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ABSTRACT

The mean energy per neutron for neutrons leaving a dense, laser 

compressed plasma was calculated. A discrete ordinates multigroup neu

tron transport code (ANISN) was used to calculate the energies and fluxes 

of the neutrons from the D(T,%e)n reaction.

A variety of constant density, core-burning compressed plasmas were 

considered. The mean neutron energy was found to be a function of the 

product j®R and a function of r/R , where R is the compressed plasma 

radius.

A detailed thermonuclear burn in a microsphere was calculated at 

various time intervals by ANISN. The fR  product for the sphere was 

4.4 g cm" „ The neutron density weighted mean energy per neutron was 

found to be 9.8 MeV. >



INTRODUCTION

The u tiliza tio n  of fusion energy in the production of e lectrica l 

power f ir s t  emerged as an idea in the early 1930's. The idea grew from 

the great amount of theoretical work in thermonuclear reactions follow* 

ing the discovery of fusion as the source of s te lla r heating. I t  was 

known that the world's supply of deuterium, a fusionable fuel, is v ir*  

tually inexhaustible. Interest in controlled fusion gained momentum 

following the detonation of the hydrogen bomb in the early 1950's.

The efficiency of a thermonuclear burn is proportional to the

atomic density n(cm“^) and the time of confinement T  such that the pro-
Uduct of n and f  must be greater than 10 sec cm” (Green 1963) to 

produce more energy by fusion than is needed to in it ia te  the burn. This 

relation, n f  > 1 0^ , is known as the Lawson criterion . Early experi

menters sought to increase the confinement time by ionizing deuterium 

in a magnetic bottle. Later (Caruso, B erto tti, and Guipponi 1966) the 

proposal was made that lasers be used to ionize the fuel in the magnetic 

cavity by heating. From this proposal developed the idea of using the 

laser to ionize a single pe lle t of solid or liquid deuterium. The Con

finement time of the resulting plasma is  Short, but the plasma is very 

dense and the Lawson criterion can be met.

Isentropic compression of very small spheres of fusionable mater

ia l by isotropic application of intense laser ligh t to 10000 times the 

liquid density of the fuel is suffic ient to ignite the sphere in an 

e ffic ie n t thermonuclear burn (Nuckolls, Emmett, and Wood 1973). The

1



adiabatic compression heats the core of the pellet to a temperature such 

that plasma heating exceeds photon loss and the burn sustains its e lf .  

This technique can produce more energy by fusion than is required fo r the 

laser to compress the sphere (Clarke, Fischef, and Mason 1973), thus the 

laser-compression process may eventually lead to a source of usable power

The burn time in this compressed plasma state is short since the 

plasma disassembles only picoseconds a fter the time of peak compression. 

I t  is of interest to know how the energy produced in this microexplosion 

is delivered to the environment outside of the plasma, because the par

tic les released in the reaction w ill deposit energy in the walls of the 

containment chamber. This determines the requirements fo r durability , 

dimehsions» and compositions of the.walls, and also d irectly  affects the 

economics of a laser system for power generation.

The System

A small spherical pelle t (ra d iu s .~ 0.02 era) of a fusionable fuel 

at liquid density (~  0.2 g cm" )̂ is located at a point in an evacuated 

chamber such that a burse of intense laser ligh t is incident isotropic- 

a lly  on the surface of the pelle t (Nuckolls, Wood, Thlessen, and Zimmerman 

1972). To enchance the isotropy of the photon beam, a laser prepulse 

ionizes a 1ayer of the surface on the microsphere, accelerating a 

cloud of plasma out from the surface. The cloud possesses a lower 

electron density than the liquid, which enables i t  to distribute the 

resulting high energy electrons more evenly. The accelerating mass 

creates a shock wave directed toward the center of the sphere. For 

gases, such as deuterium-tritium mixtures with specific heat ratio



equal to 5/3, the single shock and following adiabatic compression in

crease the density by a factor of 15 (Brueckner 1973). The density is 

increased to more than 30 times the original density by the returning 

wave after reflection at the center. Properly timed successive shock 

waves build the density of the p e lle t to 10000 times the original liquid  

density.

Energy is transferred to the ions by electron-ion collisions.

Fusion begins when the ion temperature reaches a few KeV (about one KeV 

for a deuteriurn-tritium fuel mixture)! When the ion temperature exceeds 

a threshold value above which energy generation exceeds bremsstrahlung 

losses (about 4 KeV for the DT mixture), the burn w ill sustain its e lf .

At ignition the ions and electrons have very nearly the same tem

perature, but electrons in the burning region have a higher velocity. 

These electrons w ill conduct out of the burning region and into the 

much cooler outer portions of the plasma where they collide with the 

ions there. These ions also are heated by fusion reaction-produced 

alpha particles streaming in from the center. The result is a thermo

nuclear burn front which propagates outward until expansion of the plasma 

forces the ion temperature below the threshold value and the burn te r 

minates.

Statement of the Problem

I f  the space immediately surrounding the plasma during a micro- 

explosion is a vacuum, the walls of the chamber must remain structur

a lly  sound under extreme temperatures, intense x-rays, and an avalanche 

of neutrons. The x-ray mean free path in very dense plasmas is less
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than the plasma radius for most of the burn and therefore a significant 

fraction of the photons are reabsorbed by inverse 'bremsstrahlung. The 

mean free path for the neutrons under the same conditions is of the order 

of the pe lle t radius a t ignition (maximum compression).

High energy particTes impacting into a wall can cause the formation 

of bubbles in the structural material by induced (n3^ )  reactions. Atoms 

in the wall can be ionized or displaced from their la ttic e  sites by high 

speed neutrons» contributing to the loss of structural integrity and 

loss of the wall. The lower the impact energy, the smaller the amount 

of damage to the w all, and thus the greater economic return from a power 

generation system using the concept.

A lithium blanket can be used to absorb the neutrons and at the 

same time generate tritium , which la ter can be used as fu e l. The Li 

(n,gt ) T reaction has a very large cross section at thermal energies, 

but the cross section is smaller by a factor greater than 2000 at 10 MeV. 

Although the ^Li(n,2n) ®Li reaction can occur in the MeV range, low 

neutron energies are desired.

One question to be answered in the laser compression CTR concept 

is to what extent the neutrons w ill be moderated to lower energies by 

scattering in the dense plasma. The purpose of this paper is to inves

tigate the average energy of the neutrons leaving the plasma in a 

deuterium-tritiurn thermonuclear burn. A few cases of hypothetical 

static burns w ill be explored to gain insight into the spatial d is tr i

bution of the mean neutron energy in the plasma. A complete thermo

nuclear burn of a compressed pel le t  w ill be investigated to examine the 

variation of the neutron energy in time as well as space.
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Calculations were carried out using a discrete ordinates transport 

code designed for calculation of neutron fluxes and multiplication fac

tors in metal fissioning systems. The computer code can also be applied 

to the problem of neutron transport in a plasma. Both neutron fluxes 

and densities were calculated using the code. The densities together 

with the computed average neutron energy w ill serve to define the energy 

spectrum of the burn.

\



THEORY

Five thermonuclear reactions are potentially usable in a GTR:

T n Q = 17,6 MeV

n Q = 3,3 MeV

Q = 4,0 MeV 

es4He)p Q = 4,0 MeV

T(T94He)2n Q = 11,3 MeV

The energy generated per reaction is significantly greater in the DT re

action in comparison to the other four. In addition the cross section 

for the D (ts4He)n reaction is greater at temperatures under considera

tion (under 200 KeV) than the cross sections for the other four pro

cesses, This can be seen in Fig, 1 (Rose and Clark 1961s p. 19). At

tention therefore w ill be confined to this reaction in which the neutron 

carries away 14 MeV. ■ „
\  3 T

The reaction rate (neutrorts cm” sec” ) is given by (Rose and Clark

R&t "  ^ dHt Cc'v )£,f  (2.1)

for the DT reaction. The number density (ions cm”^) for deuterium is 

represented by n^; n-j- is the number density for tritons. The parameter 

y}  qj is the velocity-weighted reaction cross section averaged over 

the ion distributions or



7 

0 
10 

~ I 
~ 10 

~ 
~ 
~ 
~ 
~ 

§ 10-~ 
/ 

---- - ;-(-r,"~~<.} .zn 

~0 
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(2 . 2 )

where is the vector velocity of i th ion species, f^ is the velocity 

distribution of the i ^  ion species, V is the relative velocity of the

particles, - V j, and a( |_V|) is the velocity-dependent interaction cross

section.

The fractional burnup for this reaction is defined by (Fraley, et a l .

1974)

where n̂  is the accumulated number density for neutrons and n̂  is the 

accumulated number density for alpha particles. From the d ifferen tia l 

form of Eq. (2.1) ,  we see that

where n is the fuel density (nD = n-p = n/2).  The time interval ^ t  may

be taken to be the disassembly time of the sphere equal to R/4C, where

R is the compressed plasma radius and C is the sound speed in the plasma.

I f  the ratio  An/n is approximately unity for an e ffic ie n t burn, Eq.

(2.4) can be solved to show that the product f R (density times radius)
_2

of 1.0 g cm" or greater is sufficient to ignite the deuterium-tritiurn 

fuel. This value drops to 0.2 i f  the 3.6 MeV alpha-particles from the 

f ir s t  reactions are recaptured by the fuel. Confinement time is pro

portional to R and the reaction rate, heat conduction rate, and

(2.3)

£ 5  = J2 (s'V) A f (2.4)



collisional cross section are proportional to The product nTin  

the Lawson criterion is simply a constant times- f  R. Therefore the 

product fR  is a good indicator of burn efficiency and w ill play a 

significant part in the calculations of the mean neutron energies.

Energy Jtfesorotipn and Transfer 

Laser lig h t is absorbed by a plasma at frequencies higher than the 

plasma frequency. In the ablated plasma cloud, collisional absorption 

(inverse bremsstrahlung) is the primary means of photon-electron energy 

exchange (Cooper 1972).

When the phase velocity of the ligh t wave is near the mean thermal 

speed of the absorbing partic le , the charged particle can become 

trapped by the E fie ld  of the wave (Stix 1962, pp.' 131*147). This 

collisionless process is an e ffic ien t method for energy transfer and 

in s tab ilities  can result.

In addition to these electrostatic in s ta b ilitie s , electromagnetic 

in s tab ilities  arise i f  certain ion spund waves are excited (e .g ., Stim

ulated B rillo u in ). Absorption resonances (with respect to incidence 

angle) occur for non-normal incident photons colliding with electrons. 

At high intensities (above 10^ watt crif 2) re la tiv  is t ic  effects become 

important (Cooper 1972). These mechanisms and other anomalous mechan

isms contribute to the energy absorption efficiency in the plasma.

In a dense plasma the electrons may e ffic ien tly  give up the 

absorbed energy to the ions through collisional and col 1isionless pro

cesses. Classically electron conduction increases with electron
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c /n
temperature as . I f  the electrons become too hot before peak 

compression of the p e lle t, the conducting electrons may preheat the. 

pellet core, and disrupt the compression.

The ion-electron transfer properties include anomalous and l i t t l e  

understood mechanisms which must be incorporated into an energy transfer 

efficiency. The energy transfer efficiency and energy absorption e f f i - 

ciency are somewhat a r t if ic ia l since knowledge of the contributing pro

cesses is incomplete. Goldman (1975) has indicated that experiments 

have shown that incorrect results are obtained with hydrodynamic com

puter burn, codes in which these efficiencies are incorporated. The cal

culations of mean neutron energies and fluxes in this paper are based on 

a published burn sequence calculated with one of these codes. Thus the 

numericaf values reported here may require modification i f  new burn 

calculations using improved energy transfer efficiency values give sig

nificantly  different results.

Compression and Disassembly 

The temporal variables serve to describe a thermonuclear burn in 

a microsphere. The disassembly time

%  ~ & /4 C  • (2.5)

pi aces a lim it on the lifetim e of the burn. I f ,  on the average, one- 

half of the mass along a given radius interval is burning while an ex

pansion wave is crossing, the time for the wave to reach the edge of the 

pellet from the center is given by R/4C (Fraley, Mason, and Morse 1974). 

The reaction time
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Tr =• t / h  (2.6)

is a measure of the speed of the reaction. I t  is obtained by integrating 

Eq. (2.1) .  The thermalization time (Brueckner 1973)

T ^ - £ 0  7 £ 2 |G,2S«C (j c in \UVt n frtdtvT3 )  ( 2 .7 )

indicates the rapidity of electron-ion energy exchange.

I f  Tr (this is generally true) the electrons and ions wil l

exist at identical temperatures and the velocity distribution functions 

in Eq. (2.2) are Maxwellian. Calculations of the Maxwellian averaged 

velocity-weighted cross sections for various reactions are available in 

the litera tu re  (Tuck 1961).

The reaction time l  r must be of the order of the disassembly time 

T j  for an e ffic ie n t burn. I f  T r ^ T d ’ ^  15 found that p must be ap

proximately 10000 times liquid density or about 2000 g cm- ^, for this 

condition to be met.

A succession of properly timed shocks of increasing strength wil l  

cause the time history of the compression to be adiabatic (Evans and 

Evans 1956). Since a history is known, a knowledge of in it ia l  conditions 

and desired final conditions allows the selection of an adiabatic path 

and consequently laser pulse shape and timing. Typical pellet core 

temperatures using the repeated shock method are 1 0 - 1 5  KeV (Fraley 

et a l. 1974).
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Deposition of energy in the plasma by fusion products is important 

in igniting the core of the plasma and essential in maintaining the tem

perature there. The recapture of these particles also assists in in i

tiating a burn in cooler regions. Fraley, et a l . (1974) have performed

calculations of alpha particle recapture by Coulomb collisions in dense 

deuterium-tritiurn plasmas. Their expression for the mean free path of 

the alpha particles, ^  , at high densities in terms of the compressed 

plasma radius is

^  ( T e "  2 CW' 1; ( 2 -8)

Spitzer (1969, Chap. V) states that the mean free path of photons in the

plasma is

^  s ~ L  (jOJ?)*' ( T ,  W k V  , j  cw'V (2.9)

At a temperature of 20 KeV and with = 4.4 ( f  = 6000 g cm“^,

R = 0.000735 cm), a re la tive ly  high value, ^ / R  is seen to be approxi

mately 0.0013, so most of the x-rays are reabsorbed. As the burn pro

ceeds the temperature rises above 80 KeV while the density drops to one- 

half the starting value. The photon mean free path is now about 0.6 R 

and w ill increase to roughly 2.0 R near the end of the burn.

For the same sequence, "XK /R = 2 x 10"  ̂ in it ia l ly .  At 80 KeV,

)y  is over 10"  ̂ R. Thus essentially a ll of the alpha particles produced 

in the burn w ill thermalize in the plasma. The mean free path for neu

trons under the in it ia l  conditions is of the order of the radius of the 

compressed plasma.
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A number of hydrodynamic burn codes (Brueckner 1973, Fraley, Mason, , 

and Morse 1974, and Nuckolls, Emmett, and Wood 1973) follow the process 

from the f i r s t  laser pre-pulse to cessation of the burn. These codes 

inelude the hydrodynamics of compression and disassembly, laser ligh t 

absorptitin, ion-electron interactions, re la tiv is tic  partic le  motions, 

magnetic f ie ld  strengths, x-ray production, energy deposition, and 

material properties. Although publication of results obtained using 

these codes ex is t, no discussion could be found of the mean neutron 

energy, either inside or outside of the plasma.
sThis problem w ill be approached using a discrete ordinates ( N) 

computer code (ANISN) to evaluate neutron transport from the burning re 

gion. The results of the computer calculations w ill then be used to 

obtain a spatial pro file  of the mean neutron energy in the plasma. A 

sequence of runs w ill investigate a fu ll  burn to add the dimensions of 

time to the results. ANISN is a time-dependent code. Therefore a 

time sequence w ill be used to approximate the burn. Since an uncollided 

14 MeV neutron travels 5 x 1Q“ mm in one picosecond, neutrons produced 

at a time-step can be assumed.to have le f t  the plasma by the following 

time-stepl Neutron densities w ill be used with the mean energies to 

evaluate the energy spectrum of the neutrons in the burn.

Mu 1 tigroup Calculations..and the N Method

The time-independent neutron transport equation in spherical 

(spherical symmetry) geometry can be written (Bel 1 and Glasstone 1970)
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J t ' t i i r j u e ) *  l^ ± £ ( c p c )  + 2 > f )  =

yr ]  Z( r f )  r̂jAC) f(r;jtt + Q (/y , fy  (2.10)

The variable r is the radial component of spherical coordinates, y# is

the cosine of 0 component of the coordinate system, and E is the energy.

The parameter (J)( ryyt/, E) is the angular neutron flux in dr at r moving
-2  -1in direction d/rf about/W with energy E in units of neutrons cm" sec" . 

The total macroscopic cross section ^ ( r ,E )  is the partic le density at 

r times the total cross section C'(E) for al l  removal interactions. The 

distribution function f ( r  E*-*/ /E)  is the probability per unity/ per 

unit E that a neutron wi l l  be scattered from d/#z about yv and dE’ 

about E1 to d/f abouty/ and dE about E. The independent source term is 

Q(r,>*,£).  The f i r s t  two terms of Eg. (2.10) represent neutrons stream

ing from dr about r and dyv about^  . The third term indicates removal 

of neutrons. Neutrons scattered into dy# aty# and dE at E are repre

sented by the integral.

To aid in the solution of this general equation, the energy range 

in the integral is divided into groups so that the integral becomes a 

sum of energy group integrals. Variables are weighted and averaged 

within the groups, so that
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where <f>g(r,y) is the total group flux.

Expressions for the group constants (such as zg) can be found in the 

lite ra tu re  ("Reactor Physics Constants" 1963, Chap. 7). A set of equa

tions of this sort is generated for each group.

I f  the energy spectrum of the flux were known, the group con

stants could be calculated to a high degree of accuracy. I f  the 

energy spectrum is known only aoproximately, the accuracy of the 

calculation wil l  depend on the number of energy groups used to approxi

mate the integral.

In the discrete ordinates or (Carlson 1953) approach, N+l dis

crete directions (y's) are chosen and the flux is evaluated along each 

of these directions. A dig ital computer solves the multi group transport 

equations on each y approximating derivatives by difference techniques 

and integrals by Guassian quadrature methods. The region is divided 

into a spatial mesh so that the cell length is much shorter than the 

mean free path of the neutron. Non-isotropic scattering of neutrons can 

be handled by a correction to the scattering source term in Eq. (2.10).  

The source is modified by expanding z(r,E)f(r:y'E' -niE) in a f in ite  set 

of polynomials of order L (L = 0 is isotropic).

As with the number of energy groups, so also the larger the number 

of directions, the more accurate the numerical integration over the 

cosine. The larger the number of mesh intervals,  and therefore the 

smaller the interval spacing, the greater the accuracy in approximating 

the derivatives.
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The SN approach can be u tilized  to calculate average neutron ener

gies by introducing the neutrons as a source in the appropriate energy 

groups in the intervals of the designated burning region. The code 

calculates changes in energy group and geometrical transport of the 

neutrons. Using the calculated distributions, i t  is possible to calcu

late mean energies and energy spectra of the neutrons.



DISCUSSION

The discrete ordinates code ANISN was used to perform the calcula

tions involving neutron fluxes and energies. Two models were assumed, 

a static and a dynamic model. The static model represents the ignition  

phase of a compressed plasma burn. The dynamic model follows in time a 

burn hydrodynamically calculated elsewhere. Weighted average neutron 

energies were derived from the results of the code.

The Discrete Ordinates Code ANISN 

ANISN (AN I $o tropic % ) is a multi group discrete ordinates neutron 

transport code. The program couples the multigroup equations examined 

in the last section to solve the time-independent neutron transport eq

uation (2.10).  Given required geometrical, material, and mathematical 

parameters, together with a microscopic multigroup cross section set for 

each m aterial, ANISN returns detailed information on the neutrons through

out the region considered.

The transport region is physically specified by its  geometry, size, 

and boundary conditions. The number of mesh intervals and the mesh 

spacing is also required as input. Regions called "zones11, at least one 

interval spacing in length, are used to d ifferentiate  material proper

ties inside the mesh network. Material properties are the same every

where inside a zone. Densities for each material component in each 

zone are input. ANISN creates mixtures of components and the associated

17
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macroscopic cross sections for the zones. The order of scatter of the

neutronsj the number of energy groups 9 and the quadrature set for the

N+l directions are required.

Included in the output is a lis tin g  of the macroscopic cross sec-
- 2  - ition sets calculated for each mixture. The neutron flux (cm sec ) by 

group is output for each interval. The "right leakage", defined as the 

number of neutrons see" leaving the right edge of a zone, is given by 

group for each zone. (The "right" edge of a zone in spherical geometry 

is the outside boundary of the s h e ll.) Also given by group for each 

zone is the "total flux", which is defined as sum of the interval flux  

(in ctrT̂  sec"^) in a zone times the volume of the zone. The units of 

the "total flux" are neutrons cm s e c ( d i v i s i o n  by the group velocity 

yields a pure number).

The Models

All ANISN computations u tilized  a quadrature order of eight. Test 

runs with a quadrature order of four yielded flux distributions d if fe r 

ent from the eight order flux distributions by less than five percent. 

The quadrature set was taken from the Handbook of Mathematical Functions

The radii of a ll spheres were divided into 30 mesh intervals. As 

noted earlie r the expected mean free path of a neutron in a dense plasma 

is comparable to or larger than the plasma radius. Therefore the mesh 

interval length is never shorter than the neutron mean free path. (Runs 

made with only 14 intervals Over the same radius showed no significant
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difference in flux valuess but provided a less sensitive d is trib u tion .) 

The 30 intervals were distributed among 14 zones to accommodate as many 

different densities and/or mixtures in the pelle t.

The boundary condition on the outer edge of a ll spheres was defined 

as a vacuum (no reflection at the outer boundary). A reflective boundary 

condition was used at the center of a ll plasmas.

The microscopic neutron scattering cross sections for deuterium, 

tritium , and ^He were taken from "Coupled Neutron,Gamma Multigroup- 

Multi table Gross Sections for 29 Materials Pertinent to Nuclear Weapons 

Effect Calculations Generated by LASL/TD Division" (Sandmeier, et a l. 

1974). The 30 neutron groups (the 12 gamma groups were not used) span 

energies from 1.39 x 10  ̂ eV to 17 MeV, After preliminary calculations 

demonstrated high energies could be expected, the 19 lowest energy 

groups were collapsed to one low energy group (roughly 1 MeV and under). 

This compression was flux averaged and accomplished by the computer code.

Due to computer core lim itations, only isotropic scattering was 

considered. Neutron scattering from deuterium and tritium  is known, 

however, to be forward biased. The assumption of isotropy of scattering 

then represents a lower lim it to the average neutron energy. Since most 

neutrons are streaming out of the plasma, isotropic scattering w ill back" 

scatter more neutrons into the denser plasma than a forward-biased col

lision process. These back-scattered neutrons may then suffer more 

collisions than the anisotropic assumption would allow. The result is 

a lower energy for more neutrons and consequently a lower average neu

tron energy.
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The fusion neutrons were entered in ANISN as a fixed, distributed 

source. The number and energies of the neutrons were computed apart 

from ANISN and input in the appropriate regions and energy groups in the 

mesh space. The number of alpha particTes was also computed and input in 

the mesh. The code performs the multigroup calculations as i f  the neu

trons were from an independent source.

The source strength was determined by Eq. (2.1).  A change in the 

density not only affects the production rate of the neutrons, i t  d irectly  

affects the macroscopic neutron cross section as well. A change in the 

ion temperature primarily causes a change only in the velocity-weighted 

fusion reaction cross section, Eq. (2.2) ,  and therefore only changes 

the number of neutrons cm" sec" produced. The neutron energies are so 

much greater than the ion energies under consideration, that changes in 

scattering cross sections and energy transfer cross sections need not be 

considered. Since the neutrons are produced with the same energy d is t r i

bution regardless of temperature of the Maxwellian plasma, ANISN detects 

a change in number of neutrons with the same energies for a change in 

temperature. Under conditions identical in a burn except for tempera

ture, the average energy per neutron is also identical.

For a Maxwellian deuterium-tritium plasma, ninety-seven per cent 

of the neutrons produced fa ll  in the 13.5 to 15 MeV energy group (South- 

worth 1974, p. 14). The remaining three per cent fa ll  into the next 

lower group. I t  can easily be shown by Eq. (2.7) that the DT plasma is 

Maxwellian in the temporal v ic in ity  of ignition. The velocity-weighted 

average reaction cross section was calculated using a Maxwell-Boltzmann 

distribution function (TuCk 1961).
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Once a computer run is complete, the average energy per neutron is 

found in terms of the radius position and a weighting function. The 

weighting functions used are the neutron density and right leakage. The 

density weighted average neutron energy is the total energy of a ll neu

trons in an interval divided by the number of neutrons carrying the 

energy. The leakage-weighted average neutron energy is the net energy 

crossing the exterior edge of a zone flowing outward divided by the net 

number of neutrons streaming outward across the edge. The mean neutron 

energy is found from

where W(E) is the weighting function the neutron density or right 

leakage.

density-weighted mean group energy Eg was supplied with the cross sec

tion set.

Static Burn

To examine the average energy distribution and flu x  profile  in a 

core-burning microsphere at ign itions a static "burn" was modeled to 

simulate the ignition. All mass in te rio r to the semi-radius point is 

undergoing fusion burning at fa ir ly  high ignition temperatures (10-20 KeV).

(3.1)

I f  Wg is the weighting function for the g—  groups then

represents a summation over a ll energy groups. The neutronwhere
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Most of the mass (88 per cent) is in a dense, non-burning shell around 

the core. This is shown schematically in Fig. 2 (Fraley, et a l . 1974).

The temperature in the in terio r is constant out to the semi-radius 

point. The burning plasma is Maxwellian. Various values of the con

stant density and radius are applied so that the product ranges from 

0.5 to 6.5 g cm"2.

Dynamic Burn

The next calculation follows in detail a thermonuclear burn front 

as i t  propagates from the static ignition case. This example is taken 

from the results of a hydrodynamic burn code calculation published by 

Fraley, et a l. (1974). Figure 3 shows eight frames from the 5.415 psec 

burn and disassembly. At ignition the 1 0 g pelle t has a radius of 

0.000735 cm, a constant density of 6000 g cm"2 ( f  R = 4.4 g cm"2), and 

an ion temperature of 20 KeV in the core. The status of the plasma at 

time zero (maximum compression) is identical to the static case. The 

cumulative yield in kilojoules is given in the upper right in each 

frame in Fig. 3.

As time increases from zero, electrons heated in the core conduct 

into the non-burning shell and deposit energy there through ion-electron 

energy transfer mechanisms. The recapture of alpha particles by the 

region exterior to the burning region contributes to the temperature rise  

there. Under the heat of the reactions the core expands, compressing 

the inner regions of the shell.

By 1.2 psec most of the outer ions have been brought to burn 

threshold temperatures. Pressure from the hotter core continues to
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compress the outer intervals. A-t T.5 psec the ion temperature throughout 

the plasma is very high and the fuel is burning to high depletion. By 

2.0 psec much of the mass in the core has been forced into the expanding 

exterior zones. Before 2.4 psec these outer zones reimp!ode the core 

as the plasma continues to expand. The plasma cools as i t  expands. The 

last frame in Fig. 3 is the schematic picture of the plasma as the tem

perature drops below threshold and the burn terminates.

Each frame in the sequence is a description of the state of the 

plasma at a time from ignition. By using ANISN at each of these time 

stages, an approximate temporal development of the average neutron 

energy and total neutron fluxes is obtained. For the purposes of cal

culating the source intensities, the plasma is assumed to be Maxwellian 

at a ll times. The alpha particle production is accumulated and added 

to the plasma components. Change of density, temperature, size, and 

shape of the plasma in space and time are considered in each run. Re

action rates at each Stage are not published, but are calculated by 

approximating the temperature and density distributions. This is a 

possible source of error. The total number of neutrons produced and 

the total energy produced lead to an average neutron energy for the 

entire burn.
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RESULTS

Average neutron energies were calculated as a function of fR (R is 

the plasma radius) and position for the static model. This model repre

sents ignition of a thermonuclear burn in the core of a deuterium-tritiurn 

microsphere. Average neutron energies were calculated as a function of 

position and time in the complete burn of the dynamic model. Flux 

shapes as a function of radius and number of neutrons as a function of 

time were also generated.

The average neutron energy in each mesh interval of a ll static  

burn plasmas was calculated using the neutron density and the right 

leakage as the weighting functions. Spherical plasmas with the same 

value of fR have identical mean neutron energies of identical values 

of r/R.

I f  angular variation and sources are neglected in Eq. (2.10), the 

neutron transport equation becomes

where C is a constant. From Eq. (4.2) the probability that a neutron 

w ill interact in dr at r is given by

26

The Static Burn

(4.1)

Equation (4.1) has the homogeneous solution

- c m c / r ]
(4.2)
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- C & t ) C f c ]
p(r)dr » c ^ -  d r  e
r  (4.3)

Integrating Eq. (4.3) yields the probability that a neutron w ill react 

between zero and R at constant ^ , which is

r * ) - / -

Therefore the greater the value of /?R, the greater the probability of 

interaction and the greater the probability of neutron energy loss. So 

a variation of the mean neutron energy with the quantity /?R is expected. 

Figure 4 gives the neutron density-weighted mean neutron energy in the 

f ir s t  mesh interval (the innermost core), the interval at mid-radius 

(interval 15), and the 30th and last interval vs p R. The plasma is 

burning only in intervals 1 through 15. The average energy of the neu

trons streaming from the plasma at the surface (the right leakage- 

weighted average energy evaluated in the last zone) is also plotted in 

Fig. 4. The leakage-weighted mean energy is nearly one MeV higher than 

the density-weighted mean energy in the same region of the plasma at 

P R ft 3 g cm™ . Since the scattering cross section decreases with in

creasing energy, i t  is reasonable to expect neutrons streaming out of 

the plasma at any time to possess a higher energy than those scattering 

inside the plasma.

The shapes of the density-weighted average energy profiles for two 

static pellets are shown in Fig. 5a. The higher curve was calculated 

from a compressed plasma with pR = 2.2 ( p -  4000 g cm™̂ , R = 5.5 x 10"  ̂

cm). The lower curve represents (R -  4.4 ( p = 6000 g cm™'*, R=7.35xl0~4cm).
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Fig. 5a Density-weighted mean neutron energies as a function o f in te rva l
pos ition  in s ta t ic  plasmas with pR=2.2 and pR= 4.4
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The unit of the abscissa is the mesh interval or R/30 where R is

the compressed pe lle t radius. Since the rad ii for a ll  spheres are not

identicalj the x-axis unit can be thought of in terms of r/R . The rad ii

are a ll normalized to a single radius of 30. This convention w ill be

followed throughout the remainder of the paper. For comparison. Fig. 5b 

compares the density-weighted mean energies as a function of position in 

centimeters.

The neutron density-weighted mean neutron energy is nearly constant 

throughout most of the burning region due to the predominance of the 

fourteen MeV source flux. Near the edge of the burning core, however, 

some of these source neutrons are Teaking into the non-burning shell and 

scattered neutrons from the shell are leaking back into the core. Thus 

the relative increase in the number of neutrons in the lower energy 

groups becomes suffic ient to depress the mean energy p ro file  near the 

shell boundary.

Away from the burn boundary toward the outer pe lle t edge, the mean, 

energy curve drops sharply, indicating the lack of a high energy fusion 

source in that region. Neutrons streaming from the core are simply 

being scattered to lower energies.

Actually, there is a non-fusion source of neutrons in the inert 

shell. Two inelastic scattering reactions that produce more than one 

neutron in the ex it channel are

T(n,D) Q -  -  4 .3  fh-sV

- d K p ) ^ *  q  = -  2. a, /H* V



32

These endothermic processes are possible a t neutron energies considered 

here and hence the effect of taking one neutron in a very high energy 

group and producing two neutrons in lower, though s t i l l  fa ir ly  high 

energy groups. The cross section library included these effects through 

a "negative absorption" cross section. In a pelle t with f  R = 4.4 

these reactions can add five  percent to the total number of neutrons 

produced through fusion.

The mean neutron energy continues to decline from continued scat

tering as the radius interval number increases. Near the outer edge of 

the p e lle t, however, the high energy neutrons have a greater probability 

of leaking from the system than do low energy particles. Lack of down* 

scatter near the outer edge coupled with diffusion hardening of the 

Source neutrons results in a slight hardening at the outer edge of the 

p e lle t. The outer edge is a nonreentrant boundary so that no previously 

downscattered neutrons can enter the outer pelle t intervals from the 

"right" or from the region beyond the pelle t boundary. The result of 

this preferential leakage is a small increase in the mean neutron 

energy in the last few intervals.

Figure 6 is a plot of the neutron fluxes for energy groups two (the

fourteen MeV group), three, five , and fiftee n . These are normalized to 

the source flux. Figure 7 contains curves of the second, th ird , and 

f i f th  group fluxes normalized to the fifteenth  group flux. Here the 

relative high energy flux increase in the intervals in the final zone 

can be seen. Figure 8 shows curves of source-normalized flux vs. energy

for zone one, the innermost mesh; zone seven, on the outer boundary of
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Fig. 6 Source-normalized flux vs~radius for groups 2, 3, 5, and 15 
for a static burn with f R=2.2 
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Fig. 7 Source and group-normalized flux vs. radius for groups 2, 3, 
and 5 for a static burn with /R=2.2
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Fig. 8 Source-normalized flux vs.energy for zones 1, 7, 11 and 14 
for a static burn with p R=2.2 
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the burning core; zone eleven, midway through the inert shell; and zone 

fourteen, the last zone. Figures 6-8 were taken from a calculation for a 

pellet with pR=2.2.

For comparison. Fig. 9 gives the density-weighted average neutron 

energy as a function of radius for three eases of a plasma with pR-2.94. 

The cases are a static  core burn, only the center interval burning, and 

the entire pelle t burning uniformly along the radius. These cases a ll 

demonstrate diffusion hardening at the outer boundary.

The Dynamic Burn .

Figure 10 shows the neutron density-weighted average neutron 

energy vs. r/R for a ll eight time frames in the Fraley, et aT. burn 

sequence (see Fig. 3). Frame 1 at time zero is identical to a static  

sphere with fR  = 4.4. The density-weighted mean neutron energy in the 

last interval at this ignition point is 7.6 MeV. Neutrons are leaving 

the plasma with a mean energy of 8.6 MeV. Density-weighting a ll of the 

regions in the plasma at ignition yields an average energy of 8.0 MeV 

over the sphere. The ion. and electron temperatures are 20 KeV.

At 0.289 psec after ignition, the hot, expanding plasma has com

pressed the non-burning shell near the midpoint of the radius. The 

sharp density decrease at the burning edge"at the ignition temperature 

causes a decrease in the reaction rate there. There are fewer moderated 

neutrons scattered into the in terio r, resulting in a s lig h t increase in 

the average energy there. The density now does not drop discontinuously 

to zero at r = R/2, but slopes rapidly away from the in it ia l  value to a 

slightly  larger radius. The macroscopic scattering cross section
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decreases and the mean neutron energy increases. The average energy per 

neutron over the sphere is 0.1 MeV higher than at the time of ignition.

By 1.2 psec, the mean neutron energy throughout the f i r s t  15 in te r

vals has decreased sharply,due primarily to moderated neutrons from the 

now burning outer region. The temperature in the core is not yet high 

enough to compensate for the loss due to the fa ll  in density. High 

temperatures and densities now exist in the outer regions and the mean 

neutron energy there rises accordingly. The decrease of the mean energy 

in the core and the increase of the mean energy in the outer intervals 

is evident at 1.2 psec in Fig. 11. The average energy of the plasma 

rises by about one MeV.

The core density continues to drop at 1.56 psec, and the tempera

ture is now higher in a ll parts of the sphere so that the mean neutron

energy in the core increases. This turnover is evident in Fig. 11. 

Densities outside the core remain high. This situation, together with 

the high temperatures, makes this the most productive segment of the 

burn.

Figure 12 is a plot of the number of neutrons in the system versus

time. The curve labeled "High" is the sum of a ll of the neutrons with

energy above 13.5 MeV. "Middle" refers to the energy range from 1 to 

13.5 MeV, The third curve is the total neutron number below 1 MeV. The 

peak in a ll three range curves occurs at 1.56 psec. At this time the 

neutrons are leaving the plasma with a mean energy of 10.5 MeV. The. 

density averaged energy per neutron for this phase of the burn is 10,3 

MeV.
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The temperature is s t i l l  rising throughout the plasma at 2.0 psec, 

but expansion of the plasma has reduced the average density and there

fore » the reaction rate. This can be seen in the turnover following the 

peaks in the curves in Fig. 12. At this time, the core is highly de

pleted and the immediately surrounding zones are burning e ffic ie n tly .

The plasma radius is one*and-one-haIf times the plasma radius at the 

time of ignition.

The hot, dense inner shell has expanded and reimploded the core 

before 2.4 psec. The compression has raised the ion temperature to 150 

KeV at the center. The compression also causes the scattering cross 

section to increase in the core. The average neutron energy at the 

center is therefore held down. At this time, forty per cent of the dis

assembly time has been used, but sixty per cent of the energy production 

has been completed. The average neutron energy over this phase is 11.6 

MeV.

By 3,4 psec, expansion has increased the plasma radius to three 

times the in it ia l  radius (thus to R = 0.002 cm). The maximum density 

in the plasma is about one-third of the original 720 x 10^  cm“^. The 

deuterium-tritium reaction rate decreases sharply due to the low den

sities (Fig. 12), and the average neutron energy increases by as much 

as 2 MeV in the elapsed picosecond. Figure 12 shows an increasingly 

larger proportion of the neutrons at high energy as time elapses. The 

more even density distribution causes a flattening in the spatial pro

f i le  of the neutron density-weighted mean neutron energy (Fig. 10).
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Figure 13 is a plot of the mean neutron energy in each interval 

times the number of neutrons in the interval, summed over a ll in ter

vals, and multiplied by a time-step. In other words. Fig. 13 shows the

total energy carried by neutrons in terms of time. Two-thirds of the 

disassembly time has been used, but 96 per cent of the reactions have 

taken place by 3.5 psec.

At 5.4 psec, the plasma has expanded and cooled below the fusion 

threshold. The density is now so low that v irtu a lly  no neutron energy 

is retained by the plasma, but very few neutrons are produced. The right 

leakage weighted average neutron energy is almost 14 MeV. The neutron 

density-weighted average during the(final time segment is 13.4 MeV.

Figure 14 shows the progression of the leakage-weighted average 

energy at the outermost zone and the density-weighted average energy in 

the entire plasma through the burn.

As shown in Fig. 13, the total amount of energy retained by the

neutrons throughout the burn was 4.5 x 10^ MeV. The total number of
17neutrons produced in the burn was 4.6 x 10 . The average neutron energy

I O
for the burn was thus 9.8 MeV. Thirty-one per cent of the 6.6 x 10

MeV given to the neutrons during the burn is deposited in the plasma by

neutron scattering interactions with plasma constituents.

A 10 > g  p e lle t contains 1.2 x 10^ (D + T) atoms, so the burn frac

tion, fp, is 0.38 or ninety-one per cent of the f f  given by the authors 

of the burn code.

The average energy loss of a neutron in an isotropic collision is 

given by (Lamarsh 1966, p. 171)»
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AS = ( l - « )  2  (4. 6)

where e( = [(A-1)/(A+1)]^ or 0.11 for deuterium and 0.25 for tritium . An

average collision w ill result in a loss of 5.7 MeV. Since the average 

loss of neutron energy to the plasma is 4.2 MeV, the neutrons were scat

tered an average o f 0.73 times during the burn. These results apply only 

to isotropic scattering in the center of mass system. The cross sections 

used were co llis ional, not transport, cross sections.



-
. 

~ .. --- ...... _____ ._. ... _ ... ..., ... __. ... ~ ... _....._ ...... -
.---j ~mv~TE/) , 

I ___ l -

I 
' 

r-·- ·· 

. 

,, 
10 ~------~·------~·----------·--~-----·--------·-----..· 0 ' z. .J .. s-

T'tM& f'U,OS~ 

Fig. 13 Total neutrQn energy and.accumulated total neutron 
energy vs. t1me for aynam1c burn 

45 



so
eo

Tit
on

) 
e*

e/
i6

Y 
f/

w
tv

)

46

- -  teAKA^e-i^ejc^Teo 
— fljumaeK-vextHTeD

e/urree p l a s m a

Fig. 14 Density-weighted mean neutron energy for entire plasma and 
leakage-weighted mean neutron energy for neutrons leaving 
the outermost zone vs. time for dynamic burn



CONCLUSIONS

I t  has been shown here that under the assumption of isotropic scat

tering in a hot dense DT plasma with p R equal to 4.4 undergoing a thor

ough, core-ignited fusion burn in itia ted  at 20 KeV, the neutrons lose on 

the average only 30% of the 14 MeV imparted to them in the D(T,X )n reac

tion.

There are three overall approximations made in this paper, namely 

the isotropy of the neutron scattering, the accuracy Of the LASL hydro

dynamics burn code, and the method of u tiliz in g  the information from that 

code. A possible source of error is the approximation of the burn by 

the time sequence. Approximations to temperature and density distribu

tions are made at each step. D ifferent values of f  for the entire burn 

were reported by Fraley, et a l. in this calculation. The average ener

gies were calculated in each run and the results appear consistent 

throughout.

The approximation of isotropic scattering is probably not a good 

one. Leona Stewart (1967) notes a marked forward bias in neutron scat

tering from tritium  at 14 MeV. Fraley, et a l. (1974) has set the 

average energy loss per neutron in scattering from DT at 4 MeV. The 

isotropic assumption leads to a lower value of the average neutron 

energy. On the basis of the 0.73 collisions per neutron found here and 

a loss of 4 MeV per collision for forward-biased collisions, the mean 

neutron energy is approximately 1.28 MeV greater than in the isotropically  

scattered case.
47
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The problems with the Lagrangian hydrodynamic burn codes involve 

unknown electron energy efficiencies and particle distributions.

Finally, i t  must be mentioned that ANISN is not a dynamics code. 

The program was forced to approximate time development by time steps. 

The largest known cumulative error is a factor of under ten percent.

Brueckner (1973) states that the practical application of fusion 

technology awaits the inevitable powerful, short-pulsed lasers of the 

future. After that time the economics of pellets and lasers w ill set 

the speed for fusion power. I t  appears evident, however, that a piece 

of the technology going into laser CTRs w ill have to be apportioned to 

provide for a chamber wall that can economically survive not only 

severe thermal and radiation effects, but also the impact of a large 

number of very high energy neutrons..
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