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The neutron time-of-flight (nToF) diagnostic technique has a lengthy history in Inertial Confinement Fusion (ICF) and
High Energy Density (HED) Science experiments. Its initial utility resulted from the simple relationship between the
full width half maximum of the fusion peak signal in a distant detector and the burn averaged conditions of an ideal
plasma producing the flux [G. Lehner and F. Pohl, “Reaktionsneutronen als hilfsmittel der plasmadiagnostik,” Z. fur
Physik, 207 83–104, 1967]. More recent precision measurements [M. Gatu-Johnson et al, “Indications of flow near
maximum compression in layered deuterium-tritium implosions at the national ignition facility,” Phys. Rev. E, 94, 08
(2016),] and theoretical studies [D. H. Munro,“Interpreting inertial fusion neutron spectra,” Nuc. Fusion, 56 035001
(2016)] have shown the spectrum to be more subtle and complicated driving the desire for an absolute calibration of
the spectrum to disambiguate plasma dynamics from the conditions producing thermonuclear reactions. In experiments
where the neutron production history is not well measured, but the neutron signal is preceded by a concomitant flux
of photons, the spectrum can be in-situ calibrated using a set of colinear detectors to obtain a true “time-of-flight”
measurement. Presented is the motivation and overview of this technique along with estimates of the experimental
precision needed to make useful measurements in existing and future nToF systems like the pulsed power Z-machine
located in Albuquerque, NM at Sandia National Laboratories.

I. INTRODUCTION

Estimating burn averaged ion temperature, Tion, has histori-
cally relied on measuring the spectral variance of fusion prod-
uct neutrons1–3. This estimate typically used a single time re-
solved neutron detector sampling the flux some distance from
the source. If the duration of the neutron production is short
compared to the neutron flight time, the temperature has been
estimated using either the FWHM, or the temporal variance of
the fusion peak3,4. For fusion neutrons produced in a 4 keV
plasma and sampled at a distance of 20 m, this corresponds to
∼ 31 ns for DD fusions, or 5 ns for DT fusions. Although the
least demanding from a diagnostic and analysis perspective,
detailed studies5 have shown that plasma motion in high pres-
sure (p ≥ 100 Mbar) implosions confound the physical inter-
pretation. To disambiguate the physics, more recent studies6

have made independent estimates of apparent Tion by measur-
ing the isotropically distributed mean kinetic energy in excess
of that attributable to the Q of the reaction. This approach
relies on the relationship between the mean of the reactant
pair kinetic energy distribution in the center-of-mass and the
plasma temperature. This was initially calculated by Gamow7

and more recently parameterized by Munro8. This excess ki-
netic energy, when boosted to the lab frame, produces an ob-
servable, albeit small, increase over that due to the mass de-
fect in the reaction. Casting this excess in terms of momen-
tum magnitude, Fig. 1a shows the temperature dependence
for both DT and DD neutrons9. To estimate plasma tempera-
ture to a precision of 20% at 5 keV using DT neutrons requires
a system capable of measuring absolute momentum to a pre-
cision of 5 km/s, or about 1 part in 104. This equates to a
time-of-flight error budget of 40 ps for a 400 ns flight path.
Using DD neutrons relaxes the precision requirement by five

fold. Since most ICF facilities do not directly measure time-
of-flight, but rather the arbitrary time-of-arrival, the absolute
momentum is inferred by empirically cross timing the nToF
instrument to a “bang time” detector, usually sampling pho-
tons assumed to be highly correlated with neutron production
along a different flight path. In this schema, a fusion neutron’s
absolute velocity is given by:

vn =
Ln

∆Tn−γ +Lγ/c
,

where Ln is the flight path length of the neutron measure-
ment, Lγ is the same for the bang time photons, and ∆Tn−γ is
the time difference between the arrival of the neutron at Ln,
and the photon at Lγ after the two systems have been cross
timed. It is worth noting that the precision of this approach
depends not only on the precision of the explicitly stated quan-
tities, i.e. δL/L, but on a number of implied factors, such as,
precise knowledge of signal path delays, instrument response
functions, relative digitizer triggering, timing fiducial preci-
sion, and for laser based timing experiments, when photons
are produced relative to the start of the laser pulse. For prag-
matic purposes, all these uncertainties can be rolled into the
timing uncertainty δ∆Tn−γ . Now propagating uncertainties
leads to a simple equation for the relative uncertainty in the
neutron’s absolute velocity via:
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where v0n is the magnitude of velocity due to the Q of the
fusion reaction.
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Fig. 1b shows the achievable DD neutron velocity precision
as a function of flight path length for different arrival time pre-
cisions annotated in the legend. A detector positioned 18.6 m
from the source could theoretically obtain an absolute veloc-
ity precision better than 5 km/s if the timing error budget were
kept to a precision better than 100 ps. Since the investments
required to achieve such a precision on this level are signifi-
cant, and not all facilities are capable of performing high pre-
cision cross timing experiments, i.e. using the ARC laser at
the National Ignition Facility, an alternative solution to this
calibration is strongly desired. If, however, the experimental
conditions include a sufficiently bright set of photons travel-
ing along the same flight path as the neutrons, then by using
two samples along the flight path of both fluxes would enable
an in-situ calibration of the neutron momentum distribution.
In addition to its conceptual simplicity, colinearity is essential
to avoid systematic timing uncertainties of the neutron spec-
trum due to directional variations of the projected fluid mo-
tion. In the following, Sec. II provides a simple description of
how such as system could be implemented and the different
measurements that can be made, including absolute neutron
momentum, and relative bang time, or burn history depending
on the design choices. In Sec. III the theoretical measure-
ment sensitivities of this system are described and the design
choices that are needed to achieve these. Finally, in Sec. IV
a brief overview of how such a system would be used in the
new nToF suite being implemented on the Z-facility at San-
dia National Laboratories in Albuquerque, NM, followed by a
summary section in Sec. V.

II. MULTIPLE SAMPLE COLINEAR NTOF FOR IN-SITU
CALIBRATION

As discussed in the introduction, the challenge with abso-
lutely calibrating the neutron spectrum using a single nToF
detector station results from precise determination of when
the sampled neutrons were produced. Although the use of co-
linear nToFs is conceptually straight forward, and previously
discussed for use on Z10 and Omega11, there are a number
of practical issues that make cross-timing these detectors to
bang-time a challenge. First and foremost is whether the fa-
cility is able to provide a precise cross timing experiment be-
tween the instruments that measure peak neutron production
and the neutron flux at some distance. This generally requires
a photon source that can be detected by both instruments, ide-
ally in a configuration similar to what is used in neutron ex-
periments. If this isn’t readily available, then a surrogate ex-
periment can be performed using instrumentation that is ca-
pable of providing the detailed relationship between the rel-
ative signal path delays, timing and triggering system jitter,
etc, and whose systematic difference between the instruments
may be characterized precisely12. In the absence of either of
these approaches, a detailed accounting of each element in
the two systems must be taken. This involves measuring the
through delays of each passive element, the temporal response
of the individual detectors as a function of configuration state,
precise knowledge of the relationship between the timing and

(a) DTn and DDn Gamow shifts

(b) DDn Momentum Precision

FIG. 1: Fig. 1a shows the contribution to the excess neutron
momentum, ⟨ωn⟩, from the reactant pair CoM kinetic energy
distribution originally calculated by Gamow7, but using the

Padé approximant published by Munro8. The figure is
annotated to illustrate the excess mean momentum precision
required to make a 20% apparent Tion estimate at 5 keV, i.e.

5.8 km/s and 12.5 km/s for DT and DD fusion neutron
spectra respectively. Fig. 1b shows velocity precision as a

function of flight path length per Eq. 1. The different colored
curves reflect the different cross-timing assumptions between

the nToF system and bang-time diagnostic as noted in the
legend. The dashed black line represents the longest

flight-path length of a new nToF suite at the Z-facility.

triggering systems used to record the data as well as any fidu-
cial generators used to produce timing markers in the recorded
data. This latter approach is a herculean task and generally
produces data not precise enough to enable the desired mea-
surement.

It is this latter circumstance that motivates the current work.
In most fusion experiments, neutrons are generally accompa-
nied by a concomitant flux of high energy photons. If these
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FIG. 2: Conceptual illustration of cross-timing colinear
detectors along a single flight path to absolutely calibrate

neutron velocity, by using the known flight time of photons
between the two detector’s at distances L1 and L2 from the
source. This approach can reduce the systematic overheads

associated with cross timing to bang time, or detectors along
different flight paths.

photons are produced near the fusion reactions and travel to
the nToF detector along the same flight path as the neutrons,
then they may be used as an in-situ timing fiducial, assum-
ing they induce a measurable signal. If now, as illustrated
in Fig. 2, two colinear nToF detectors are located at dis-
tances, L1 and L2 from a fusion source, then the known flight
time of photons between the detectors will necessarily be:
τγ = (L2 −L1)/c = ∆L/c, where c is the speed of light in vac-
uum. From this knowledge, an individual neutron’s velocity is
βn = τγ/∆Tn, where ∆Tn is the measured neutron time of flight
between detector stations D1 & D2, Heisenberg’s uncertainty
principle not withstanding. Since pulsed fusion experiments
generate distributions in time and momentum of both photons
and neutrons, the practical implementation of this concept is
to generate a composite signal from the individual digitized
signals from detectors D1 and D2, where the time difference
in the gamma signals reflects their flight time difference τγ .
This composite trace now has a physically meaningful time
scale between the two neutron signals. Assuming a forward
fit analysis akin to that of Hatarik4 where a single source is
used to fit both nToF signals simultaneously, then the neutron
bang time and momentum distribution can be directly deter-
mined. Further, if the source model is augmented with few
parameter burn history model it is also possible to estimate
the burn width, assuming this is a substantial common mode
of the signals measured by the two nToF detectors. Some of
the the practical application of this approach is described in
further detail in Sec. IV, however the sensitivity of this ap-
proach for estimating the mean of the neutron spectrum can be
addressed using the simple algebraic relationship described in
the next section.

III. SYSTEM DESIGN AND SENSITIVITIES

To implement a “neutron speed-trap” requires some prac-
tical considerations to ensure the physics goals are met. As
mentioned, a first moment estimate of apparent Tion near 5
keV requires a momentum precision better than ∼ 0.05%
when using DD fusion neutrons. Writing the velocity equa-
tion in terms of the first moment gives: ⟨vn⟩= ∆L/(T2(⟨vn⟩)−

Min.
δL(µm) ∆L(cm)

250 141
500 283

1000 565

TABLE I: Minimum separation of detectors D1 and D2 in
centimeters for a measurement precision δL in units of

microns and assuming δ∆L/∆L = 0.05%/
√

2.

T1(⟨vn⟩)) = ∆L/∆T (⟨vn⟩), where the quantities, T1(⟨vn⟩), and
T2(⟨vn⟩) are the flight times to detector stations D1 and D2 of a
neutron traveling at the mean velocity of the distribution. The
requisite precision translates to a system precision through the
relation:(

δ ⟨vn⟩
⟨vn⟩

)2

=

(
δ∆L
∆L

)2

+

(
δ∆T (⟨vn⟩)
∆T (⟨vn⟩)

)2

≤ (0.05%)2

It is up to the system designer how to allocate the error bud-
get among the independent components, for the present pur-
poses it will be split equally between the two. This leads to a
constraint on the spacing between detectors D1 and D2 such
that ∆L(cm) ≥ 2

√
2 · δL(µm)/5, where the distance between

the detectors is measured in centimeters and the precision to
which they are measured is in units of microns. Tab. I illus-
trates the minimum separation between to D1 and D2 for three
putative measurement precisions using DD fusion neutrons.

The temporal precision will result from the accuracy at which
the gamma signals are properly located on the composite
trace. Ignoring detector systematics, we can express this un-
certainty as δ∆T (⟨vn⟩)/∆T (⟨vn⟩) = c · δ t/λ , where λ is the

effective flight path length, L1 ·L2/
√

L2
1 +L2

2. Under the as-
sumption that ∆L/L1 ≈ 1/2 and the equal partition assumption
above, the temporal error budget results in a constraint in the
timing system of δ t ≤ 1.4× 10−4 · L2 /c, or ≈ 9.3 ps for a
20 meter flight path. Since this is the precision required on
the time separation of the gamma signals in the detectors, the
precision required for locating the mean of each signal is de-
creased by a factor of

√
2, resulting in a 6.8 ps mean precision

requirement in the 20 m example above.
If the gamma signal has a width that is much narrower than

the sampling period, ∆s, then the sampling period must sat-
isfy the requirement that ∆s ≈

√
12·6.8 ps, or 24 ps. If, on the

other hand, the gamma signals have a finite width such that it
can be well sampled over the full-width half maximum, then
an analytic model may be employed to co-register the means
of the two signals. For illustration purposes a Gaussian model
is assumed and Cramer-Rao bound theory will be employed
to estimate the variance of τ̂i, the mean of the gamma arrival
times. Cramer-Rao bound theory states that the covariance
matrix K must be bounded by the inverse of the Fisher infor-
mation matrix13, i.e. K ≥ F−1. Further, if the total number of
samples in the record is large compared to the number of fit
parameters then K ≈ F−1 and the variance on the fit parame-
ters can be directly estimated. For the case of a well sampled
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Gaussian voltage signal, the variance of the mean estimate, τ̂ ,
is given by14:

var(τ̂) =
2√
π

(
σn

Vγ ·∆s

)2

∆sσG

where Vγ ∆s, τ̂ , and σG are the Gaussian amplitude, mean,
and width. ∆s is the sample period, and σn the Gaussian dis-
tributed noise on each signal sample, assumed to be indepen-
dent. Eqn. 2 illustrates that precision improves linearly with
reduced bit noise, while only to the 1/2 power with increas-
ing sampling rate. For example at the NIF, a 3 ns Gaussian
width signal, sampled at 10 GS/s with 0.5% noise results in
a precision of ∼13 ps on fit estimates of τ̂ . Decreasing the
noise by a factor of 2 improves the precision by a factor of 2,
whereas increasing the sampling to 20 GS/s only improves the
precision by

√
2, or 9 ps. Regardless, the desired precision is

within reach of modern technology and can be implemented
if some care is taken.

IV. IMPLEMENTATION ON THE Z-MACHINE

The benefit of this approach can be seen on the Z-facility
where precision cross timing experiments between neutron
and bang time detectors are currently a challenge. Most ICF
experiments produce a significant gamma flux with a typical
FWHM of ∼ 7 ns. Fig. 3 illustrates typical signals from two
Z-nToF detectors located along the LoS270 flight path at dis-
tances of ∼9.5 and 11.5 m from the source15,16. These data
were produced by the MagLIF platform where the neutron
production history makes a significant contribution to the tem-
poral width of the nToF signals at these distances. Nonethe-
less these data can be used to illustrate what may be possible
for future experiments and other platforms. The precision of
the ∼2 m separation is 1 mm. Each station samples the signal
at 2 GS/s with a Gaussian noise after stitching of ≈ 0.1% of
full scale. Using the approach outlined in Sec. III, the ve-
locity precision of the neutron signal after cross timing the
two Gammas signals is given by δvn/vn = 0.05%, or 11 km/s
when measuring DD fusion neutrons. This can be improved
by increasing the sampling rate of the digitizers to say 10 GS/s
and improving the spatial precision of the detector locations.

The Z-facility is currently in the process of upgrading their
nToF suite with plans to implement three new horizontal, i.e.
z= 0, flight paths. Given the 9-fold rotational symmetry about
the r = 0 axis, the azimuthal separation between each flight
path will be 120◦ enabling a tripodal geometry that will be
used to estimate the isotropic mean excess momentum in the
z = 0 plane. The current plans will implement a long flight
path station 18.6 m from the r = 0 axis. If a second station
were to be added at 11.6 m with a ∆L precision of 700 µm
and both systems sampling at 20 GS/s with 0.1% full scale
noise, then the theoretical mean neutron velocity precision
of this system, assuming the gamma signals described above

FIG. 3: Illustration of the signals collected by two Z-facility
nToF detectors positioned along the same flight path at

distances of ∼ 9.5 m and ∼ 11.5 m from the source. These
data were collected on Z-shot Z3501 using the MagLIF

platform.

would be 0.01% or ∼2.1 km/s for DD fusion neutrons. Fur-
ther, this second station would only need to measure the early
time gamma and DD fusion neutron signals, as the spectral
calibration is most precise for the slower DD fusion neutrons.

V. SUMMARY

The ability to absolutely calibrate the fusion neutron spec-
trum produced at HED facilities can be a challenge when cross
timing experiments between bang time and nToF diagnostics
are not readily available. This can be an even more daunt-
ing task when detailed accounting of signal path through de-
lays, triggering, and jitter are factored into the effort. In facil-
ities where the fusion neutron signal is also accompanied by
a measurable photon signal it is possible, with some care, to
calibrate the neutron spectrum via use of two colinear nToF
detectors positioned at different distances along the neutron
flight path. This requires precise knowledge of the separation
between the two detectors, as well as their reduced flight path
length, the amount of noise present in the recorded data, as
well as the speed at which it is sampled. This approach has
initially been developed at the Z-facility on the existing nToF
systems, and will be documented in a future paper. Its great-
est impact, though, will be when utilized on the new tripodal
nToF system currently under construction. The theoretically
possible mean DD fusion neutron velocity precision of a pair
of colinear nToF detectors in this new system is ∼2 km/s en-
abling a ∼ 5% estimate of apparent Tion at 5 keV when exploit-
ing the tripodal configuration to determine viso. This precision
is currently better than current systems that require dedicated
cross timing experiments relative to bang time. These esti-
mates are based on ideal conditions, and will be impacted by
the typical real world and facility implementation consider-
ations, such as non-ideal photon signals, scattered radiation,
signal reflections, radio-frequency noise, etc. These latter
issues will be addressed in forthcoming work as the initial
phases of the new diagnostic suite at Z is implemented.



5

ACKNOWLEDGMENTS

Prepared by Lawrence Livermore National Laboratory un-
der Contract DE-AC52-07NA27344. Sandia National Labo-
ratory is managed and operated by NTESS under DOE NNSA
contract DE-NA0003525. The authors would like to thank
the dedicated operations staff at the Z-facility who have care-
fully setup and operated the instruments used to collect the
data herein. In particular we’d like to acknowledge the excel-
lent work of Jose Torres and Gary Whitlow. We’d also like
to acknowledge the support from Adam Harvey-Thomson for
providing the MagLIF nToF data shown in Fig. 3. LLNL-
CONF-2000087.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

1G. Lehner and F. Pohl, “Reaktionsneutronen als hilfsmittel der plasmadiag-
nostik,” Zeitschrift fur Physik 207, 83–104 (1967).

2H. Brysk, “Fusion neutron energies and spectra,” Plasma Physics 15, 611
(1973).

3T. J. Murphy, R. A. Lerche, C. Bennett, and G. Howe, “Ion-
temperature measurement of indirectly driven implosions using a geometry-
compensated neutron time-of-flight detector,” Review of Scientific Instru-
ments 66, 930–932 (1995).

4R. Hatarik, D. B. Sayre, J. A. Caggiano, T. Phillips, M. J. Eckart, E. J.
Bond, C. Cerjan, G. P. Grim, E. P. Hartouni, J. P. Knauer, J. M. Mcnaney,
and D. H. Munro, “Analysis of the neutron time-of-flight spectra from in-
ertial confinement fusion experiments,” Journal of Applied Physics 118
(2015), 10.1063/1.4935455, 184502, https://pubs.aip.org/aip/jap/article-
pdf/doi/10.1063/1.4935455/15171338/184502_1_online.pdf.

5M. Gatu-Johnson, J. P. Knauer, C. J. Cerjan, M. J. Eckart, G. P. Grim, E. P.
Hartouni, R. Hatarik, J. D. Kilkenny, D. H. Munro, D. B. Sayre, B. K.
Spears, R. M. Bionta, E. J. Bond, J. A. Caggiano, D. Callahan, D. T. Casey,
T. Doppner, J. A. Frenje, V. Y. Glebov, O. Hurricane, A. Kritcher, S. LeP-
ape, T. Ma, A. Mackinnon, N. Meezan, P. Patel, R. D. Petrasso, J. E. Ralph,
P. T. Springer, and C. B. Yeamans, “Indications of flow near maximum com-

pression in layered deuterium-tritium implosions at the national ignition
facility,” PHYSICAL REVIEW E 94 (2016).

6E. P. Hartouni, A. S. Moore, A. J. Crilly, B. D. Appelbe, P. A. Amendt,
K. L. Baker, D. T. Casey, D. S. Clark, T. Döppner, M. J. Eckart, J. E.
Field, M. Gatu-Johnson, G. P. Grim, R. Hatarik, J. Jeet, S. M. Kerr,
J. Kilkenny, A. L. Kritcher, K. D. Meaney, J. L. Milovich, D. H. Munro,
R. C. Nora, A. E. Pak, J. E. Ralph, H. F. Robey, J. S. Ross, D. J. Schloss-
berg, S. M. Sepke, B. K. Spears, C. V. Young, and A. B. Zylstra, “Evidence
for suprathermal ion distribution in burning plasmas,” Nature Physics 19,
72–77 (2023).

7G. Gamow and E. Teller, “The rate of selective thermonuclear reactions,”
Phys. Rev. 53, 608–609 (1938).

8D. H. Munro, “Interpreting inertial fusion neutron spectra,” Nuclear Fusion
56, 036001 (2016).

9NB following the convention of Munro, momentum is normalized by the
total energy of the neutron at zero excess CoM kinetic energy, producing
units of velocity.

10C. L. Ruiz, G. W. Cooper, S. A. Slutz, J. E. Bailey, G. A. Chandler, T. J.
Nash, T. A. Mehlhorn, R. J. Leeper, D. Fehl, A. J. Nelson, J. Franklin, and
L. Ziegler, “Production of thermonuclear neutrons from deuterium-filled
capsule implosions driven by z-pinch dynamic hohlraums,” Phys. Rev. Lett.
93, 015001 (2004).

11O. Mannion, J. Knauer, V. Glebov, C. Forrest, A. Liu, Z. Mohamed, M. Ro-
manofsky, T. Sangster, C. Stoeckl, and S. Regan, “A suite of neutron time-
of-flight detectors to measure hot-spot motion in direct-drive inertial con-
finement fusion experiments on omega,” Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 964, 163774 (2020).

12A. M. McEvoy, H. W. Herrmann, C. J. Horsfield, C. S. Young, E. K.
Miller, J. M. Mack, Y. Kim, W. Stoeffl, M. Rubery, S. Evans, T. Sedillo,
and Z. A. Ali, “Gamma bang time analysis at OMEGAa),” Review of Sci-
entific Instruments 81, 10D322 (2010), https://pubs.aip.org/aip/rsi/article-
pdf/doi/10.1063/1.3485083/15980224/10d322_1_online.pdf.

13H. H. Barrett and K. J. Myers, Foundations of Image Science (John Wiley
& Sons, 2003).

14N. Hagen, M. Kupinski, and E. L. Dereniak, “Gaussian profile estimation
in one dimension,” Appl. Opt. 46, 5374–5383 (2007).

15C. L. Ruiz, D. L. Fehl, G. A. Chandler, G. Cooper, B. Jones, J. D. Styron,
and J. Torres, “Multichannel, triaxial, neutron time-of-flight diagnostic for
experiments at the <i>z</i> facility,” PHYSICAL REVIEW ACCELERA-
TORS AND BEAMS 23 (2020), 10.1103/PhysRevAccelBeams.23.020401.

16G. A. Chandler, C. L. Ruiz, G. W. Cooper, J. A. Torres, M. A. Mangan,
G. M. Whitlow, D. J. Ampleford, M. C. Jones, R. A. Buckles, K. J. Moy,
I. Garza, M. Staska, A. Wolverton, and B. Davis, “Neutron time-of-flight
detectors (ntof) used at sandia’s z-machine,” REVIEW OF SCIENTIFIC
INSTRUMENTS 93 (2022), 10.1063/5.0101544.


	2403124.pdf

