying 
from 46–836 kJ were irradiated and the quantity of gold observed was compared 
with what was expected given the solid angle subtended by the aluminum 
shields (listed as the “Expected” in the column head).  These results are listed in 
Table 4.  

 
Table 4:  Areal density of Au collected on aluminum shields located 
25 and 50 cm from TCC for a range of NIF shots. The asterisked 
results were from an exploding pusher that contained no gold.  The 
double-asterisked result was from the pole.  All of the rest were from 
the equator.  A 10% total error is estimated for each activation point.   
 

Laser Energy  
(kJ)  

Observed Au µg/cm2  
(50 cm from TCC)  

(Expected=4) 

Laser Energy  
(kJ)  

Observed Au µg/cm2  
(25 cm from TCC)  

(Expected=15) 
516 20.14 46* 0.03* 
568 12.95 689 35.6 
574 21.15 729 26.71 
668 15.97 831 31.52 
837 24.08 836 25.94 
567 0.05**   

 
The average areal density of Au on the Al shields fielded 25 and 50 cm 

from TCC was 18.9 ± 4.4 and 29.9 ± 4.5 µg/cm2, respectively.  The Al shields 
subtended 0.1 to 0.2% of the solid angle of the target chamber and the initial Au 
in the hohlraum was approximately 120 mg.  The observed collection efficiency 
was much greater than 100%, assuming an isotropic debris distribution. 
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We now have enough information to estimate our signal from a (n,γ) cross 
section measurement using the debris collection approach. Consider the pure 
deuterium fuel loaded capsule described in Table 2 doped with 1015 atoms of 
169Tm and 171Tm in the inner (remaining) layer of the ablator prior to a shot that 
converged to a minimum radius of 30 µm.  Using the sum of the values for the 
100% deuterium shot listed in table 3, we obtain a total of 7.8 × 105 atoms of 
172Tm that would be captured on a similarly situated aluminum plate.  The 
corresponding number for 170Tm from the 169Tm(n,γ) reaction  (which has a 
slightly smaller cross section) would be 7.4 × 105.  If we assume that we can 
determine these numbers with a counting efficiency of 1%, we would obtain an 
error in the relative cross section of approximately 1.6%, which is much larger 
than the current uncertainty on the reference 169Tm(n,γ) cross section.    

It is worth noting that while the majority of the capture products formed 
from the pure deuterium and the THD capsules are from “astrophysically 
relevant” low-energy neutrons (≤180 keV), a significant portion are from higher 
neutron energies that have no analog in s-process environments. A proper 
calculation of the contribution of these higher energy bins is beyond the scope 
of the current paper and will be addressed in a forthcoming publication. 

5.   Prompt Gamma-ray Approach 

Another approach to measuring (n,γ) reaction cross sections at NIF is to 
observe the prompt γ-rays from the excited reaction product.  This approach 
would be particularly valuable if the reaction products are stable elements that 
might be commonly found in the target chamber interior following a shot.  

The primary issue facing any prompt γ-ray measurement at NIF is the 
background from other promptly produced electromagnetic radiation. 
Measurements from the first few months of NIF shots indicate the presence of a 
small “hot” component in the photon spectrum arising from laser-plasma 
interactions (LPI) between the incoming laser beams and the plasma inside of 
the hohlraum, which contains as much as 0.1% of the total laser energy.  The 
intensity of these photons drops off exponentially at high energies with a “1/e” 
value of 29 keV.  For a full power NIF shot, this “hot photon” field could be 
significantly larger than any capture γ-rays at low (<1 MeV) energy.   

In addition to a low-energy LPI component, the prompt γ-ray spectrum 
from any NIF capsule with significant yield from the D+T reaction would be 
contaminated with the production of high (≤16.7 MeV) energy γ-rays directly 
from the excited compound 5He nucleus.  This branch, while small (≈4 × 10-5) 
could potentially produce as many photons as what would be expected from 
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neutron capture on any dopant loaded into the NIF capsule.  However, capsules 
loaded with pure deuterium would not suffer from this background since the γ-
decay branch from the D+D reaction is nearly two orders of magnitude smaller 
due to isospin conservation. 

The detector currently fielded at NIF that is best suited to the task of 
observing capture γ-rays is the Gamma Reaction History (GRH) diagnostic [6].  
GRH consists of four gas Cerenkov detectors with independently tuned energy 
thresholds that can be adjusted between 2.8 and 14+ MeV with a maximum 
threshold of 10 MeV being most common.  The response of the GRH system to 
different energy photons was measured using the High Intensity Gamma Source 
at Duke University.  High energy photons striking a aluminum converter in the 
front of gas cell create Compton scattered electrons that in turn generate 
Cerenkov light when they enter the gas cell if their speed exceeds the local 
speed of light.  Cerenkov light generated in the gas cells is directed around a 
“racetrack” and arrives a photomultiplier tube (PMT) later than the 
electromagnetic fiber optic pulse from the shot.  The signal from the PMTs is 
then converted into a light signal using a Mach-Zehnder interferometer and 
transported to a remote location where it is converted back into an electrical 
signal and fed into a fast oscilloscope. Figure 4 shows a sample of the data from 
a T+H+6%D shot fielded at NIF on 12 February 2011 with a 14-MeV neutron 
yield of approximately 4 × 1014.  

The data from the NIF shot shown in Figure 4 shows several features.  
Firstly, the high threshold channels (8 and 10 MeV) have significant 
contamination prior to the arrival of the D+T fusion γ-rays. Also apparent in 
these channels is a significant amount of PMT “ring” arising from the signal 
reflections. In contrast, the lower threshold channels have much higher signals.  
This is due in part to the increased light production in the gas cells with lower 
thresholds, but also due to the production of photons from interactions of the 14-
MeV neutrons produced in the D+T reaction with materials near TCC.  The 
most significant of these is the small amount of Carbon in the remaining ablator 
following compression of the capsule.  The 12C(n14,n’)12C(E = 4.4 MeV) 
reaction has a 200-mb cross section and would produce a fairly strong signal in 
the 2.9-MeV channel that would not be expected in the 5-MeV channel.  A 
rough estimate of the number 4.4-MeV γ-rays produced in this reaction is on the 
order of 1011.   It is worth noting that if we assume that 3% of the carbon 
initially present in the capsule remains at peak compression, it would take 1017 
neutrons to generate the same number of 4.4-MeV γ-rays on a “normal” density 
12C target.  
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The efficiency of GRH to observe a (n,γ) reaction on a nucleus doped into 
a NIF capsule is dependent on the statistical γ-ray spectrum emitted by the 
nucleus following neutron capture.  Recent results from the University of Oslo 
suggest that the statistical γ-ray spectrum from a compound nucleus formed in 
neutron capture can be obtained using surrogate light-ion transfer reactions such 
as (p,p’).  This issue will be addressed in an upcoming paper. 

Lastly, any prompt γ-ray based measurement of a (n, γ) cross section would 
require a simultaneous measurement of the areal density of the dopant at peak 
compression. These measurements have been pioneered at LLE [7], and similar 
spectrometers are planned at NIF.  

  
 
 
 
 
 
 
 

Figure 4:  Signals from the four channels of the GRH for the N110212 NIF shot. The threshold for 
each channel is listed in the inset in the upper right-hand corner.  

6.   Conclusion 

In short, NIF provides a unique environment that allows for (n,γ) cross 
section measurements on small quantities of radioactive nuclei through either a 
solid debris collection or prompt γ-ray detection approaches.  
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