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Neutron spectra from beam-target reactions in dense Z-pinches
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The energy spectrum of neutrons emitted by a range of deuterium and deuterium-tritium Z-pinch

devices is investigated computationally using a hybrid kinetic-MHD model. 3D MHD simulations

are used to model the implosion, stagnation, and break-up of dense plasma focus devices at currents

of 70 kA, 500 kA, and 2 MA and also a 15 MA gas puff. Instabilities in the MHD simulations gen-

erate large electric and magnetic fields, which accelerate ions during the stagnation and break-up

phases. A kinetic model is used to calculate the trajectories of these ions and the neutron spectra

produced due to the interaction of these ions with the background plasma. It is found that these

beam-target neutron spectra are sensitive to the electric and magnetic fields at stagnation resulting

in significant differences in the spectra emitted by each device. Most notably, magnetization of the

accelerated ions causes the beam-target spectra to be isotropic for the gas puff simulations. It is

also shown that beam-target spectra can have a peak intensity located at a lower energy than the

peak intensity of a thermonuclear spectrum. A number of other differences in the shapes of beam-

target and thermonuclear spectra are also observed for each device. Finally, significant differences

between the shapes of beam-target DD and DT neutron spectra, due to differences in the reaction

cross-sections, are illustrated. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4933117]

I. INTRODUCTION

The study of neutron production in Z-pinches dates back

to the 1950s.1 Much of this history concerns work to develop

deuterium Z-pinches as a fusion energy source, and so the

distinction between a hot, thermonuclear (TN) plasma and a

beam-target (BT) plasma in which the bulk plasma was rela-

tively cold was crucial. More recently, the deuterium dense

plasma focus (DPF) has been developed as a reliable source

of MeV neutrons.2 In this application, BT neutron production

is an acceptable mechanism as long as specifications such as

yield and reliability are met. However, meeting these specifi-

cations is difficult without a detailed knowledge of the

micro-physics of the Z-pinch. Most notably, the yield scaling

with current does not agree with basic theory.2,3

Furthermore, experimental4,5 and computational6 work have

previously indicated that TN neutron production becomes

significant for currents greater than 10 MA. However, the

transition from BT to TN production is poorly understood. In

this paper, we show that neutron energy spectra from BT

reactions can have a number of characteristic shapes depend-

ing on the conditions in the stagnated Z-pinch. The aim of

the paper is to improve our understanding of how neutron

spectroscopy can be used as a diagnostic in Z-pinches.

We use a hybrid 3D MHD-kinetic model to simulate a

number of DPF and gas puff devices. The plasma dynamics

during the radial and pinch phases of a DPF implosion is

similar to those of the gas puff, which suggests that a unified

approach to modeling the devices would be beneficial.7 The

model predicts distinct features in the neutron spectra for the

different devices. Some of these features are qualitatively

similar to neutron spectra that have been observed in

experiments.

The particular physical processes that we are interested

in are (1) the growth of instabilities during the implosion

phase of a dense Z-pinch leading to a perturbed pinch at

stagnation and its turbulent break-up, (2) the generation of

large electromagnetic fields that cause ions to be accelerated

in a non-thermal manner during stagnation and break-up,

and (3) neutron production from BT reactions between the

accelerated ions and the background plasma.

These physical processes were first identified by

Anderson et al.1 in a study of deuterium pinches in discharge

tubes. An unexpectedly high neutron yield was explained by

the growth of an m¼ 0 instability that generated an electric

field (E), which axially accelerated deuterium ions to an av-

erage energy of 50 keV. This deuteron energy was inferred

from the measurement of neutron energies in both axial

directions. Interestingly, it was suggested that magnetization

of the accelerated ions could explain the relatively wide neu-

tron distributions measured, but this could not be verified.

Computational modeling of the BT process was

advanced by the introduction of a “generalized beam-target

model” in which accelerated ions were assumed to have a

wide angular and energy distributions.8 Such models allowed

the effects of magnetic field (B) to be included and provided

good fits with experimental data.9 However, the ion distribu-

tions in these models were initialised in an arbitrary manner,

with little relation to the structure of the pinch at stagnation.

The initial formation of the ion beam remains poorly

understood,10,11 partly due to the difficulty in observing it in

experiments. A wide variety of mechanisms have been sug-

gested including Fermi acceleration,12 finite Larmor radius

effects,13 and increased anomalous resistivity due to thea)Electronic mail: b.appelbe07@imperial.ac.uk
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lower hybrid drift instability.14,15 The most commonly cited

mechanism is the large E field induced during the growth of

Rayleigh-Taylor instabilities. This mechanism has been

identified as the cause of BT neutrons in Particle-in-Cell

(PIC) simulations of dense Z-pinches.6,16 However, a lot of

uncertainty remains about this acceleration mechanism

including its dependence on instability growth rate, current,

and plasma density. Whilst we do not rule out other mecha-

nisms as contributing to neutron production in Z-pinches, we

focus on this mechanism as it is thought to be strongly influ-

enced by the MHD instabilities in a stagnated pinch. The

approach that we take to model it is discussed in Sec. II B.

There is a vast literature on experimental work on neu-

tron producing DPFs and gas puffs.2 Of particular interest to

us is the work in which neutron energy spectra have been

reported. In Sec. IV, we mention a number of references in

which neutron spectra with features similar to the spectra

simulated here were reported. We also note that it is common

in the experimental literature to use anisotropy of the neutron

yield as a signature of BT neutron production.17–19 Less fre-

quently, isotropy of the neutron yield has been used to infer

a TN source.20 However, in this work, we show that it is pos-

sible to get an isotropic neutron yield and spectra from a BT

source due to magnetization of the accelerated ions.

In conclusion, there is a long history of study of BT neu-

tron production in Z-pinches. What is novel about the work

that we present here is that we carry out 3D simulations of

the full implosion of the device, from current initiation

onwards. In addition, we focus on the shape of neutron spec-

tra and identify some key features that can be used for diag-

nostic purposes.

The paper is organised as follows: Section II describes

the computational models that have been used in this study.

Section III describes the results of simulations for 3 different

devices. Section IV discusses the important features that

were observed in the calculated neutron spectra and the

potential for using these features as a diagnostic. Finally,

Sec. V summarizes the main points of this paper.

II. DESCRIPTION OF THE MODELS USED

The simulations reported here achieve two goals. The

first goal is to understand the implosion dynamics and stag-

nation phase of gas puffs and DPFs. This is best achieved

using a 3D MHD model in which the growth of instabilities

is well represented, resulting in a stagnation phase that con-

tains an inhomogeneous, turbulent, dense plasma. The sec-

ond goal is to understand how the electromagnetic field

structure present during the stagnation phase affects ion

acceleration, transport, and subsequent neutron production.

Since ion acceleration and transport is a kinetic process, we

use a hybrid model to represent this in which a small fraction

of the plasma ions are converted into computational PIC par-

ticles that are transported through the background MHD sim-

ulation. Reactions between these PIC particles and the

background plasma result in BT neutrons. The important fea-

tures of the models used are described in greater detail in

Subsections II A–II C.

It should be noted that PIC simulations of both gas puffs

and DPFs have previously been carried out.14,21 Unlike PIC

simulations, the hybrid model that we use here is not fully

self-consistent since ions are treated as tracker particles that

do not contribute to the background electromagnetic fields.

However, the model is justified because 3D MHD simula-

tions give a very good representation of the implosion and

stagnation of the pinch and the accompanying growth of per-

turbations.22 Realistic instability growth in 3D is difficult to

achieve with a PIC code. Furthermore, the relatively low

number of accelerated particles makes the tracker particle

assumption reasonable.

A. MHD simulations

We use the Gorgon code for the MHD simulations.23

This is a 3D Eulerian MHD code that uses the single fluid

approximation but with separate ion and electron tempera-

tures. Braginskii transport coefficients for heat conductivity

j and resistivity g. Blackbody radiation losses are accounted

for and it is assumed that the plasma is optically thin. A fixed

current waveform of the form 1
2

Imax 1� cos p t
s

� �� �
is applied

to the system, where s is the current rise-time are used.

An important feature of the MHD simulation is the

growth of instabilities during the implosion phase leading to

a stagnated plasma that is inhomogeneous and turbulent. A

3D MHD simulation is required to model the m¼ 1-type

instability of the plasma as it breaks apart. In order to model

instability growth, it is necessary to seed the initial system

with a perturbation. In the case of gas puff simulations, per-

turbations of the mass profile of the gas jets are included.4 In

the case of DPFs, perturbations may arise due to differences

in the breakdown times between the anode and different

cathode rods. Simulation of this breakdown process would

require detailed modeling of electron-neutral collisions and

insulator surface effects that are beyond the scope of the cur-

rent MHD model. Therefore, in order to initialise a perturba-

tion in the rundown phase, narrow plasma channels from the

anode to each cathode rod at the base of the DPF are pre-

heated with a random temperature of �1 eV. This provides a

preferential path for the current to initially flow through. The

channels with higher temperature have a lower resistivity,

and so the plasma tends to be accelerated from these regions

earlier in time than from colder channels. The upper bound

value of 1 eV was chosen such that a preheated channel

reached a height of not greater than 2 mm when a channel

without preheating begins to lift off the base.

The turbulent plasma at stagnation is accompanied by

highly perturbed E and B fields. The electric field is given by

E ¼ gj� v� B, where g is resistivity and v is the plasma

velocity. Nominal values of the E field at stagnation in the

different devices simulated are given in Sec. III. For a uni-

form, unperturbed, imploding Z-pinch v is radial, B is azi-

muthal and j and E are always in the axial direction.

However, in a perturbed implosion, plasma can flow in a

non-radial direction due to instabilities and the current path

can be non-axial. This results in perturbations of the E field

and, in particular, there are regions in which a large E field is

directed outwards from the plasma surface into the vacuum.

102703-2 B. Appelbe and J. Chittenden Phys. Plasmas 22, 102703 (2015)
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Non-thermal acceleration of ions can occur at such locations,

as discussed in Sec. II B.

B. Ion beam formation and transport

Data for the ion and electron temperatures, plasma den-

sity, and E and B fields are outputted at regular intervals dur-

ing the stagnation phase of the MHD simulation. These data

are post-processed to create computational particles repre-

senting ions that can be freely accelerated by the E field.

The algorithm for creating particles is based on identify-

ing regions of the MHD plasma in which the E field can

accelerate ions from dense plasma into a low density or vac-

uum region. These conditions are met mainly during the

post-stagnation, turbulent break-up of the pinch when very

strong E fields that are directed orthogonally to the plasma

surface can arise. For each computational cell, the algorithm

calculates the dot product of E field vector and rq (q is

plasma density). If this quantity is negative, then the E field

will accelerate ions from regions of higher to lower density

and ions with a low collisionality (located in the high-energy

tail of the Maxwellian distribution) will enter the kinetic re-

gime. It was found that, by setting the fraction of ions accel-

erated from the tail to be that for which the acceleration due

to the E field is greater than the deceleration due to colli-

sions, the resulting yield of BT neutrons was in agreement

with experimental data for a 70 kA DPF in which the TN

yield was negligible. Therefore, the same model was used

for ion acceleration in other devices modeled.

We refer to this mechanism for ion acceleration as a

weak runaway model as there is no feedback from the kinetic

model to the MHD model. It is also assumed that the MHD

plasma remains quasi-neutral after the creation of kinetic ion

particles and so kinetic electrons and repopulation of the tail

of the ion Maxwellian distribution are not modeled. While

both of these assumptions may be justified by the fact that

only a small fraction of the MHD plasma is converted to ki-

netic particles, it is possible that accelerated ions will affect

the evolution of the electromagnetic fields during stagnation,

particularly in the localised regions in which the particles are

created, while tail repopulation may affect the production

rate of kinetic ions.

Typically, 100 computational particles are created per

cell per time-step. These particles are weighted to account

for the number of ions that are estimated to runaway from

that cell. The Lorentz equation for these particles is solved

and their motion through the system is tracked. The time-

step for the particles is chosen such that the gyro-motion of

the particles is resolved. Existing particles continue to evolve

in the system when the MHD data are updated and new par-

ticles are created.

As the particles move through the system, they undergo

two types of interaction with the background plasma. These

are Coulomb collisions with both the background ions and

electrons and nuclear reactions with the background ions. The

second of these interactions is discussed in Subsection II C.

Coulomb collisions are modeled using dynamic friction and

diffusion coefficients in velocity-space that are a function of

the particle’s velocity.24 In the simulations reported here, it is

found that, in general, Coulomb collisions have only a small

effect on the evolution of the computational particle momen-

tum, which is dominated by the E and B fields. Coulomb col-

lisions between computational particles are also modeled, but

these have a very small effect due to the low density of beam

ions.

We note that the ion beam formation and acceleration

mechanism that we have just described model a specific

physical process. Other sources of high energy ions may be

present in a stagnated Z-pinch, such as those described in

Section I. A more rigorous transition from MHD plasma to

kinetic ions that takes into account a wider range of kinetic

effects is currently under investigation.25

C. Calculating neutron yields and spectra

We distinguish between two different neutron producing

processes taking place in the plasma. These are TN neutron

production and BT neutron production. We do not calculate

neutron production due to beam-beam particle interactions.

Such a source of neutrons will be low due to the low density

of beam particles in the simulations.

The neutron yield from the TN process can be calcu-

lated directly in the MHD part of the simulation as it is a

function of ion temperature and density only. The shape of

the TN neutron spectrum emitted at a given time is a func-

tion of the instantaneous ion temperature, density, and the

bulk fluid velocity of the plasma.26 A bulk fluid velocity

that is sufficiently large (approximately 104 ms�1 or greater)

can cause a shift in the spectrum of emitted neutrons. As

discussed in Section IV B, it is thought that this effect can

cause anomalous broadening of TN spectra. Therefore, we

calculate TN spectra with the fluid velocity given by the

MHD simulation and also with the fluid velocity set to

zero. This provides a way to estimate the effect of anoma-

lous fluid motion broadening of the TN spectra, which does

not alter the TN yield. The procedure for calculating the

spectra is as follows: In our simulations, at each time-step

of the MHD simulation, the square of the plasma density of

a computational cell multiplied by the time-step (Dtn2
f ,

where Dt is the time-step size and nf is the plasma density)

is binned according to the ion temperature, fluid velocity

magnitude, and fluid velocity direction relative to a speci-

fied detector location. A separate neutron spectrum can

then be calculated for each element of the bin and is

weighted according to the value of that bin element. The

resulting spectra are summed to give a composite spectrum

that represents the time-integrated TN neutron spectrum

from the plasma.

A similar binning method is used for calculating the

neutron yield and energy spectra from BT reactions. As the

accelerated ions move through the background MHD

plasma, the time-integrated reactivity of the ions with the

background plasma can be calculated.27 The weighting of

the computational particle is reduced accordingly, and a run-

ning total for the time-integrated reactivity of all particles

gives the neutron yield. For the BT neutron spectrum, the

quantity Dtnbnf , where Dt is the time-step size, nb is the

beam particle density, and nf is the background plasma

102703-3 B. Appelbe and J. Chittenden Phys. Plasmas 22, 102703 (2015)
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density, is binned according to background plasma ion tem-

perature, beam particle energy, and the angle between the

beam particle momentum direction and the vector towards

the detector. For each bin element, a neutron spectrum can

be calculated using a previously derived integral expres-

sion.28 This model takes into account the effect of thermal

broadening on the emitted spectrum. This is generally small

relative to the broadening that arises from the wide spread of

beam energies. However, it is important to model the thermal

broadening effect correctly as it is anisotropic, and the simu-

lated spectra contain evidence of it.

Cross-sectional data for the Dðd; nÞHe3 and Dðt; nÞHe4

reactions are taken from the ENDF database.29 Examples of

the cross-sectional data are shown in Fig. 1 for energies that

are relevant to our study of ions accelerated in stagnated

Z-pinches. We note that the total cross-section for the

Dðt; nÞHe4 has a maximum value at a projectile energy of

approximately 100 keV, while the Dðd; nÞHe3 increases

monotonically with increasing temperature. Therefore, the

BT neutron spectrum in a DT plasma will be most strongly

influenced by ions with energies less than a few 100 keV

even if ions are accelerated to much higher energies in the

system. However, the BT neutron spectrum from a DD

plasma will give a better representation of the highest energy

reached by the accelerated ions. Figure 1 also shows that the

differential cross-sections for the reactions are strongly ani-

sotropic, and this needs to be accounted for when calculating

the neutron spectra.

The neutron yield from BT reactions is strongly depend-

ent on the number of beam ions that are present in the sys-

tem. The only source of beam ions in our model is the weak

runaway condition and so calculated neutron yields may be

susceptible to the modeling uncertainties discussed in

Section II B. However, the shapes of the neutron spectra are

insensitive to the conditions in the regions where ions are ini-

tially accelerated. This is because the ions undergo signifi-

cant nonlocal transport before reacting. Therefore, the

neutron spectra shapes are dominated by the large-scale E

and B field topologies generated by the turbulent pinch.

III. SIMULATION RESULTS

In this section, we report results for the simulations of a

gas puff and two different types of DPF. In each case, we are

particularly interested in the neutron spectra resulting from

BT reactions. These spectra show different characteristics

for each device, which can be understood in terms of the dif-

fering properties of the imploding Z-pinch. In particular, the

dynamics of the accelerated ions in each device is strongly

dependent on both the strength and topology of the E and B

fields at stagnation.

A. 15 MA gas puff

Deuterium gas puff experiments on the Z machine pro-

duced 3� 1013 neutrons.4,30 The gas puff consisted of two

annular shells of deuterium, spanning radii of 1–2 cm and

3–4 cm, approximately 2 cm in height and with a total linear

mass of 405 lg cm�1. The maximum current in the experi-

ments was 15.4 MA. Neutron diagnostics used included in-

dium activation detectors in both radial and axial directions

and neutron time-of-flight (nTOF) detectors. The activation

detectors indicated that the neutron yield was isotropic,

while the nTOF detectors measured mean neutron energies

of 2:3460:1 MeV and 2:0960:2 MeV in the radial and axial

directions, respectively (a spectrum width was not reported).

In addition to these experimental data, MHD simulations4

and theoretical arguments suggested that the majority of the

neutrons were produced by a TN mechanism. In this work,

we simulate the gas puff experiments in order to estimate the

BT yield and identify potential signatures of BT neutron pro-

duction in neutron spectra.

The MHD simulation shows that at peak compression,

the plasma density reaches 0:007 g cm�3 with an ion tempera-

ture of over 10 keV in the dense plasma column. The hybrid

kinetic model begins 90 ns after the start of the simulation,

when peak compression is reached. The kinetic model then

runs for 10 ns during which time the stagnated column begins

to break-up. The MHD data used in the kinetic model are

FIG. 1. Top: Total cross-section for Dðd; nÞHe3 and Tðd; nÞHe4 as a function

of incident particle energy Ei (assuming other reactant particle is stationary).

Middle: Differential cross-section for Dðd; nÞHe3 as a function of angle between

incident particle and emitted neutron for two different incident particle energies.

Bottom: Differential cross-section for Tðd; nÞHe4 for two values of incident

deuteron energy (triton is stationary).
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updated every 2 ns during this period. Whilst a shorter time

interval for this update would be preferable, the MHD plasma

is evolving slowly and so there is no significant change in the

electromagnetic field structure during a 2 ns interval.

Approximately 105 computational particles are created at the

beginning of each interval. The E field reaches a maximum

value of 5� 109 V m�1 in the vacuum region between

Rayleigh-Taylor spikes and has a value of over 108 V m�1

near the plasma surface in the region where ions are acceler-

ated. The B field has a peak value of over 103 T near the stag-

nated plasma column and maintains a mean value of

approximately 500 T in low plasma density regions for the du-

ration of the stagnation period. The MHD simulations produce

a TN neutron yield of 4� 1013 neutrons, in close agreement

with the experiment (4� 1013620%), while the hybrid ki-

netic model produces a BT yield of 1012 neutrons.

The neutron spectra from the simulation are shown in

Figs. 2 and 3. The time-integrated TN spectrum is shown in

Fig. 2 both with and without the effects of fluid motion.

Fluid motion causes a broadening and anisotropy of the TN

spectra. Ion temperatures can be inferred from the FWHM of

the TN spectra.26 For the spectrum without fluid motion, the

inferred ion temperature is approximately 6.1 keV, while the

mean ion temperature inferred from the widths of the TN

spectra with fluid motion is approximately 7.1 keV.

In Fig. 3, the time-integrated BT spectra at 5 ns and

10 ns after the onset of stagnation are shown. The BT spectra

are significantly wider than the TN spectrum. The other nota-

ble features of the BT spectra are the degree of isotropy, the

spectra peaks located at an energy of less than 2.45 MeV,

and the long high energy tail extending beyond 4 MeV.

These features are particularly obvious in the time-integrated

spectra after 10 ns. The dynamics of accelerated ions can

help to explain these features. A number of trajectories of

accelerated ions are shown in Fig. 4 for the gas puff. Gyro-

motion of the ions due to the B field is clearly present.

Rather than moving axially, these ions are trapped by the azi-

muthal B field. This has the effect of causing beam ions to

move isotropically rather than being preferentially acceler-

ated in one direction, even though the electric field is primar-

ily in the axial direction. Furthermore, Fig. 5 shows the

evolution of energy as a function of time for two beam

particles. These particles oscillate through energy ranges of

several hundreds of keV during the stagnation period. This

occurs because the particles are both magnetically confined

and subject to a large orthogonal E field, which accelerates

ions for one half cycle of the gyro-motion and decelerates

the particles for the other half cycle. The effect that this

gyro-motion in an E� B field has on a BT neutron spectrum

is shown in Fig. 6. For a 500 keV deuteron, the energy of a

FIG. 2. The time-integrated TN spectrum for a deuterium gas puff without

fluid motion broadening (vf ¼ 0 ms�1) and with fluid motion broadening for

emission in 3 different directions. The vf ¼ 0 ms�1 spectrum has a FWHM

of 206 keV, while the mean width of the spectra with fluid motion broaden-

ing is 222 keV.

FIG. 3. Time-integrated BT spectra in the radial and axial directions for a

deuterium gas puff at 5 ns (top) and 10 ns (bottom) after the onset of

stagnation.

FIG. 4. Top: The trajectories of three deuterons (in white) with energy

>100 keV for a duration of 10 ns shown against the background plasma den-

sity. The gyro-motion of the particles is clearly evident. Bottom: The trajec-

tory (shown in black) of a 1.01 MeV triton produced in the hot central

region of the plasma. The triton escapes from the central region and

becomes trapped by the B field near a Rayleigh-Taylor spike.
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neutron emitted in a given direction varies by over 2 MeV

during a gyro-orbit. This magnetization effect can explain

why isotropic BT spectra are observed in the simulations.

The E field is primarily in the axial direction during the stag-

nation phase of the gas puff and so ions are accelerated in

this direction immediately after they are created. Therefore,

ions that react soon after initial acceleration will tend to pro-

duce anisotropic spectra. For ions that undergo significant

nonlocal transport, the time from creation to reaction will be

longer. However, ions that undergo significant nonlocal

transport will become magnetically confined and so will tend

to produce isotropic spectra. Therefore, the time-integrated

BT spectrum emitted in the axial direction from 0 to 5 ns is

shifted to higher energy than the radial spectrum. As time

evolves, the contribution to the time-integrated BT spectrum

from magnetically confined ions increases. Therefore, the

isotropy in the time-integrated BT spectra is more pro-

nounced in the spectrum for the 0–10 ns time period com-

pared to the 0–5 ns time period.

The lower energy peak for the BT spectra results from

the reaction kinematics, in particular, from an effect that we

refer to as kinematic pile-up of neutrons emitted with large

scattering angles. This effect is illustrated in Fig. 7. When a

beam particle of variable energy reacts with a target particle,

then the energy of the neutron emitted in the forward direc-

tion is much more sensitive to the beam particle energy than

the neutron emitted in the backward direction. This is due to

a trade-off that occurs between the centre of mass velocity

and kinetic energy in the centre of mass frame for backward

emitted neutrons.28 As shown in Fig. 7, the effect is particu-

larly strong for DD neutrons in which no neutron is emitted

below an energy of 1.63 MeV if the target particle is

FIG. 5. The energy of two accelerated deuterons as a function of time during

the stagnation phase of the gas puff. Confinement by the B field causes the

deuteron energy to oscillate.

FIG. 6. Top: Gyro-orbits for 500 keV deuteron in a 103 T B field (directed

out of page) with an E field (directed in the þy direction) that is either 0 or

109 V m�1. Middle: Variation of deuteron energy with gyro-phase for the

E ¼ 109 V m�1 case. The peak deuteron energy is 830 keV. Bottom: Energy

of neutrons emitted parallel and perpendicular to the E field as a function of

gyro-phase. The neutron energy for the case with zero E field (in which

emission is isotropic) is also shown. Interestingly, neutrons emitted perpen-

dicular to the E field reach a higher energy than those emitted parallel to the

E field.

FIG. 7. The energy of neutrons emitted in the forward and backward directions

when one reactant particle is incident on a stationary reactant. Top:

Dðd; nÞHe3, bottom: Tðd; nÞHe4.
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stationary. If the energy range of accelerated ions is on the

order of a MeV or greater, then the kinematic pile-up effect

outweighs the effect of the differential cross-section (which

has a peak for neutrons emitted with small scattering angles),

resulting in neutron spectra that have a peak at a lower

energy. Neutrons emitted with a small scattering angle con-

tribute to a long tail in the high energy portion of the spec-

trum. This kinematic pile-up effect can explain the BT

spectrum peaks located near 2.3 MeV in Fig. 3.

We can conclude that if there is a significant yield of BT

neutrons in the 15 MA gas puff, then it is likely that the BT

spectra are isotropic, broad, and with a peak at an energy of

less than 2.45 MeV. Therefore, the observation of isotropic

neutron spectra is not a sufficient requirement for the identi-

fication of a TN yield.

Finally, the model was used to investigate the production

of secondary DT neutrons that can be used as a measure of the

plasma qR.31 In the experiments on the Z machine, copper acti-

vation diagnostics with a minimum observable neutron yield of

4� 109 were used to search for secondary neutrons. No meas-

urable yield was recorded, suggesting that the yield of second-

ary neutrons was below this value.30 In our simulations, we

model secondary neutron production by producing 1.01 MeV

triton particles from DD TN fusion reactions. These triton par-

ticles are then tracked in the same way as the accelerated deu-

terons, and their reactivity with the background plasma is

recorded. The simulation predicts a secondary neutron yield of

5� 109, close to the threshold value of the detectors used in

the experiment. From this, we infer a qR value for the plasma

of 2� 10�2 kg m�2. The qR of the simulated plasma at stagna-

tion has a maximum value of 9� 10�3 kg m�2. The discrep-

ancy between these two values is likely due to elongated paths

for some of the tritons caused by magnetization. However, an

investigation of the triton dynamics suggests that the tritons are

not well confined in the dense column of plasma on axis but

instead escape and become magnetically trapped in regions of

low plasma density. This is illustrated in Fig. 4. This is in con-

trast to recent results from the MagLIF project, which suggests

that 1.01 MeV tritons are magnetically confined in the dense

fuel region.32

B. 2 MA DPF

The geometry and implosion dynamics of the dense

plasma focus differs significantly from the gas puff even

though both devices result in similar stagnation phases. The

DPF consists of a central anode column, surrounded by a cy-

lindrical array of cathode rods. The entire chamber is then

backfilled with deuterium gas. When current is initiated,

breakdown occurs at the base of the anode and the current

begins to flow radially. As the current increases, a current

sheath moves axially along the DPF, causing a snowplough-

ing of the deuterium gas (the rundown phase). When the cur-

rent sheath reaches the end of the anode, it begins to move

radially inwards along the top of the anode, resulting in a

plasma pinch forming at stagnation.

For this work, we have simulated two DPFs that differ

significantly in size. The first is the Gemini DPF operated by

NSTec, illustrated in Fig. 8, capable of a maximum current

of 5 MA. The electrode geometry consists of an anode that is

60 cm tall with a radius of 7 cm and cathode rods located at a

radius of 10 cm. We simulate an experiment in which the gas

in the chamber has an initial pressure of 2.5 Torr and the

peak current is 2.2 MA, with a rise-time of 5:7 ls. This de-

vice is simulated for both deuterium and deuterium-tritium

gas fills allowing us to compare the production of 2.45 MeV

neutrons with 14.05 MeV neutrons. MHD simulations

show that the implosion dynamics is very similar for both

fills. The rundown phase of the MHD simulation is shown in

Fig. 8, while Fig. 9 shows plasma self-emission at the onset

of stagnation. Perturbation structures that cause ions to accel-

erate are evident in this image.

The pulse duration for TN neutron production is approx-

imately 250 ns, while for BT it is 350 ns. The TN yield is

approximately 1:4� 1012 neutrons for the DT simulation

and 2� 1010 neutrons for the DD simulation. The BT yield

is 4� 1013 and 3� 1011 for DT and DD, respectively. The

fact that the ratio of BT to TN yield is higher for DT than

DD is likely due to the difference in reaction cross-sections,

with the Tðd; nÞHe4 cross-section increasing more strongly

FIG. 8. An image taken from the MHD simulation of a 2 MA DPF. The

DPF hardware and the plasma with density greater than the background deu-

terium density are shown. The image is taken during the rundown phase and

shows cylindrical convergence of the plasma on the top surface of the anode

as well as plasma being forced radially outwards through the cathode rods.

FIG. 9. A Self-emission image taken from simulations of the 2 MA DPF at

the time of peak plasma compression. Significant perturbations to the stag-

nated plasma column are clearly visible.
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as a function of incident energy than the Dðd; nÞHe3 cross-

section for incident energies less than approximately

100 keV (as shown in Fig. 1). Since the mean energy of

reacting ions is higher for BT reactions than TN reactions,

this will cause the DT BT yield to outweigh the DT TN yield

by a greater factor than the DD BT yield outweighs the DD

TN yield.

The neutron spectra for both BT and TN neutron pro-

duction are shown in Figs. 10 and 11 for the DD and DT sim-

ulations, respectively. In both cases, the effect of fluid

motion on the TN spectra is evaluated by calculating the

spectra with and without (spectrum labelled vf ¼ 0 ms�1)

fluid velocity. It is clear that the fluid motion causes a broad-

ening and anisotropy of the TN spectra for both the DD and

DT simulations. However, the TN spectra remain much nar-

rower than the BT spectra. These TN spectra suggest that the

plasma producing TN neutrons is very similar for both the

DD and DT simulations. First, the effect of fluid motion is

similar in both. Second, the FWHM of the TN spectra where

fluid motion is ignored is 0.12 MeV for the DD simulation

and 0.26 MeV for the DT simulation. These values corre-

spond to inferred ion temperatures of 2.09 keV and 2.15 keV,

respectively. The slightly higher temperature inferred from

the DT spectra is to be expected since reactivity increases

with temperature at a faster rate for DT than DD. This

weights the DT spectra to a higher temperature than the DD

spectra. Therefore, the TN spectra suggest very similar

plasma dynamics for the DD and DT simulations.

However, the BT spectra for these two simulations are

significantly different. The DD BT spectra have a width of

approximately 0.9 MeV in every emission direction. Basic

kinematics (see Subsection 1 of the Appendix) suggests that

the energy range of a DT neutron is approximately twice that

of a DD neutron for reactants with equal energy. Therefore,

we would expect the BT spectra in the DT simulation to have

a width close to 2 MeV. However, the DT neutron spectra

have a width significantly less than this and are also domi-

nated by a narrower peak region centered at approximately

14.2 MeV. The differences between these observed spectra

can be explained by differences in the reaction cross-sections,

in particular, the peak in the DT cross-section that occurs for

incident particle energies of approximately 100 keV (as shown

in Fig. 1). In both simulations, ions are accelerated to an

energy range of approximately 50–250 keV. The DD cross-

section increases monotonically with increasing reactant

energy and so higher energy deuterons make the strongest

contributions to the neutron spectrum. However, the relatively

sharp peak in the DT cross-section means that ions with an

energy of approximately 100 keV make the strongest contribu-

tions to the DT neutron spectrum.

C. 70 kA and 500 kA DPF

The hybrid MHD-kinetic model is also used to simulate

neutron production in sub-MA DPFs designed for operation

at a rate of 1 Hz or greater.33 The electrode geometry for this

DPF consists of a central anode column of radius 0.75 cm,

height 2.0 cm, surrounded by 12 cathode posts at a radius of

2.5 cm. Simulations of this set-up are carried out for currents

of 70 kA and 500 kA with initial deuterium densities of 2

�10�4 kg m�3 and 1:53� 10�2 kg m�3, respectively. In both

cases, the current rise-time is 630 ns.

FIG. 10. Top: BT neutron spectra from a 2 MA deuterium DPF emitted in the

radial and two axial directions (“bottom-up” refers to emission towards the an-

ode). Bottom: TN neutron spectra emitted in the same directions. The TN spec-

trum that results when fluid motion is ignored (labelled vf ¼ 0 ms�1) is also

shown.

FIG. 11. Top: BT neutron spectra from a 2 MA deuterium-tritium DPF emit-

ted in the radial and two axial directions. Bottom: TN neutron spectra emit-

ted in the same directions.
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Details of the implosion dynamics and accelerated ion

trajectories were reported in a previous publication.34 It was

shown that the stagnation phase comprised of two parts.

First, a well-collimated pinch was formed on axis. This was

then followed by a highly perturbed break-up of the pinch

driven by the m¼ 1 instability. It was found that the majority

of ions were accelerated during this break-up phase when a

significant portion of the plasma surface had an orthogonal E

field. The kinetic ion model was run for 20 ns time period

during the stagnation phase. The mean energies of acceler-

ated deuterons were 100 keV and 300 keV for the 70 kA and

500 kA DPFs, respectively. The difference in mean ion ener-

gies is due to the much stronger E field present in the 500 kA

DPF. The effect of the B field was almost negligible in the

70 kA DPF. For the 500 kA, the B field caused some curva-

ture of the accelerated ions, but there was little evidence of

magnetic confinement of these particles.

The neutron spectra resulting from these simulations are

shown in Fig. 12. In both devices, the TN yield is negligible,

while the BT yield is approximately 106 for 70 kA and 108

for 500 kA. In the case of the 70 kA device, this yield is in

agreement with experimental data. Comparing the spectra

emitted by both devices, it is clear that the higher mean ion

energy in the 500 kA device causes a greater shift in the axi-

ally emitted spectra for this device. For both devices, there is

clear anisotropy of the spectra implying that majority of

accelerated ions are moving in the axial-up direction.

However, there are two indicators that also imply that there

are significant ion populations with velocity components in

the axial-down and radial directions. First, the spectra emit-

ted in all directions have similar widths. Second, the spectra

emitted in the axial-down directions have a significant tail at

high neutron energies, while spectra emitted in the axial-up

direction have a significant tail at low neutron energies.

Finally, it should be noted that the mean neutron

energy of 300 keV is significantly larger than would be

inferred from the spectra from the 500 kA device. A

300 keV beam deuteron produces a neutron of approxi-

mately 3 MeV in the forward direction when it reacts with a

stationary deuteron. The mean neutron energy in the axial-

up direction is approximately 2.75 MeV. The discrepancy

between these values suggests that deuterons accelerated to

higher energies are less reactive. This could arise, for exam-

ple, if ions accelerated to higher energies were transported

to vacuum regions or regions with a low density of back-

ground plasma or if lower energy ions become magnetically

confined and so have an increased effective path length in

the plasma.

IV. ANALYZING FUSION NEUTRON SPECTRA

The synthetic neutron spectra shown in Sec. III are charac-

teristic of the particular physics that we have modeled, that is,

TN production in a turbulent stagnated plasma and BT produc-

tion due to ion acceleration by inhomogeneous E and B fields

in such a plasma. It is interesting to note that the BT spectra are

qualitatively similar to experimentally observed spectra that are

reported in the literature. For example, data from 2 to 3 MA

deuterium gas puff experiments35–37 show spectra that have

comparable levels of anisotropy and FWHM to the BT spectra

shown in Fig. 10. Similar spectra have also been reported for 2

MA DPF experiments,38 2 MA DPF PIC simulations,39 and

deuterated polyethylene Z-pinch experiments.40

Due to this similarity between the synthetic spectra here

and experimental spectra in the literature, it is tempting to

conclude that the same mechanisms are responsible for neu-

tron production in the simulations and experiments. In this

section, we analyze the kinetics of neutron spectra produc-

tion in greater detail in order to gain some insights into the

uniqueness of the spectra shown in Sec. III.

A. Thermonuclear spectra

The shape of neutron spectra resulting from homogene-

ous TN plasmas is well understood.26,41,42 These spectra are

isotropic with a maximum intensity at an energy that is close

to the nominal neutron energy for the reaction (2.45 MeV for

DD and 14.05 MeV for DT neutrons, respectively). As

shown in the results of Sec. III, the FWHM of a TN spectrum

is typically much smaller than the FWHM from BT spectra.

For example, the FWHM of the BT spectra emitted by the

70 kA DPF (approximately 400 keV) would imply an

implausibly high burn-averaged ion temperature of approxi-

mately 11 keV if these spectra were interpreted as being TN.

Furthermore, the tails of a TN neutron spectrum decay expo-

nentially, whereas BT spectra often display a much more

elongated high energy tail. Therefore, it is highly unlikely

that a purely TN plasma could produce neutron spectra simi-

lar to the BT spectra shown in Sec. III.

FIG. 12. Time-integrated BT neutron spectra emitted by a 70 kA (top) and

500 kA (bottom) DPF during a 20 ns time period during stagnation and

break-up of the pinch column. “Axial-down” refers to emission towards the

anode.
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B. Thermonuclear spectra broadened by bulk fluid
motion

Recent theoretical work has suggested that bulk fluid

motion of a TN plasma can have a noticeable broadening effect

on neutron spectrum width in inertial confinement fusion,42–44

potentially causing an erroneously high ion temperature to be

inferred from the spectrum width. This effect was included in

the simulations of the 15 MA gas puff and 2 MA DPF. As

shown in Figs. 2, 10, and 11, it does alter the TN spectrum.

However, these spectra remain very different from the BT

spectra produced by the simulations. Furthermore, we can use

more basic calculations to show that, in general, a BT spectrum

can be distinguished from a fluid-broadened spectrum.

We first consider a uniform, cylindrical plasma shell

converging on axis with a given radial velocity. The equation

governing this spectrum is given in Subsection 2 of the

Appendix and is plotted in Fig. 13 for a number of fluid

velocities as well as the FWHM of the spectrum as a func-

tion of the fluid velocity. From fluid velocities of approxi-

mately 105 ms�1 upwards, the radially emitted spectrum is

noticeably broader than the TN spectrum in which fluid

broadening is not considered (vf ¼ 0 ms�1). However, the

results show that in order for the width of the radially emit-

ted spectrum to be comparable with typical widths of BT

spectra, the fluid velocity needs to be close to or greater than

the implosion velocity of the device. Such a plasma will nec-

essarily have a low ion temperature and low reactivity.

Furthermore, the neutron spectrum emitted axially is largely

unaffected by this fluid motion and so will be much narrower

than the radial spectrum.

The second fluid model that we consider is axial flow of

a TN emitting plasma. If we consider the spectra produced

by the 500 kA DPF shown in Fig. 12, the question arises of

whether fluid flow in the axial-up direction could produce

spectra similar to the observed BT spectra. Certainly, such a

fluid flow would lead to a similar anisotropy of the spectra.

However, it is straightforward to calculate that a fluid veloc-

ity of 1:25� 106 ms�1 in the axial-up direction would be

required to shift the peak of the axial-up spectrum from

2.45 MeV to 2.74 MeV, while a fluid velocity of 4�
105 ms�1 would be required to shift the axial-down spectrum

to 2.36 MeV. In addition, we would expect the radial spec-

trum in this example to be much narrower if fluid motion

was responsible for the shifts in the axially emitted spectra.

In general, it seems that attempting to fit BT spectra

with fluid-broadened TN spectra requires the introduction

of values of the fluid velocity and ion temperature than are

implausible given the implosion dynamics of the system.

C. Magnetization as a cause of isotropic beam-target
spectra

In Sec. III A, it was shown that magnetization of the

accelerated ions resulted in isotropic BT spectra for the 15

MA gas puff. The question then arises that if a dense

Z-pinch emits isotropic neutron spectra with features such as

width or the peak energy that eliminate the possibility of a

TN source, then what mechanisms aside from magnetization

could be responsible?

Isotropic BT spectra such as those shown in Fig. 3 can

be caused by one of two effects, namely, (i) either ions are

accelerated isotropically or (ii) there is a mechanism by

which anisotropically accelerated ions become isotropic.

Regarding the first of these, the lack of spherical sym-

metry in the imploding Z-pinch makes isotropic acceleration

unlikely. It is still possible that a sufficiently perturbed im-

plosion could lead to a turbulent stagnation phase with an E

field that isotropically accelerates ions. However, the scale

length of such an E field is likely to be very small in compar-

ison with the pinch length, making it difficult to accelerate

ions to high energies.

Regarding the second effect, aside from magnetization,

processes that have an isotropizing effect on accelerated ions

include collisionality. However, the effect of collisions on a

beam is to cause it to evolve into a Maxwellian distribution.

Therefore, we would expect the resulting isotropic neutron

spectrum to be TN.

Therefore, we conclude that magnetization of accelerated

ions is the most likely explanation for isotropic BT spectra,

particularly when the ions are accelerated to high energies (as

evidenced by high energy tails of these isotropic spectra). It is

worth noting that recent experimental results from deuterium

gas puffs suggested that magnetization effects may be present

for neutrons with energies greater than 10 MeV.45

D. Spectra with a lower energy peak

If we can eliminate fluid motion as a cause, then there are

two mechanisms for producing BT spectra with a peak inten-

sity at a lower energy than the nominal neutron energy. In both

cases, kinematic pile-up (illustrated in Fig. 7) is important.

The first mechanism is anisotropic motion of the accel-

erated ions. In this case, the spectrum with a peak at lower

FIG. 13. Top: The DD neutron spectrum emitted radially for a number of

cylindrically convergent fluid flows of the given velocities. The axially emit-

ted spectrum is also shown here. Bottom: The FWHM of the radially emitted

spectra as a function of fluid velocity. The ion temperature is 1 keV.
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energy should be accompanied by a spectrum emitted in the

opposite direction with a peak at higher energy. If the energy

range of the ions extends above 1 MeV, then the kinematic

pile-up effect can become significant, causing the peak inten-

sity of the lower energy spectrum to be greater than the

higher energy spectrum even though the yield of the higher

energy spectrum would still be greater.

The second mechanism is isotropic motion of the accel-

erated ions, caused, for example, by magnetization. The

emitted spectra are isotropic and kinematic pile-up is the

direct cause of the lower energy peak, as is the case in Fig. 3.

The broader the range of energies of the accelerated ions,

then the greater the intensity of the spectrum peak relative to

the high energy tail component. Such a neutron spectrum

will also have a long high energy tail causing the mean neu-

tron energy to remain close to the nominal neutron energy.

Because of kinematic differences between the two reac-

tions, these features will be sharper for the DD spectrum

than the DT spectrum. In particular, Fig. 7 shows that no

neutrons can be emitted with an energy of less than

1.63 MeV when a beam deuteron reacts with a stationary

deuteron. In the gas puff spectra shown in Fig. 3, neutrons

with an energy lower than this value are produced. This is

due to thermal broadening caused by the finite ion tempera-

ture of the target deuterons. Experimental data also suggest

that neutron scattering can also be a source of neutrons in

this region.37,38

E. Beam-target spectrum width

A quantitative relationship between the width of BT spec-

tra and some physical parameters of the system is desirable,

analogous to that between spectrum width and ion tempera-

ture for TN reactions. In the case of uniaxial acceleration of

the ions, such a relationship would be obtainable since there is

a direct correlation between the energy range of accelerated

ions and the spectrum width in the forward direction.

However, the complex ion trajectories, magnetization of ions,

and kinematic pile-up effect mean that it is difficult to relate

the spectra widths to the physical conditions.

It should be noted that a number of authors have shown

how power-law energy distributions of plasma ions can pro-

duce neutron spectrum with large widths, similar to the BT

spectra reported here.40,46–48 However, in order to account

for anisotropic neutron spectra, parameters defining the

angular variation of the ion distribution function must also

be introduced. It is not yet known how to relate the parame-

ters used for such a fitting to the physical mechanisms of

neutron production.46 Future work will investigate if the ion

acceleration mechanism described in this paper results in a

power-law spectrum and if this spectrum can be related to

the pinch conditions at stagnation.

F. Combined beam-target and TN spectra

Previous computational work6 has suggested that for

7–15 MA deuterium Z-pinches, approximately equal amounts

of BT and TN neutrons are produced. The results contained in

this paper suggest that if this is the case, then it should be

identifiable in the emitted neutron spectra. In all the devices

that we have simulated, the TN spectrum is so narrow in com-

parison with the BT that if the yields were comparable, then

the TN spectrum component would be visible as an intense

narrow peak in a much broader BT spectrum. An example of

this is shown in Fig. 14. Therefore, if a broad neutron spec-

trum is measured without a narrow TN peak, we can estimate

an upper limit for Ry, the yield ratio of TN to BT neutrons.

V. SUMMARY AND CONCLUSIONS

Recent experimental results from the MagLIF project49

have highlighted the importance of neutron spectroscopy

diagnostics. In these experiments, DD spectra were used to

measure the ion temperature50 (there was no evidence of BT

neutrons in this data), while the DT neutron spectra from

secondary neutrons32 were used to infer the level of magnet-

ization of the deuterium plasma. The aim of this paper is to

show that neutron spectroscopy has the potential to be a

powerful diagnostic in other Z-pinch regimes. In particular,

we make the following specific conclusions regarding the

BT neutron spectra produced in Z-pinches

(1) The TN spectrum in a Z-pinch is susceptible to broaden-

ing due to fluid motion of the emitting plasma. However,

the magnitude of the shifts and widths of BT spectra

means that BT spectra should still be distinguishable from

TN spectra. Also, the large width of BT spectra means

that if there was a TN source present with a comparable

yield to the BT yield, then it is likely that the TN neutrons

will cause a narrow peak to be present in the neutron

spectrum.

(2) BT spectra can have a peak at an energy lower than the

nominal energy value of the reaction (i.e., less than

2.45 MeV and 14.05 MeV for DD and DT neutrons,

respectively). This feature can be due to the reaction ki-

nematics (and not just neutron scattering) and can occur

even when beam particles are moving isotropically.

(3) BT spectra can be isotropic even if the initial accelera-

tion mechanism is highly anisotropic, due to magnetiza-

tion of the accelerated ions.

(4) Differences in the cross-sections for the Dðt; nÞHe4 and

Dðd; nÞHe3 reactions mean that a comparison of the

DD and DT neutron spectra produced from the same

device has the potential to act as a diagnostic of the

FIG. 14. Combined BT and TN neutron spectra in the radial direction for

the 2 MA deuterium DPF for a 20 ns period during peak emission. The vari-

able Ry refers to the ratio of TN to BT yield. The spectrum labelled Ry ¼ 0:2
is the result of the simulation, while the Ry ¼ 1:0 spectrum has an artificially

scaled up yield.

102703-11 B. Appelbe and J. Chittenden Phys. Plasmas 22, 102703 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

155.198.208.189 On: Wed, 11 Nov 2015 11:02:13



accelerated ions. In particular, the fraction of ions with

an energy greater than the energy corresponding to the

peak of the Dðt; nÞHe4 reaction cross-section will be a

function of the ratio of widths of DT and DD neutron

spectra.

Further work is required to make the above observations

quantifiable and also to examine how they are affected by

experimental realities such as neutron scattering. The issue

of magnetization of accelerated ions is particularly interest-

ing since this causes a large increase in the path length of

ions in the background plasma and could potentially lead to

a significant increase in the BT yield. However, it may also

be the case that the currents required to cause ion magnetiza-

tion are also large enough to make the TN mechanism the

dominant neutron production mechanism, as our results here

suggested. The shape of emitted neutron spectra can help to

resolve such questions.

Finally, we note that the above results have been

achieved using a particular model for ion acceleration in an

MHD plasma that does not include feedback from the kinetic

ions to the MHD plasma. The effect of this feedback on neu-

tron yields and spectra will be addressed in future work.
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APPENDIX: SUPPORTING CALCULATIONS FOR
NEUTRON SPECTRA

1. Energy range of emitted neutrons

Consider a deuteron and triton of equal energies reacting

with a stationary deuteron. The triton momentum is mtv and

the deuteron momentum is
ffiffiffiffiffiffiffiffiffiffiffi
mtmd
p

v. The energy of a neutron

emitted by either of these reactions is given by

En ¼
1

2
mn vcm þ unð Þ2; (A1)

where vcm is the centre of mass velocity of the reactants and

un is the neutron velocity of the centre of mass frame, the

magnitude of which is given by

un ¼
2

g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Qþ 1

2
lv2

r

r
; (A2)

g ¼ mn mn þ m4ð Þ
m4

; (A3)

where vr and l are the relative velocity and reduced mass of

the reactants, respectively, Q is the Q-value of the reaction,

and m4 is the mass of a He3 (He4) nucleus for the DD (DT)

reaction. Equation (A1) can be used to calculate the maxi-

mum and minimum neutron energy

En ¼
1

2
mn vcm6unð Þ2: (A4)

This expression is plotted in Fig. 7, and from it, we obtain

the energy range of neutrons emitted by a reaction

Emax
n � Emin

n ¼ 2mnvcmun: (A5)

The ratio of this energy range for DT and DD neutrons may

be expressed as

2
ffiffiffiffiffiffiffiffiffiffiffi
mtmd
p

mt þ md

gDT

gDD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QDT þ

md

mt þ md
Ei

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QDD þ

1

2
Ei

r

� 0:92

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QDT þ

md

mt þ md
Ei

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QDD þ

1

2
Ei

r : (A6)

This expression has a value of 2.13 for Ei ¼ 50 keV and 2.07

for Ei ¼ 500 keV, suggesting that we would expect a DT

neutron spectrum to be approximately twice as wide as a DD

neutron spectrum produced under similar conditions. As dis-

cussed in Sec. III B, differences in the cross-sections for the

two reactions can alter this prediction.

2. Neutrons emitted by an imploding cylindrical shell

An expression was previously derived for the neutron spec-

trum emitted by a spherical plasma shell of uniform temperature

imploding radially with a given velocity.42 The same procedure

can be used in cylindrical geometry to obtain the spectrum emit-

ted by a uniform, cylindrical plasma shell converging onto the

axis with a given velocity. The neutron spectrum emitted in the

radial direction by such a cylinder is given by

Rcyl
? vnð Þ

n1n2

1þ d12

g
ffiffiffiffiffiffiffiffiffiffiffi
m1m2
p

2pTð Þ2

�
ð1

vQ

f2r fð Þexp � l
2T

f2

� �
F� uð Þ � Fþ uð Þ
� �

du; (A7)

where

F6 uð Þ ¼
ðp

0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

n þ v2
f � 2vnvf cos /f

q

� exp �a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

n þ v2
f � 2vnvf cos /f

q
6u

� �2
 !

d/f ;

(A8)

and

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

l
g
2

u2 � Q

� �s
;

a ¼ m1 þ m2ð Þ=2T;

vQ ¼
ffiffiffiffiffiffiffi
2

Q

g

s
:
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The notation used is as follows: T is the ion temperature, vn

is neutron velocity, vf is fluid velocity, and n1, n2 are the

reactant particle number densities. Other notation is as

defined in Subsection 1 of the Appendix. Equation (A7) is

plotted in Fig. 13.
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