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I.

Introduction

A large number of 1ight elements will fuse if the temperature of the
mixture is sufficiently high. The potential fusion fuel cycles can be
classified as deuterium based, proton based and helium 3-based. The

6

deuterium based fuel cycles include d-t, d-d, d-3He and d-"Li. The proton

based fuel cycles include p;I1Band p~6Li.

Fusion devices utilizing the d-t-Li cycle will certainly be the
first to demonstrate energy breakeven and also very 1ikely will be the
first cycle for commercial fusion reacﬁors. NeverfheTess, fusion reactors
with tritium fuel should be viewed as an intermediate step in fusion power
development. The ultimate goal is to achieve a reactor based on either
hydrogen or deuterium to insure both an inexhaustible fuel supply and systems
with minimum radioactivity. To preserve this potential, it is essential to
maintain efforts to develop advanced fuel cycle fusion power based

3 6

on d-d, d-"He, d-"Li or proton based cycles suchas peT]B and p-6Li. Minimizing

the plasma deuterium content is a key to a minimum neutron producing

reactor.

The potential advantages of a proton based fusion reactor are summarized

6

in Table 1. First, both fuels jn pJ]B or p- Lj are abundant., Secondly,

there is little gaseous radioactivity and no need to breed tritium.

The elimination of tritium breéding and fueling minimizes problems

of tritium management and eliminates in many cases the need for an intermediate
loop in the power cycle. Thirdly, the neutron level is so lTow that bulk

radiation damage to materials is not an issue. This impacts favorably
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Table 1

Potential Advantages of Protqn-BaSed'Fusion Reactors

Fuels are essentially inexhaustible.

No gaseous radioactivity.

Nd fuel breeding requirement.

Simple blanket design - blanket is now just a first wall.

No radiation damage to structural materials.

Safety aspects more similar to coal plants than to nuclear power.

Improved system maintainability and thus, potentially, improved reliability
and availability.

Very low levels of induced radioactivity.

Potentially low environmental impact on air pollution, mining, and long
term solid waste disposal.

Potential for good system economics.

A. Balance of plant costs should be similar to coal plant. Nuclear
oriented subsystems are minimized.

B. Fuel costs will be less than for nuclear.
C. Fusion island costs can be greater than for nuclear.

D. No intermediate loop required for safety.



on reactor design by permitting improved maintainability, availability

and reliability. Some neutron induced radioactivity will result from
deuteron reactions bu? this depends on branching ratios. Together

with the absence of gaseous radioactivity, this Tow radioactivity

and tritium Jevel provides particular environmental advantages that

will affect costs, licensing and siting. Fourthly, although the plasma
power density is 1ikely to be lower than in a d-t reactor with the same

B value, the size Timitations imposed by the neutron wall Toading in

d-t systems do not in'any case permit one to take full advantage of very
high 8. With a minimum neutron advanced fuel cycle, magnets can be closer
to the reaction chamber to offset the need for somewhat higher fields,
Since the energy is re1eased primarily as charged particles and electro-
magnetic radiatijon, the blanket is no more than the first wall itself.
Fifthly, the bremsstrahlung radiation associated with a burning temperature
of 200-300 keV is characterized by attenuation lengths on the order of ,1-1,
mm for either a TowZ or-medium Z material such aS stainless steel. Since the first
wall thickness js also on this order, the heat load has been converted

to a volumetric heat load. By doping the first wall coolant with high

Z material, the heat transfer problem is then simplified. In short,

a proton based fusion reactor would be the fusion analog of a coal fired
boiler. Cost advantages can be gained by eliminating systems such

as intermediate heat exchangers, tritium extraction, tritium cleanup,
radioactive waste control and remote handling. Potential environmental
advantages can minimize licensing and siting issues. These cost savings
can be used to a degree to offset disadvantages such as lower plasma power

density.



The proper determination of the potential of an advanced fuel cycle
requires a study of fusion reaction kinetics, including subtle effects
1ike fast fusion, nuclear elastic and inelastic scattering, Doppler
broadening of the energy distribution of reaction products, and the
fraction of slowing down energy given separately to the ions and electrons.
There are two new effects in the analysis of advanced fuel cycles
which have been investigated and found to increase the reactivity of
the cycles, to alter energy balance calculations and to affect predicted
Q values or ignition conditions. The first effect is the propagation
6 6Li reaction product,

in the cycles such as p-"Li. 3He, the energetic pt+

reacts with 6L1 and produces an energetic proton before slowing down;
these protons can undergo fast fusion again and propagate the reaction
further. The second effect is the enhanced fast fusion reactivity due
to nuclear elastic scattering. Nuclear elastic scattering of the energetic
fusion products with the background fuel ions produces additional
energetic particles which can undergo fast fusion and further
propagate the reaction.

The proton-deuterium nuclear elastic scattering cross section is
shown in Fig. 1 as a function of proton energy. The coulomb scattering
cross section has been subtracted prior to plotting the result. The

nuclear elastic scattering cross section is typically 1 barn or greater

when the incident energy is in the range 1 to 15 MeV.
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Fig. 1 The proton-deuterium nuclear elastic scattering cross section.



The average energy transfer per collision is large. For example,
counting only collisions which transfer 1 MeV or more, a 3 MeV proton
in a deuterium plasma with a 75 keV ion temperature js found to transfer
~ 30% of its energy to the energetic deuterons when the electron
temperature is 60 keV. This fraction increases to - 50% when Te is 100 keV.
The fast fuel ions produced from the process undergo fusion while slowing
down, thereby enhancing the reactivity and the propagation of the re&ction.
Figs. 2 and 3 show the fraction of energy transferred from fast alphas
and fast protons to produce energetic deuterons with an energy greater than
1 MeV. The effect for alphas at 3 to 4 MeV is smaller than for protons
at either 3 MeV or 14.5 MeV because of the larger coulomb cross section
for alphas.

The catalyzed d-d fuel cycle can be used to elaborate on the role of
nuclear elastic scattering and propagation enhancement. The major

reactions for this cycle are:

3

d+d (+ n (2.45 MeV) + Ae (.87 MeV) (1)

{—» p (3.01 MeV) + & (1. MeV) ‘ (2)
d+t > n (14.06 MeV) + & (3.5.MeV) (3)
d+3He » P (14.68 MeV) + & (3.67 MeV) (4)

The overbars denotes fast charged particles. Nuclear elastic events

such as
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;‘)+d->p+a (5)
G+d->aq+d (6)

promote fast deuterons from the background Maxwellijan distribution. A few

of the propagating sequences in this cycle are:

d+d-> e +n
d+d/—»;3+f MeS¥d-p+a
5y.a+p (7) pPFd~>d+p (8)
d+d-+p+i a@FTJi:’3He n
d+d-+t+p d+d->3F|e+n

\

T 9Sd->a+n 3He +d-+aqg+ 3

- (9) . ' (10)
atga*'a &‘H{a+a

A5 d>E+5p a(aﬁﬂem

As an example, the propagating sequence indicated in set (7) produces
fast protons. The fast proton promotes the deuterons oﬁt of the thermal
bath; the energetic deuteron then reacts before slowing down, producing
a fast proton, and so on. |

The inclusion of these effects increases the reactivity of the
catalyzed d-d cycle at Ti = 75 keV by 25% when Te js 50 keV and by 75%
when Te is 100 keV. The results are shown in Fig. 4. These increases
are measured relative to a standard calculation in which nuclear elastic

scattering and propagating reactions are neglected.
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A nuclear knock-on event also alters the fraction of energy given to
electrons and ions by energetic fusion products. The energy transferred
to electrons by various fast particles (a 4 MeV alpha, a 3 MeV proton, and
a 14.5 MeV proton) is shown in Figs. 5, 6 and 7 as a function of electron
- temperature. The dashed curve in each figure is the fraction of the initial
energy received by electrons when only the coulomb interaction is assumed.
The dash-dot curves in each figure give the analogous result when
both coulomb and nuc1e§r elastic scattering are included. Finally, the
solid curve properly includes the effect of fast ion production by
nuclear scattering and the subsequent slowing down of those jons with back-
ground ions and electrons, The background plasma in all cases is composed
of electrons and deuterium jons. The jon temperature is fixed at 75 keV.
While the inclusion of the nuclear knock-on effect results in small changes
for the 4 MeV alpha particle, a substantial effect is seen for both the 3 MeV
and 14.5 MeV protons. The effect becomes more important as the electron
temperature is increased. Accounting for both nuclear elastic scattering
and subsequent slowing down of knock-on jons, a 14.5 MeV proton in a 75 keV
jon temperature deuterijum plasma will transfer 79% of its energy to 50 keV
electrons compared to 93% when only coulomb scattering is assumed. At an
electron temperature of 100 keV, the percentage of energy transferred
to the electrons decreases to 51% compared to 85% with coulomb interactions
only. The effect is clearly important in a plasma energy balance calculation.
Overall, the net result is that lower nTg values are required to meet either

the Lawson or ignition condition for the catalyzed d-d cycle.
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I1. Charged Particle Cross Section Requirements for Advanced Fusion Fuel
Cycle Analysis

In order to properly determine the potential of each fusion fuel cycle,
the basic nuclear data for nuclei with atomic mass numbers less than 12
must be known accurately.

1. Required Nuclear Data

The nuclear data required to analyze advanced fuels include fusipn
reaction cross sectjons, reaction rate parameters such as <ov>, reaction
probabilities for fast fusion products to react with varijous elements in
the background plasma, and nuclear elastic and inelastic cross sections
to determine the energy transfer from the energetic fusion products to the
background ions and electrons, The reaction rate, R, for two reacting

species, a and b, is:
R = fdvaf dvb fa(va) fb(vb) o{u) u (11)

where R is the number of reactions per unit volume per unit time, fa and fb
are the distribution functions, o is the reaction cross section, and u is
the relative velocity, u = [v -V |. It is convenient to write R as NaNp<ov>,

where the density of species a and b (na and nb) are found from

n = [ f5 () dv, (i=a,b). (12)
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The reaction rate parameter, <ov>, depends on the form of the normalized

distribution funct'ions"\;,i (v;) = %_'fi (vs):
i

<ov> = [dV,f 47, , (V) F, (3,) o (u) u . (13)

If fi(Vi) is the Maxwellian distribution,

~ ms 3/2 >
Fi(v3) = (zmpp)  exp (-m,vi/2KT) (14)

the integral in Egn. (13) can be expressed as:

N 2 . u 1\3/2 —uu?
<ov> = 4n [ u“ du (2wKT) exp (?%T) o{u)u , (15)

o“— 8

where u is the reduced mass. Using E 1/2uu2,Eqn. (5) becomes

<ov> = /gﬁ_ () ¥/ T E o(E) exp (~E/KT) dE . (16)

The ion temperature in an advanced fuel cycle fusion plasma may reach
500 keV. One clearly would 1ike to know the reaction cross section,
o(E), up to an energy at least 4 KT (or 2 MeV in the most extreme case)
to analyze fusion reactions among species with a Maxwellian distribution.
In addition, nuclear scattering events between energetic fusion products
and the background Maxwellian can transfer significant energy (> 1 MeV) to
the struck particle thereby promoting it to higher energy where it is

typically more reactive. In short, cross sections are required not just to
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an energy of 4-5 KT but to the energy of fusion reaction products, The
p-6Li cycle is particularly useful to demonstrate this requirement.

The primary reactions of this fuel cycle are:

p+8Li > 3He (2.3 MeV) + a (1.7 MeV)

e + 6

Li - p (11.3 MeV) + 20 (2.87 MeV)
+p+ 8¢ (various nuclear levels)
+ d (.088 MeV) + "Be (.026 MeV)
Secondary and tertiary reactions include:
> n+ 'Be (,42 MeV)
> p (4.4 MeV) +7Li (.63 MeV)
d + oL >p (1.6 MeV) +t +a

- n + 3He + 0

2a (11,2 MeV)

+

He > p (14.6 MeV) + o (4.7 MeV)

+ 1+ SHe (.82 MeV)
d+d{
> p (3 MeV) + t (1.01 MeV)
d+’Be =+ p (11.2 MeV) + 20 (2.8 MeV)

d+t -+n+ %He (3.5 MeV)

5 > d(9.6 MeV) + a (4.8 MeV)
t + “He _
~>p+n+ta
34e + 3He > 2p (5.7 MeV) + o (1.4 MeV)
34e + Be =+ 2p (4.5 MeV) + 20 (1.1 MeV)
t+Be =+ p (4.2 MeV) + 20

d+ ‘Li > n+ 2d (2.52 MeV)

(17)
(18a)

.(18b)

(18c)

(19a)
(19b)
(19¢
(19d

— e SN

(19e
(20)
(21a)
(21b)
(22)
23)
24a)
24b)
25)
26)

I~ e o e e~ e~ e~

28)
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In addition there are at least thirty side reactions and thirteen 6Li + 6L1

]2C and neutrons.

exothermic reactions which produce elements from H to
Many of the fusion reaction products are energetic and may react with
elements in the badkground plasma prior to completely slowing down (fast
fusion or two-component fusion events). Including these fast fusion events
is crucial, particularly for cycles that are propagating. Some important

propagating fusion reaction sequences in the p-6Li cycle (the fast particle

has a bar over the element's designation) include:

p+%ise+a b+ 0+ Me+a
@fw 20 (29) 3H—e_{+5+a (30)
b+ %Li+ M +a b+ 0Li~> e +a |
B+6Li+3ﬁ'e+a 5+ 0+ +a
Me¥ OLi > a+ Be 31) T 1 3+ The (32)
a‘fﬁ/ﬁ)ﬂu a§+2a
p+ Li + e+ o p + 65 + e+ o

and there are others. See eq. 17-28 for the energies of the reaction products.
Nuclear elastic scattering of the energetic products with the background

plasma produces additional energetic particles which can undergo fast fusion

and further propagate the reaction. Therefore, the reaction cross section

for the various channels and nuclear elastic scattering cross sections are

required up to about 20 MeV.
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2. Status of Nuclear Data for Advanced Fusion Fuel Cycle Analysis

The literature has been examined through October 1979. A1l data for
a given reaction were examined for consistency. In general the uncertainties
or inconsistencies ranged from 10% to as much as an order of magnitude.
Cross sections for some of the reaction branches have either been partially
measured or not measured at all. In the reactions 3He-6L1' and d-7Be, for
example, recent measurements at ANL indicate that the total reaction
cross section may be 10 to 50 times larger than previously reported

3He with 7Be, the data is

values. For other_reactions, such as
nonexistent.

The status of nuclear data is summarized in matrix form in Tables 2,
3 and 4. The asterisk (*) indicates the reaction is important for fusion
fuel cycle analysis; the check (V) indicates the data for that reaction are
reasonably consistent; while the cross (X) indicates the existing data
are eigher inconsistent or have large error bars. References are given in
the parentheses. The numbers followed by MeV give the energy range over
which data have been measured. A literature search for nuclear inelastic
cross sections is in progress.

The data for several of the major fusion reactions will now .be examined

in greater detail.

(1) The d-d Reactions

d+d~>n+ 3He Q = 3.269 HeV (33)
d+d-+p+t Q = 4.033 MeV - (34)
Liskien and Pau]sen(46]) have summarized and evaluated the cross section

measurements for Ed = ,013 - 10 MeV. The data and evaluation are shown

in Fig. 8. This is adequate for fusion fuel cycle analysis.
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(2) The p-t Reaction

t+p-n+ SHe Q = -.764 MeV (35)

Cross section measurements have been evaluated by Liskien and Pau]sen.(462)

The angular distriéution measurements are inconsistent with one another.
Most of the integrated cross section measurements are within 15% of the

recommended values. Experimental values for Ep = 1.0 - 10 MeV are shown
in Fig. 9. This data is adequate for fusion fuel cycle analysis.

(3) The d-t Reactions

t+d->n+a Q = 17.590 MeV (36)
There has been only one measurement since 1960. The cross section measurements

(463) and indications are that a number of reported angular

have been evaluated

distributions are not satisfactory at energies above 5 MeV. Most of the

integrated cross section measurements are within 10% of the recommended

values. In general, the data is adequate for fusion fuel cycle analysis.
(4) The d-SHe Reaction

e+ d>p+a Q = 18.35 MeV (37)

There have been no measurements since 1960. A pronounced resonance occurs

at Ed = 430 keV with T ~ 450 keV. The experimental data disagree in the

neighborhood of this resonance (~25%). However, analysis by Ha]e(464)

suggests that the recommended values are very good. Thus, the cross sections

are adequate for fusion fuel cycle analysis.

3,, 3

( 5) The “He-"He Reactions

e + 3He » p + 2Li Q = 10.890 MeV (38)

Lp+a
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He + 3He » 2p + a Q = 12.86 MeV (39)

A study of the proton spectrum indicates that the reaction proceeds mainly
via a direct mechanism and the 5L1 channel. However, the branching ratio
is not firmly established, particularly at low energy.

(6) The p-GLi Reaction

6li +p+ e +q Q= 4.023 MeV (40)

The cross section measurements for Ep = .14-3 MeV by Elwyn et a].(]97)
appear to be definitive. The earlier measurements are inconsistent with
~One another as shown in Fig. 10. Cross section measurements for Ep =3 to
12 MeV have been made recently by Gould et a1.(198) The measurements for
E =62 to 188 keV deviate from an S-wave Gamow plot above ~130 keV.

1Y
(7) The d-6L1 Reactions

d+%i+n+ 7Be Q = 3.380 MeV (41)
> p+ L Q = 4.026 MeV (42)
+p+t+a Q = 2.561 MeV (43)
+n+He+o  Q=1.796 MeV (44)
> 20 Q = 22.374 MeV (45)

The recent measurements for Ed = .1 - 1 MeV by Elwyn et a].(2]4) are

definitive. Other measurements differ sharply with one another, even in

(

- recent experiments. 218) Cross section measurements for Ed > 1 MeV are

needed for a complete analysis.

(8) The 3He-PLi Reactions

61 + 3He > p + BBe(g.s.) Q = 16.787 MeV (46)
L 2a
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+ p + Bge(2.94)

[+ 20,
> p+ 88e(]1.4)
\ L 2q

o + SBe(16.63)

L 20,

> p + %Be(16.92)

L 20
8
+ p + "Be(17.64)

+

+-p+ 20

+~d + 7Be

> d + 'Be(.43)

7

- 2p + "Li

Q = 13.847 MeV

Q = 5.387 MeV
Q = .157 MeV

Q = -.1325 MeV
Q = -.853 MeV
Q = 16.88 Mev
Q = 14.91 MeV
Q = .1126 Hev
Q = -.31 MeV

Q = -.468 MeV

(50)

(51)
(52)
(53)

(54)
(55)
(56)

A measurement is in progress by A. Elwyn et al., at the Argonne National

Laboratory.(465) The earlier measurements are not complete. At least 5

nuclear levels in 8Be-can be excited.

It is expected that the reaction

cross section to all branches will be at least a factor of 10 larger than

those now known.

For example, at E3
He

g, = 10-12 mb for the 8Be(g.s.) branch, o, ~ 55 mb for the

= 3.5 MeV, Gould et al.

8

(245) measured

Be(2.94 MeV) branch

and estimated Op = 42 mb for the continuum breakup reaction, Elwyn et al.,

indicate values could be g, % 30-50 mb for the 8Be(16.63 MeV) branch,

7

o, = 20-40 mb for the 88e(16.9 MeV) branch and o, % 400 mb for the d + “Be

branch.
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(9) The d—7Be Reactions

There have been no measurements since 1960, since 7Be is .somewhat rare.
d + 7Be reacts via the same compound nucleus as 3He + GLi. Therefore, it
will have the same reaction channels as 3He~~+ 6L1 except for eqns. (54) and
(55). Since the existing data are only for the eqn. (46) and (47) branches,

measurements for each branch stated above are required. However, in lieu

of an experimental determination 0f 0, a standard 9-nucleon R-matrix calculation can
give good estimated values, provided that the cross sections of each branch

3He + 6Li reaction are given.

of
(10) The p- 1B Reaction

8

Mg 4 p > o + Spe Q = 8.590 MeV (57)

1.lB +p > 3o Q = 8.682 MeV (58)

The most recent cross section measurements for Ep = 0.08 - 1.4 MeV by

1.(434) appear to be definitive. There are 7 pronounced

Davidson et a
resonances in the range, Ep = .1 - 5MeV. The energy of the resonances,
the cross sections at each resonance peak, and the width of each resonance
are summarized in Table 5. The cross sections are uncertain above 2 MeV

and should be measured again.
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Table 5

v Parameters for p-]TB Resonances

M
Ep (MeV)

HOW N - -

172
.64
.39
.98
.62
75
.93

Cross Section at
Resonance Peak (mb)

28

800

180
133 - 132
200 - 347
200 - 348
130 - 210

Resonance Width

T (keV)

10
300
1160
100
320
1100
180
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111. Theory

The proper determination of the potential of an advanced fuel
cycle'requires a study of fusion reaction kinetics, including subtle
effects like fast fusion, nuclear elastic and inelastic scattering,
Doppler broadening of the energy distribution of reaction products,
and the partition of slowing down energy between ions and electrons.

The next sections discuss these effects in detail.

1. Slowing Down Theory

A typical fusion plasma temperature is in the tens to hundreds
of keV range, while the reaction products are in the MeV to tens of
MeV range. To treat the relaxation of the reaction products, the
rate of energy loss of a charged particle by coulomb scattering has
been calculated numerous times with varying degrees of sophisticationgl‘4)
It is necessary to take into account, for light elements, the nuclear-
force contribution to scattering. This has also been noted by Devanly

(1-5) assumed that charged

and Stein.(s) However, these previous studies
particle slowing down can be described by a continuous theory. This
approximation is valid only if the particle enefgy transfer per col-
lision is small. However, nuclear elastic scattering, large angle
coulomb scattering, nué]ear inelastic scattering and fast fusion re-
actions will transfer large amounts of energy which cannot be properly

described by the continuous slowing down theory. A better treatment

of the process is to use a continuous theory for the small energy
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transfer range and a discrete theory for the large energy transfer
range.

The smalﬁ energy transfer collisions due to coulomb scattering
are typically several orders of magnitude larger than other nuclear
reaction cross sections at small angle. However, in some cases,
nuclear-coulomb interference could be on the same order. It is
assumed that coulomb scattering and nuclear-coulomb interference are
the only sources of small energy transfer collisions. With adjust-
ments which will be described later, coulomb scattering interactions
can properly describe the slowing down time based on small energy
transfer collisions.

The average instantaneous rate of coulomb energy loss for a

particle, k, slowing down in a plasma consisting of several kinds of

particles j, can be expressed by the following two equations:(z’a)
PE, ¢ 408 I Vo -
“5r)e T (—m:)(VI) n; Le F(-u—e') z (59)
2 2 "
3E, ¢ - 8, L, F(vy /u,)
Ky _ dme’y Tk g Py tp TVV/Yy
'(5f—)i = m )(Vk) Ny Mg & my (60)

where the superscript ¢ refers to coulomb scattering and the sub-
scripts e, k and & refer to electron, particle k and ion species %.
Further, Z refers to charge number, m to atomic mass (a.m.u.), n; to
total ion density, B to the atomic fraction of ions in the plasma

and u to the speed of the thermal particle. The subscript j refers
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to either electron or ions and X5 = Vk/uj'
-x2
= - - . . J
F(xj) = erf(xj) (1 mJ/mk) X; e (61)
The coulomb logarithm, Lj’ is written as
1 2
Lj =7 en(l + AJ) s (62)
where the argument is given by the following ratio:
Aj = zD/boj classical (63)
= zD/kj quantum (64)

with %> boj and Aj being the total Debye shielding length, the cutoff
impact parameter and the center of mass wavelength in two body scat-
tering,respectively.

By adjusting the cutoff impact parameter boj so that only small
energy transfer collisions can occur and by adding a weighting factor

to take the nuclear-coulomb interference contribution into account,

the continuous slowing down theory can be described by:

2
9E, S 4 7
ky® _ (4me’y, "k Z
"(_a'i:—)e = ( me )(vk) n'i Le F(Vk/ue) yA (65)
B, S aret Zﬁ Ziez Ly WoFv/uy)
gy = GG ) myme 4 m, (66)

where the superscript S refers to small energy transfer scattering,

LE js the adjusted value of L2 (called small energy transfer
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logarithm), and W refers to the weighting factor which takes the

nuclear-coulomb interference contribution into account. Define

]

]-coseC 1-coseb
* = .
Lz ' Lz n (1-coseb)/2n 1-cos8 ) (67)
cosh S cosh c
w2 = J ¢ %%— dcose// J ¢ %%—-dcose (68)
cosed cosed

where 64 refers to the deflection angle (in C.M. system) correspond-
ing to an impact paramefer of Lns 6 is the cutoff angle for tra-
ditional coulomb scattering, and 8 is the deflection angle for
maximum energy transfer in the small energy transfer range.

Summing the two contributions, i.e., Egqs. (65) and (66), and
making the substitutions Ek = %-mkvi , ds = Vi dt, the energy loss

becomes related to the path length by:
-n, ds = dv,[6(v,,t)]" (69)
i k k*

where:

4 7z
4 K -
6(v,) = ( ;: )(mkvlsz )Ly F(v/u)Z +

2 (70)
ZBo LT Wy Fv/ug) ]
e m

L

Since the composition and the temperature may change with time, e.g.,

reactions are taking place in the plasma, the function G is time-
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dependent and denoted as G(v,t).

2. Reactions while slowing down

If a slowing down particle k can react with a background par-
ticle 2, with a cross section 052, then the instantaneous probability
per unit length that the reaction will take place during the slowing
down process is given by:

dP*R(vk,t)

k 1
ke kL v_k.j & o, (V1) [V V1F,(v,t) (71)

where fﬁ(v,t) is the distribution function of particle £ and the
superscript (*) denotes an instantaneous quantity. The instantaneous
reaction probability of a particle k about its velocity v, can be
expressed as |

£.(v,t) o, (1V,-V]). |V, -V]
P;z(vk,t) dv, = [ J v k2 k k

] dvk (72)
Vi hs G(vk,t)

The integration over the slowing down path can be converted to an
integration from the initial velocity Vi to the final velocity Uy

yielding:

(73)

R > > T >
R _ Vk > > fg’(vst) Okz(lV-Vl)IV-vl
Png(Vk'* ukat) = u dV {dv
k Von, G(V,t)

Since the particle k can react with one or more ions or react through

several channels the total reaction probability is given as a sum
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over all reactions and channels. The instantaneous probability then

becomes:

\ L F (0T TV 1TV
PE? (Vi) dv = { ] fdv i 1TV D] I} dv,  (74)
[ v, n, G(v,,t)
k i k

and

Rn, = > > >
- fo (Vs t) [Ty (V-v ) I|V-v]

R Vk >
Por{v,>u ,t) =7 [ * dV[fd
kT "k Tk 2y Vo, G(V,t)

k
The time-evolution of the full velocity distribution function
of the various ions cén be calculated by the expensive non-linear
Fokker-Plank method. However, a linear approximation, the multigroup
energy techhique, wf]] provide an inexpensive solution for the reac-
tion kinetics study. It is assumed that the velocity distribution
function is made up of a Maxwellian bulk with a small tail of ener-

getic particles and can be expressed as:

£, (vst) = £(v,t) + £,(v,t)

M
3

Maxwellian distribution function and the stripped distribution func-

- *
where fl’ f, and f2 refer to the distribution function, the
tion which represents the tail of energetic particles. The discrete
nature of large energy transfer events such as nuclear elastic scat-
tering, large angle coulomb scattering, nuclear inelastic scattering
and fast fusion reactions can also be fit into this scheme conven-

iently.
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3. The reactivity of a propagating reaction

The reactivity can be enhanced by the propagating effect in

the cycles such as p—6L1. The p—6Li cycle is particularly useful

to demonstrate the procedure to derive the power density formula

for a propagating reaction cycle.

In order to show the procedures for which the power density formula
of a fully propagating reaction cycle jg obtained, an overly simplified

case is to consider the reactions

p + 6Li > Bﬁe +a - (76)

She + OLi 5 + 24 -

The Maxwellian fusion reaction rates in this case are

2y = n]n6<ov>16 (78)
236 = n3n6<cv>36 (79)
3 6, . .
He, and "Li respectively,

where n., ns and ne are the densities of protons,

and <ov>'s are the reaction rate parameters. Let r36’ r16 be the probabilities

that fast 3He and fast protons produced by reactions(7e) and (77) will fuse with

6Li prior to slowing down. Then the total production rate of 3He is

a T
P, - 16 ~ %36 16 (80)

o 1]
+

1- %3616
The power output in this branch is P3Q16' The consumption rate of 3He is

bl 1|



%3663 000 - (81)

w
]

1-Tais

The power output in this branch is C3036’ where Q]G and Q36 are the nuclear

reaction Q values for reactions (/6) and (77)

The equilibrium 3He content is>found by setting P3 = C3 and gives

<ovie (1-T36)
] <ov§6 (]_f

n, = n (82)
; |

16)
By substituting Ny into the sum of the power output of the two branches,
one has the total fusion power density:

(0 6*03)

P (83) |

F~ 36

lar B 1}

1-TIg

The fusion power density formula in this case is cormosed of two parts.
The numerator is the power density formula of the conventional catalyzed

p-sLi cycle. The denominator expresses the propagating effect.

The power density formula for the more general case with reactions

p + 6Li > 3He (2.3 Mev) +

3 6

He + OLi ~ §11.2MeV) + 2

3

D + “He > p(14.6 MeV) + a

3 (84)
D+ D~ n+ “He(.9 MeV)

e
caen v St

D+D~*p (MeV) + 7

3 3

He + “He * 2p (3.1 MeV) + a
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is complicated. To distinguish fast protons, we have used different numbers
of overbars as in eqn. (84) The following notation is used in the power

density formula to follow. The probability of fast particles,a, a etc.

reacting with a thermal part1c1e b is expressed as T ab? ab’ etc. respectively.

The Maxwellian reaction rate is expressed as Ay be? where £ denotes the

branch the reaction takes. is the reaction Q value. We find for the

Upe
fusion power density,

316 *+ rpp Ty * 2(*’33""‘3221"33) 16 * (336*"322%6) 16 * 223016

FF = f = 16
"']'§(33]6 36 16" 3215) o
@ 255+ 815799 + 2350 33
, 26t 15 3 322 6+ — o,
1 - (F 33 16" 36 16 32r1s) 1 - (TgTyeTag 167 32%)

353 * a.|61’32 t 3359 ’"32 0

H

o3 * 33200300 +312%r22 . (89)

+

R T 32"16) |
The density of 3He and of D.as well as the fast fusioh ﬁrobabilities » must be
calculated in a self-consistent way.

From the partial balance equations, which take into account all the
reactions involved, one can solve for the equilibrium density ratio of
species in a fuel cycle. In addition, the energy balance equations and
the fast fusion probabilities are needed if the fast reaction events are

included. The p-6L1 fuel cycle is chosen to illustrate the problems

involved and the method devéloped.

The particle balance equations are cumbersome and it is convenient to

use the following notations
c

< > = <L >.

cab cab oVZip

Reaction parameter for reactiona +b > c +d

S (in cm3/sec)

where ¢ is a reaction product chosen to characterize the

reaction branch (channel)
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Sap = <ab> = I<c.ab> includes all of the branches
n_ 1
ER -2 = the ratio of the number density of specie a to the
S .
reference gpecie S.
- - ““ab :
GS.ap = (abcab) = YV 2 <cab> where &_, s the Kronecker delta,

\

= = ab
Gsab = (ab ab) Y4 2 ? <ciab>

GFScab = (abcab) = Gscab + all of the fast reactions due to the
= GScab + FSCab energetic a or b produced in the reactions
involved prior to slowing down.
| GFSab = (ab ab) = ? (abciab)

1

For p-eLi, the proton is chosen as the reference specie and we define

n nd n3 n.l.
the density ratios as Yy = FE'= 1, Yo oY = e Y Th?
Ye = —b s Yy < i Y, = —Be .| The ion temperature T, and y. will be
6 np L np 7 np i 6

specified in each run. The reaction rates of the major reactions considered

are denoted by:

(26726), (26L26), (26726), (26326) , (26A26), (22322), (22722),
(16316), (23P23); (36236), (36P36), {(33P33), (37P37), (T7PT7),

(27p27), (TTATT), (ZTA2T), (2LN2L), (T3213), (T31713), (T3P13),

(TLNTL), (3CP3L), (TL71L), (TLATL), and (TT3TT).

- The particle balance equations can be described as follows:

for SHe: (26376) + (22327) + (T6316) + (TT31T)
(2323) + (36 36) + 2(33 33) +(T3 13) + (37 37)
(3C 30) |

+

for D: (36236) + (T32T3) = (26 26) + 2(22 22) + (23 23)
+ (27 27) + (2T 2T) + (2L 2L)
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For 'Be: (26726) + (36236) + (TL7IL) = (27 27) + (37°37) + (TT17)
-------- e e e e e e e - - - - - (88)
For T:  (26726) + (22722) = (T7 17) + 2(TT 17) + (2T 2T)
+ (T3 13) + (TL TL) + (TT 17)
e e e R I (89)
For 'Li: (Z6026) = (ZL2C) + (TCTL) + (3L 30) + (TLID)
...................... (90)

Although equations (86),(87),(885,(89) ~ and (90) are coupled, the five
unknowns (73, Yps Y5 Y7 and yL) can be obtained from the five equations
for any Ti provided that the fast reaction rates are known. To calculate
the fast reaction probabilities, it is necessary to know all y values and
the electron temperature. To calculate Te’ one must have all vy values, all
fast reaction rates, and Te itself. A self-consistent iteration method
is developed to handle the task.

The self-consistent iteration method is a numerical approach to solve
for the various y values, all fast reaction rates, and Te self-consistently.
It consists of 2 inner iteration 1loops inside a master iteration loop. The
calculation is described briefly in the block diagram in Fig. 11.

The character of the energy transfer insures the convergence of the
iteration Tloop which yields Te and the fast fusionvprobabilities. However,
knowledge of reaction kinetics is required to insure the convergence of other
inner iteration loopsand the master loop. By design, only a few specific
physical parameters are inputs. For example, Ti and.y6 are the only inputs

required for the p-6Li case. The code first prepares all values of Scab
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(Iteration loop for equilibrium species
content ratios)

S

Particle balance equations (P(m-1))
(master iteration loop) G(m)
(Iteration loop for fast fusion probabilities and Te)
Fast fusion probability calculations (G(m), Te(m-l))
Energy balance equations (G(m), P(m))
P(m) & Te(m)
( J
1. Use the fast fusion probabilities of the previous generation

(denoted as P(m-1)) 1in the particle balance equations, iterate
and obtain a new generation equilibrium species content ratio
(denoted as G(m)).

Use G(m) and Te of the previous generation (denoted as Te(m-1)) to
calculate the fast fusion probabilities. Use G(m) and the fast
fusion probabilities in the energy balance equations to calculate
$ei )The iteration will yield a new generation value of P(m) and

e m 3

Continue (1) and (2) until G, P, and T_ converge to the degree
specified. &

Fig. 11
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for a given Ti’ sets all of the fast reaction probabilities and y's (except

Yy *® 1 and YG) equal to zero and sets Te = .75 Ti' The remaining first
generation y's are then calculated based on the above values. The calculations
continue according to the procedure outlined and yield consistent values of

the equilibrium species content ratios, fast reaction probabjlities, and

the electron temperature.

4. Energy balance

The ion temperature and electron temperature in an advanced fuel
cycle fusion plasma may reach 500 keV. The relativistically corrected
Bremsstrahlung and electron-ion rethermalization formulas must be used in
the energy balance equations.

Bremsstrahlung radiative power is given(7’8) by:

_ -15 -
P = 2.94x1071° 2 Zoe Te‘/2(1+n)(keV/cm3-s) (91)
vhere l
- 2 | | -

and the sum extends over all ion species. The relativistic correction factor

n is

n = ) +Z (] - (93)'

7 )
mec eff _ (1,+—e-7mc)
’ (o]

where moc2 is the rest mass energy of the electron.
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The electron-ion rethermalization power is given by

3x107 12 ( anjz)
P, = z (T.-T)6
R (94)
where & is a relativistic correction factor given by
6 ] 0-3 2 . (95) .
m ¢ ,
0 .
t 5. Doppler Broadening and Enerngoistribution'from{Nuc]éar Reactions -

The spread in energy of the fusion,reaction_products results from the
spread‘in energy of the co]]iding particles in the.center of mdss frame and
the translation of center of mass of the colliding ion pair. Let the
velocity relative to the 1aborétory frame of two species be V] and vz. The

total momentum P in the laboratory frame is

P=m V +m ]

y V= (mp +m V= (mg + mg IV (96)

1

where species 3 and 4 are products of the reaction. VC is the velocity '

of the center of mass of the reacting pair. Any radiation given off during
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the collision or during the compound nucleus state is neglected for the time
being.
The energy of the daughter particles (species 3 and 4) in the center of

mass frame‘aré>ré]ated to‘the énergy of initial particles by:

3

m
o cC_ .C
E3 + E4 = E]

1M

where E§ is kinetic energy of particie j in the center of mass and Q is the

(V-V%+q (97)

| —
3

+ E; + Q= EC + Q=

reaction energy. The energy of the fusion products in the center of mass

frame are related by the requirement that:

C C_ _ -> -
Py + Py =0=mls +ml, (98)
el o2 1, M2
B3 =2 Ml = 2 Ml g, U
= Ti G (99)
my 4 '
Hence the center of mass energy equation gives
c c oM c _
+ = + =) E_. = +
Ez+ By = (1 m4) 3~ B+ (100)
or m _
c _ 4 o 1)
Er= —— (E7 + Q) |
3 m3+m4
Since the energy of particle 3 in the center of mass frame is
c _1 2 _ My -
B3 =2 ™3 "o, (B Q) ’ (102)
one has
m
2 4 C 1/2
Uy, = [=— - (7 + Q)] . (103)
3 mq m3+m4
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Hence, the energy of particle 3 in the laboratory frame will be

a—

E, = > mV2 =

\ = %-m3(U§ + VS t v U, cos8) - - -
where 0 is the angle between Vc and 33.
The angular distribution of a reaction in the energy range

could be isotropic in the center of mass frame (such as for the

or anisotfopic (such as for the p—sLi reaction.  See Fig.]Zl)

(104)

of interest

D-T reaction),

-We can rewrite equation (104)in terms of the initial state and the

final emission angle 0 as

g ) ) o
Ey = 5 ma(Us + V. + 2V _Ujcose)
2
, mV. + mV m.V +.m v
=lm@+lm(1‘ 22y 4 |0 T2
2733 my * My 3| my+my

43 (m +m2)

o+

27172

‘where £ is the angle between the velocities V] and 72.
m4 Ec
m3*m,

The term in equation (105) represents an additive

(E +Q) + ———————7? Dn E +m2E2 + 2(m1m2E.|E2

2
U3cose

)]/ZCOSEJ

2 e 2 1/2 1/2
a;;ﬁgim]E1 +moE, + 2(m]m E.E,) "/ “cosE] [m3+m =2 (£%4q)1" “cose

- - (108),

contribution

that is typically on the order of a few tens of keV's for D-T Maxwe]11an

reactions. It can be on the order of hundreds of keV's for p

-GLi Maxwellian
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14 -
—_ Ep =1.29 MeV
N 12
c
0
o 10
@]
| -
2 8
4
T 6
bla 4
el
2_
] | }

oL 1 1 1 1 1 1
O 20 40 60 80 100 120 140 160 180
8 (degrees)

Fig. 12 Angular distribution of the p—GLi reaction

cross section
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reactions. In addition, the variation of EC is roughly eqdal to the width
of the reaction crosé sectidn. The contribution from the motion of the center

of mass,

m . :
————£L+7? Dn]E] +m,E, + 2(m] 2E]Ez)]/zcosa} (106)

272
(my+m,, )
ranges from a few keV to a few huhdredvkev. The major spread in energy comes

from the term

_2

1/2
+m E,))

2E1 P cosg]]/z[

[m E + m,E, + 2(m (E +Q)]]/2cose

22 m3+m4

...... (107)

™

- since this term is proport1ona1 to the product of the relative velocity of the

reaction products and the translational velocity of the center of mass.

o If there is radiation-given-dff dﬁring thé coTlision‘or during the
-compound nucleus state, ‘the energy of part1c1e 3 in the laboratory frame can

be expressed as in equation (105)provided that E +Q is replaced by E€ +Q - E s
where E is the radiation energy g1ven off.

In order to der1ve the energy distribution function of the react1on

products, ]et us consider the ion spec1es 1 w1th number dens1ty n] and
| velocity distribution f (V ) reacting with ion spec1es 2 with number dens1ty
n, and velocity distribution functxon’fz(vz). The reaction rate per un1t

volume for a process with reaction cross section c(lV]4VZI) is

_ 3> .3 > >\ > "-»_
R = nyn, [d™V,dV, . (V) (V) [V, - Voo (IV; - V,]) (108)
The energy distribution of the reaction products with mass my and energy

E3 can be expressed as
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“dR . 3> 3 - o > v 1do
= g JdT VL V), (V,) [V - Vo=
dE , dE
3 3
_ 3 3 > do d@
= ] ?_fd V]d sz](V])fz(Vz ] i dE3—
= 00 fa . d%,E ()F,0,) [T, |d° =d{coso)do

3

2un,n, fa%, a3 F (006, (00T, - 1,182 (- d—%%ﬂ) (109)

_ The term %E— (cose)Acan be found fromAequationv(105)ahd therefore
dr
dF.3

used for both elastic.and inelastic scattering prdcesses.

can be calculated, provided gg— is given. Eq'uati‘on(109i can also be
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Iv. Advénced fuel cycle burn kinetics code

The advanced fusion fuel cycle analysis requires a time depend-
ent burn kinetics code to follow the many reactions that can be in-
volved, including subtle effects 1ike two component fusions, nuclear
elastic and inelastic scattering, Doppler broadening of the energy
distribution of reaction products, and the fraction of s]owing down
energy given separately to the ions and electrons. In addition, ad-
vanced fuel cyb]es are likely to operate at ion temperatures approach-
ing 300 keV and electron temperatures in excess of 100 keV. As such,
a careful calculation of relativistic bremsstrahlung losses and of
synchrotron radiation is required.

The next sections describe existing fusion burn codes and modi-

fications we intend to develop.

1. _ Oyerview of the State-of-the-Art

The burn codes developed to date have all been specialized to answer
specific questions about the burn dynamics under rather simple burn conditions.

(1) - The University of I1linois

Some six different burn codes (Table 6 developed at the University of

3He. Most of these

o : N
I]]1no1s are focuseé ) on fuels containing D, T and
codes are designed for the analysis of steady-state burns. Start-up scenarios
can be examined using the "start-up code" but here again the scope of reactants

is 'very restricted.
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3

CODE Tokamak Bumpy " SAFFIRE A-FLINT Startup Startup
CHECKLIST Global Torus . (FRM) {pellet) (FRM) {Tokamak)

-Fusion Reactions Cat D, D-He? | 0-T, Cat O | 0-T,D-D, D-T, all D-D y Cat 0, O-T

. 0-0

included D-Hed breedery| D-He3 /| Cat D, D-He3V/

Time
dependance ‘ \/ \/

Heating and
refueling model

Bremsstrahlung

Cyclotron

Diffusion & Conduct

<l
S o A

< <
< <
<

Enerqy dep. from
fast fusion products:

Coulomb \/ ' \/ \/ : \/ )/

Nuclear

<l
<]
E <

Fusion Multip.

Applications:
Burn Dynamics vV ' A L Vv

Spectrum of power \/

g

Documentation

Availability .

Running Cost y v

Documentation

& Availability of :
Results . V!

o lere | et

Interest in
generating new

<. < < i<
<
<.

results . | Vv ' v

Table 6 - Checklist of Codes, Modelling Fusion Approaches
(University of IT1linois)
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(2) The ECF Code

(2) o
The ECF Code at Oak Ridge is now capable of handling over 30 different

fusion reactions. In handles fusion power multiplication from fast ions and
nuclear elastic scattering as linear proceSses. The relaxation of fast
particles by Coulomb or nuclear elastic collisions is’treatéd assuming

the background thermal plasma to be stationary during the s]owing-ﬁdwn

of the fast particles. This is not appfoprjate‘in thosg situations in which
the evolution of thé plasma parametefs is faster than the relaxation times of
fast particles. The code is however adequate for establishing the conditions
of a mild steady-state thermonuclear burn.

(3)..  The FOKN Code

The FOKN Code(3;451 developed at LLL, is the only fully non-linear burn
code. This code so]vesvfor the time-evolution of the full velocity distribution
function of the various reactants. The linear approximation, i.e., the
assumptions that the velocity distribution function is made up of a Maxwellian
bulk with a small tail of energetic particles is dispensed with. The full
defai]s of the time-evolution of this distribution are also avaiiab]e which
makes possible the exploration of intense thermonuclear burné and rapid
startfqp scenarigs. This code also includes the details of the effects

of nuclear elastic collisions, synchrotron radiation and bremsstrahlung

-on the shapes of the distribution functions.
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The major drawbacks of this code are:

3

The level of its detail makes it very expensive to run.
The reactions associated with lithium and beryllium have not

yet been included.

(4 ) The University of Wisconsin Code

The University of Wisconsin Code(s), a blend of the Oak Ridge
ECF and the Livermore FOKN codes, treats all of the reactions in-
cluded in the ECF code and more. The slowing-down of fast particles
is handled by a linear multigroup technique which allows an inex-
pensive modeling of the time-dependence of fast particle slowing-
down processes. At the high energies that fast fusion products
normally have, energy diffusion is usually not too important and can

be ignored.

(5 ) Summary

The preceding summary review of existing codes'suggests that, for
greatest accuracy regardless of price, the most reliable approach to an
advanced fuel burn code is to expand the Livermore FOKN code which a]reédy’
includes most of the relevant physical effects but does not yet include
reactions involving Tithium and beryllium. Such a code would be invaluable
in refining the conclusions of simpler and less expensive codes which already

include most of the relevant reactants and fusion reactions.
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The Oak Ridge ECF Codes are the most appropriate ones for near term
exploratory work. Results from this code should be firmed up by an
expansion of the University of Wisconsin Code which when completed will be
intermediape in physics content between the ECF and the FOKN codes.

As noted earlier, such an expanded code will allow a more reliable analysis
~of fast start-up scenarios at a cost still much smaller than the FOKN Code
would allow. The expansion of the Wisconsin Code is proposed in the next

section.

2.7 Outline of the Proposed Advanced Fuel Cycle Burn Kinetics Code

In this sectioﬁ, we describe in some detail the features we intend to
develop for inclusion in an advanced fuel cycle burn kinetics code. As part
of out present work, several features have already been developed. We will
indicate where work has either begun or is completed and where future work
is required. To i]]ustrate'yhy various features of the proposed céde are
required, we will use the p + 6Li cycle as the particular example.

Primary Reactions

p+ i+ he (2.3 Mev) + Me (1.7 ev) (1109
e + SLi  » p (11.3 Mev) + 2%e (2.81 MeV) am
4 D (0.4 Mev) + TBe (0.1 MeV) | (112)

+ p+n+Be (113)

Secondary and Tertiary Reactions:-
+n+ 7Be (.42 MeV)

+p (4.4 MeV) + TLi (.63 MeV)

Li +p (1.6 MeV) + T + “He (114)

+n + 3He + 4He

D+

+

2%e (1.2 Mev)
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D+ SHe —— p (14.6 MeV) + SHe (4.7 MeV) (115)
> n+ SHe (.82 MeV) (115)
D+ D
c+p (3 Mev) + T (1 MeV)
D+ 'Be —— p (11.2 MeV) + 2%He (2.8 MeV) (117)
D+T — n+ YHe (3.5 Mev) (118)
5 > D (9.6 Mev) + “He (4.8 MeV) (119)
T + “He 4
+ p+n+ He
3e + SHe ——— 2p (5.7 Mev) + “He (1.4 MeV) (120)
e + TBe ——— 2p (4.5 MeV) + 2%He (1.1 MeV) (121)
T+ 7Be ——— p (4.2 MeV) + n+ 2%He (1.1 Mev) (122)
D+ i —— n+ 2%e (2.521 Mev) C(123)

In addition there are least thirteeen 6Li + 6Li exothermic reactions which
produée all elements from H to ]ZC and produce neutrons. Many of the fusion
reaction products are energetic and may react with elements in the backgrotnd
plasma prior to comp1ete‘516wing,down (fast fusion or two-component fusion
events ). In¢luding these fast fusion events is crucial, particularly for
cycles that are either propagating or chain events. Some important fast fusion

reactions in the p-6Li cycle (the faét particle has a bar over the element$

designation) include:
Li »3He + \
\

t

34e + OLi + P + 20 (124) - He + D~ P + (125

p+Oisdhe+a p+®

w

§+6L1'+3}Te+cx §+6Li+3ﬁé+a
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D+ "Li P+ Li
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P+ 6 He
Li » e + a L1 -+ He+a
3 65 o0+ e e 65+ 0 + “Be
6 7 (126) / (127)

P+ "Li + “He + &

+ Be +~ P+ 20

z”””"

P+ L1 -+ He + a

. fast fusion products.

may at some time be influential.

»

and there are many others. As such, there is a high premium placed on the

very efficient numerical approach to the treatment of slowing down’of
We have developed such an efficient procedure for
implementation in the code.

With so many reactions involved, other subtle issues arise which we should
point out. In general, it is difficult, a priori, to establish a criterion
for the inclusion or rejection of a particular reaction channel. First,
while the values for <ov> aﬁd Q are known, the density of each specie in the
plasma is not known. Thus, the fusion reaction rates are unknown. Second,
the tehperathre may vary widely during a burn, so that almost all reactions
For an initially self-consistent model, all
reactions with comparable <ov> or <ov>Q values should be incorporatéd.’ Only
parameter studies at a later time will determine whether specific reactions
are important in the simulation process. At that point, those which do not
affect the results in a significant way will be eliminated.

Another issue involves the techniques used‘td handle a probliem with so
many reaction channels and associated time constants. Two standard approaches are:

(A) Write many small codes, each of which solves a specific, limited problem.

This is inconvenient since there may be many combinations of reactions of
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interest. This approach makes it difficult to perform parametric studies
which are required since the inclusion or deletion of a particular reaction
channel requires that a new code be written. The University of I1linois
burn code has been of this type.

(B) Write one large code incorporating all possible reaction
channels in such a2 way as to be selective with respect to which reactions
are included for a particular case. This approach poses a severe problem.
with respect to execution speed because the straightforward approach is to
set switches in code to include or ignore certain se]ected reactioﬁs. This
is usually accompliéhed by meens of costly "if" statements. Sihce'z]OG
evaluations mey be required per fun; the time spent trying to speed-up the
code by selecting reactions may actually make running time longer. Because
of the exechtion time essociated with "if" statemenﬁs, the two codes which
currently incorporate "all" possible reactions (namely the ECF code at Oak
Ridge and the FOKN Code at LLL) calculate each reaction channel without
any selection seheme; The exeuction time of teese codes_cah‘be excessive 4
and they do not easily lend themselves to parametric studies.

A solution being pursued by U..-Hadison code involves the use of
certain compiler characteristics to replace "if" s%atements. This can lead
to a fast flexible code which can be used for both simp]e-problems and the most
complex. Using these features of "intelligent compilers", the U.W.-Madison
simulation code can be made>very general in scope and fast in speed. In

addition, the same compiler characteristics facilitate the required parametric

studies.
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With this background, the general features to be included in such an
advanced fuel burn kinetics code will be described in the next section.

(1). - Basic Equations of the Point Kinetics Burn Code

The bésic equations are the particle balance, the energy ba]ance,’the
fusion reactions induced by energetic partic]és, the slowing down of fast
particles by Coulomb and nuclear elastic collisions and Doppler broadening
effects. Since particles are present with energies from thermal to the
initial energy of production, the most efficient approach to handl{ng the
dynamics is to empldy a multigroup energy technique.  This approach has
already been implemented in a limited way in the present versionvqf ourléode.

Particle Balance

The evolution of the density of a given specie: j is

ol o
| =3
"

beam source (if any) + slowing down rate from fast adjacent group

.+ production rate from nuclear reactions

.s]owingvd0wn rate to next adjacent group

consumption rate in nuclear reactions.

confinement loss

where j = 1, 2, 3, . . . represent, for example, e , p, D, T,,3He, a,‘sLi,

7Li, 7Be,- etc. In this multigroup approach the particle balance is affected
by the energy balance deﬁai]ed next. The fusion production and consumption
rates also must be averaged over the energy populations of the other reactants.

Energy Balance

The dominant slowing-down process is by Coulomb scattering and the energy

loss rate is given by
2 : 'V
2 2 Zj Nj n Aj F(V ;

M. V.
J J

dE _ 1/2 ,Ze .
dt (&n) (41r€g § (128)




V.,
JE R ] L J)‘V/V (129)

E, M, A, and V are the energy, mass, atomic number, énd speed of the

fast particle whereas nj, Tj, Mj’ Zj and Vj are the density ,

temperature, mass, atomic number and speed, respective]y,-of the background
plasma specie. Nuclear elastic and ine]astic_scattering reactions are also

important and are included in the multigroup approach as

[«
=
=
n

gain through scattering

|

(=%
ot

nuclear

loss through scattering

t. Ek E.

j o
dtévde [ nV Moh

ko jo . - |

e
- 2 £ dt [ = f(Eg)dEs [n ¥, ki (EysEg)dE;

(E E-)dE.) f(E.)

dat ARt i

1}
e I
Q™

aEko._

As is done in the FOKN code, these scattering terms include multi-
dimensional integrals which can be evaluated once as transfer matrices prior
-to. a computational run and tabularized.
| The evolution of fhe temperature of the thermal background is obtained

from the equations

g— (g- T ) = heating rate by fast particles (Coulomb and nuclear)
- heat loss to electrons
- confinement losses (2 Z—J—JO (131)

TEj

d (3 _ . .

a{(E-neTe) = heating by fast ions .
- confinement losses (%——ELSJ (132)

TEe

- radiation losses
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At present, radiation losses from the electrons include the standard
relativistically correct est1mates for bremsstrah]ung as we]] as a crude
model of synchrotron radiation losses. The latter is difficult to do
accurately but a black body level up to a critical harmonic number should be
adequate pending more accurate results of a geometry dependent calculation
proposed elsewhere. |

(2). Treatment of Fast Fusion Events

The fast charged particles undergo coulomb collisions with the background
plasma. The energy of the particle is lost to the cooler target and
the expression for -the rate of energy loss is given in eqn (128) Let

(|V - V |) be the reaction cross section for a fast charged part1c1e of

ve]oc1ty V ona background p]asma spec1e j of velocity V Assuming that

the background plasma specie j has a velocity d1str1but1on f(V ) and that
_j'f(Vj)d‘?"’j =1, the probab111ty of a fast particle s]ow1ng down from E +1

to El and.react1ng with plasma specie j is given by:

f"njlv- .|c(|’\7- 5 V(T a3y, 9t e . .. (133)
k] dEf f 4 e
where Ef = JéMV2 and dfi is the total rate of energy loss of the charged part1c]e
via coulomb collisions. The integration of the reaction probability involves
dE

. the evaluation of dtf which depends on Ef, n., T and T (espec1a11y Ef, n

and Te). Therefore, it must be performed at each time step (of the calculation
of the density energy balance equations).

A fast particle can undergo any of a large number of different reactions;
eg. B+D>n+ e, D+DP+T,D+Ton+a, D+ He>Pra,
D+ 6L1 + 2a, D+ 6L1 +P+T+a, D+ 6L1 > n + 3He +o0, D+ 6L1 +n+ He +a,
54 6i>p+7i, 0+ n+ TBe, D+ Li, D+ Be, etc. Including the

fast events is crucial, particularly for cycles that are either propagating

or chain events.

Loy g NS S N R O L T PR B A LR R O

LR DR,
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For these feasohs;'it has been thought that an advanced fuel cycle burn
kinetic code would be prohibitively.. expensive if one calculates fast fusion
probabilities to the required accuracy. We have developed a method around
this difficulty. .. | .

The reaction probability is

Reaction probability E
. . - (3 kY] +:>- - 3> t .
for particle slowing = [ njflv leo(lv Vj[)f(vj)d v, o, dE

a.

down from E2+] > E2 E£+]
K | - :
- > 3> > o> - 3 dt
= n, I -V, <V f(V.)d V. |-— .
n; kﬂ[flvk leo(jvk vJ) (vJ) ‘vJ] £ . AE  (134)
ek

S e ) L one 2 1
where AE = —x > Ek = Ez + kAE = 5 MY

After tedious algebra, it can be shdwn:that'if f(V) is the Maxwellian distribution,

then .
: i ' > &> > > 3>
SVB(E,) = <ov> = [lvk-zjlo([vk- Jl)f(vj)d (]
2W.e o . . (135)
= -J*——'f xzéxp(—x-)sinh(2ux)o(ij)dx
Tu o ‘
where u = V, /M., X = |V, - V.|, W, = [2XT3
' K""3? k38
J

It is clear that <ov>, is a function of Ek and Ti' Fortunately,
it is relatively insensitive to Ti' We can also define
AE

N i (136)
At(Ek, Ngs Te) I




T

e

This function is very sensitive to Ep» Mg and T,» but is not sensitive to
the ion temperature, or density. Using these expressions, eqn. ~(134)

becomes

x

n.

; SVB(E,) at(E,, T.» n,) | | }(137)

>
[ ot 2

1
Bty - Ey

with E, = El + KkAE, AE = % .

k
From the preceding discussion, it can be seen that there are three

independent quantities to ta]cu]éte: (1)_nj,'Which is given by the partic1e
balance equation at each time step; (2) SQB(Ek), which is relatively constant
in time and can thus Be calculated once for many time steps; and (3) At,
which has to be cé]cu]atedvin.each time step. Since.it has been shown that
the reaction rate can be considered to be indepéndent of the rate of energy
1055; the caicu]ation'will be much simpier, and can be.done at an accéptable

computing cost.

3. Status of Present Wisconsin Advanced Fuel Cyc]e Burn K1net1cs Code.

The UW code can handle up to 39 dlfferent Maxwellian fast fusion
reactions. The code includes: (a) main and control subroutines; (b) subroutihes
to solve particle balance.equatiohs; (c)'subroutines wﬁichhcaICulate”f$$t
fusion probabilities and the slowing down time of fus1on products; (d) subroutines
to solve the energy ba]ance equations; (e) subrout1nes to store the results
and print out the output; (f) a subroutine to p1ot the output. In addition
a special command has been used to allow fortran statements té be inserted
into the code such that one can easily set up the cases for study by following
the instructions step by step as stated in the subprogram to change the
fortran statements in that subprogram. The special command will then insert

the appropriate statements in the proper place in the program.
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A block diagram of-the céde as 1t exists with_the'additions to be made
" is shown in Fig. 13. Among these subroutines, .the more important are:
- (&) Main and Control Subroutines:
ASVFUL, SETUP, CALCUL, BLOCK, STORE, PRNOUT
.(b) Slowing down and fast fusion of subroutine
SLODON, TWOCOM, SIGMVB, GETCS, XSFORM, SXP7LI, XSP6LIL, -NIROOT.
(c) Partlicle Balance Equation Subroutines:
CALCU, EQUA, KUTTA, SIGMAV
(d) Energy Balance Equation Subroutines:
FI, BEAMRF, GETSET, PTIEQT, PTEEQT, TIEQTN, TEEQTN.
- (e) STORAGE AND PRINT OUT SUBROUTINES: B
STORE, ELT, PRNOUT, TABLE
(f) PLOTTING SUBROUTINES:
© RECPLT, PLOT, SPPLOT

The presentYVersibn of the code is written in Forthan‘V ahdvoperatés on the
UNIVAC 1110. | R

A Se]f-consistenﬁAsteady state version of the code has already been
jmplemented to search for the equilibrium content of the'various‘speciES .
in a steady aévanted fuél'cyc]e burn. A self consistent method has been

65 fuel, p-D-Li fuel,

“derived to calculate the equilibrium contents of p-
etc. for various approximate treatments of the p—6Lj cycle. The code
successfully gives the equilibrium contents of the fuel, calculates the
relative power density, neutroh production, average_neutron energy ahd so on.

We can then search for the self consistent electron temperature, given Ti’



-76-

BLOCK DIAGRAM FOR ADVANCED FUEL CYCLE BURN KINETICS CODE

Set up

|
ADVFUL (main) |
j - o em—
Y Y N - : J
g .
Calculation Store . print Plot
, KUTTA - R . - ’
~Y | (control the | - .
time step)
-\/ F ) | L.; e
- - N o . S X= sIGMV
T iL e <TV> - e
) Maxwellian =€ — — — — = 7 o = == iR
- -.{' reaction > . i
! . rates d Energy
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. scatterings ’ equations .
' S R Erai 1 ————
' Slowing g;w? R r¥ia nuclear - : {‘energy distrib.
r-ﬁ>-—' ;ate © ¢ — elastic 4 >~} of fast fu- | [
ast lons scatterings - : | sion productk
o || eewsemmems )] [ shon Product
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I ' Via nuclear : o ;
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i || Fast fusion] - ' ! equations
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i ]
L Ti &v?e

densities of particles

1 more reactions will be included

' . code will be developed

Fig. 13 The Wisconsin Advanced Fuel Cyc]é Burn Kinetics Code
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to determine:a‘so]ution cohsistent'with'electrdn drag'and'bremsstrah1uhg
losses to calculate the ratio of fusion power to radiative losses. A'number_‘
greater than one imﬁ]iés'ignitibn at infinite nt. We can then determine the
energy emplification fecior as a function of nte in equilibrium.

4. Outputs/Sﬂmmgrxf .

The most important outputs of the code are the time historyvof the
density and energy of the various species. The level of radiatien Iosses,
charged partic]e losses, ash remova],_as well as the neutfon emission
(and its spectrum) are a]so'important outputs of the calculation.

The development of this code is now underway at the University of
Wisconsin. It is a substantial bookkeeping task in which the reliability

of each component calculation must be'checkedvcarefuily.

When comp]eted th1s advanced fuels fus1on dynam1cs code w111 be a
complete, zero d1mens1ona1, t1me~dependent treatment of burn k1net1cs it |
w111 provide a: reasonably ‘inexpensive means of quant1tative1y eva]uating
‘advanced fuel fusion and making a reasonable select1on of the most prom1s1ng
confinement concept in which an opt1m1zed fuel mixture can be brought to

1gn1t1on and produce power.
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V, Preliminary Results of The Advanced Fusion Fuel Cycle Analysis

and Proposed Studies

The effect of propagation and large energy transfer collisions
has been shown to bk important not only for the catalysed d-d cycle

described in chapter I, but also for many other cycles such as'p~]]B,

p-8Li , d-3He , d-5Li.

For thé ps1]B reaction, the resulting increase in < ov > due to
propagating and large energy transfer effects relative to the Maxwellian
averaged value is shbwn‘in Fig. 14. When this is included in an energy
‘baIance calculation, it is fohnd that the p-11B cycle can ignite if the
losses are due solely to bremsstrahlung (as opposed to previous studies
(]'B)Which'neglecting these effects showed the maximum Q is less than 3).
Using appropriate relativistic fofmU]ae for bremsstrahlung and electron-
ion rethermalization, the results are summarized in Tabie 7. Thus, by

including propagation and large energy transfer collisions, the prospects

for a minimum neutron production cycle have brightened.

Table 7

Power Balance for p-]18 Cycle

- FUSION POWER Q= FUSION POWER

T.(keV) T (keV) M = INPUT POWER
1 e BREW. POWER NPUT PONER

200 135 0.83 4.88

250 150 1.00 =(Ignition)

300 160 1.18 w(Ignition)
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Since we have seen, by the previous example, that the effects
of propagation and Iange energy transfer collisions are important, we
propose developing a model for advanced fusion fuel cycles which
incorporates the relevant physical processes in order to evalute the

potential of advanced fuels in future fusion devices. We will

1. Investigate how much these processes affect nt requirements
for Lawson and ignition conditions or the energy multiplication factor
Q, using several models for energy containment time.

2. Utilize the time dependent advanced fusion fuel cycle burn
kinetics code to investigate optimum fuel mixture, energy amplification
factors, neutron yields, nte requirements, startup scenarios, ash
removal requirements and sensitivity of the burn dynamics to data

uncertainty.

References for chapter V
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