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FOREWORD
This interim report was submitted by Larry T. Cox, Jr. documenting work
he performed while working at the Air Force Astronautics Laboratory (AFAL),
Edwards AFB, CA. AFAL Project Manager is Dr Frank Mead.
This report has been reviewed and 1is approved for release and

distribution in accordance with the distribution statement on the cover and on
the DD Form 1473.
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INTRODUCTION AND SUMMARY

The Air Force Astronautics Laboratory (AFAL) is exploring the feasibility
of fusion-powered propulsion and is continuing to play a vital role in the
push for its development. A 3-year study entitled “Fusion fFuel Cross Section"
is now underway at the AFAL. For this study, cross section data for advanced
fuels is being collected and & computer program will be developed to utilize
the information in an extension of the results obtained in the “Barn Book"”
[Ref. 1]. During the study there will be interim reports published to show
progress and to provide up-to-date information with a final report published
at the end of the study.

This interim report builds on the earlier work of Jim Pass [Ref. 2] who
assembled a bibliography of all known thermonuclear reactions involving
reactant particles up to and including B (Boron-11). In this report the
neutron-induced reactions have been eliminated. In later work, reaction
specifics including cross sections, reaction parameters, and curve-fit
equations will be compiled, developed, and tabulated for the reactions.
Throughout the study conclusions will be made concerning which data are most
accurate and which reactions seem to be the best candidates for propulsion
fuels, thus giving researchers an idea of where to focus their work. The
reports which evolve will serve as valuable references for anyone studying
advanced thermonuclear reactions and their respective characteristics.

Many reasons justify Air Force interest in advanced fusion propulsion.
In particular, the limits of chemical systems are driving factors to search
for a new alternative. Several aspects of fusion push for its development.
These include high specific impulse (1500 to 10,000 seconds), limited neutron
and gamma-ray production, high thrust, and environmentally safe exhaust
products. Such possibilities will enable space missions never before realized
and will greatly enhance or make more efficient current Air Force missions.

This report includes reaction lists which have been cross-referenced
extensively to insure accuracy. Cross section data have been compiled to
produce plots for some of the reactions viewed as promising because of
negligible production of harmful radiation. An assessment of the data which
is currently available for each of these chosen reactions is included.
Additiona!l data will be continually collected for all the reactions listed.
Ultimately the final report will include comprehensive information for each
reaction.




Compiling the reaction list invelved o re-examination of most f the
references used in the earlier report (Ref. 2) ss well as » detailec
fnspection of additional thermonuclesr resction references. If a resction
listed in the e¢arlier report could not be found in aveilable resources, the
dource referenced in the eartiér repott is referenced once again. As
additional sources become availsble in the future, the reactions in question
Rill be checked for their accuracy. The seestch for, and interpretation of,
cross section dets involved contacting fusion experts at various universities
&nd national laboratories. 7Tuwo national \sboratories were of particuler help
in this effort. Brookhaven Mational Laboratery [Ref. 3) provided access to
fts huge nucléar cross section dats file, and Los Alamos National Laboratory
fRef. 4] contributed its latest cross section deta, which waes fitted using R-
Watrix analysis. 1In addition, the Fusion Studies Laboratory of the University
of Itlinois at Urbens-Champaign was timely in sending up-to-date datas for the
Re“-He” reaction.

Some interesting developments have emerged. Differences between
previously published data and the datas available here are presented, and otaer
notable points are discussed in the section entitlied “CROSS SECTION NOTES AND
SGRAPHS."™ An assessment of the available doate and recommendations foer further
research accompahy it. Future afms of the study are roughly outlined as well.




THERMONUCLEAR REACTION BIBLIOGRAPHY

On the next few pages are ligts of possible fuels for fusion propulsion
systems. Neutron-induced reactions have been excluded from the bibliography,
as the aim of this interim report is to look closely at cross section data for
a few hopeful reactions. Later in this study, a report which includes the
neutron-based reactions may be published as a tool for determining the
constituent reactions of a fuel cycle. Until such a time, consult the earlier
bibliography {Ref. 2] for this information. Neutron reactions are also
documented in other sources, such as S. Flugge’s work ([(Ref. S1].

BACKGROUND

Since the 1950’s, no large efforts have been made to discover
thermonuclear reactions in the isotopic range between H1 and 511. Thus, the
works of S. Flugge [Ref. 5] and others remain important sources to this day.
Current efforts exploit these known reactions, but do not attempt to find new
ones. Thus, the compilation presented here should not be viewed as complete.
There may be additional reactions remaining to be found, and increased
interest in fusion may lead to their discovery. It should be noted that many
independent data sources comprise Ref. 3, a fact which should explain
seemingly conflicting information in the following pages. This may also
surface in reference to other sources.




LIST OF SYMBOLS [Ref. 2]

?2 = Q(MeV) values taken from Ref. 2 or calculated using the mass defect
formula:

Q = {(ma + mb) -~ (mc + md + ...)] * C

C = 931,481 NeV/amu
ma = mass of target particle
.9 s mass of incident particle
mc, md, ... = masses of reaction products

The two notations for a thermonuclear reaction are related as follous:

a ¢+ b --->» ¢c ¢+de ... = a(b,c)d + ... ,

where the species within the parentheses are the particles of smallest
reactant mass (b) and smallest initial product mass (c). The second
notation is used in conjuction with the cross section graphs.

Other symbols used:

* = jsotope in excited state
g = gamma-ray
e s electron
e’ = positron
n = neutron
p = proton
d = deuteron
t = triton

---> = this srrow separastes reactants and products
--> a2 reaction product preceding this arrow decays as follaus

“.3:‘l5'6 = ucliuﬂ‘3,‘.516

Lide8 7.8 o Lithium-5,6,7,8

3e7'°'9'1o s Beryliium-7,8,9,10

910,110,112 | goron-9,10,11,12

¢10.11.,12,13,14 _ ¢orbon-10,11,12,13,14

w137 o witrogen-13,14

NOTE: ALl reactions are listed by incressing atomic number of the target
nuclide. For a reaction with more than one branch, reactarnt

particles are lLlisted only once, with each branch’s products given
on & sepearate line.




PROTON-INDUCED REACTIONS

P+ p--->e +d+ 1.42 MeV [Ref. 5]

3

p+d=--->g ¢+ He  + 5.50 (+/- 0.03) MeV ([Ref.

~=*> n + 2p - 2.2 MeV [Ref. 6]

- 2.227 (+/- 0.002) MeV ([Ref.

P et ---> g + He® + 19.7 Mev [Ref. 5]

3

--=>n + He - .76 MeV [Ref. 6)

.
(-2~ - I -}

.8 Mev [Refs. 11,12]
-e~> 2n ¢+ 2p - 8.48?2 MeV [Ref. 3)
-=+> n + p + d - 6,262 MeV [Ref. 3]

p o+ Li® -5 Hed + He® (Ref. 13)

.764 (+/- 0.001) MeV ([Ref.
.765 MeV [Refs. 7,8,9,10]

+ 4L.02 MeV [Refs. 6,14)
+ 4.022 Mev [Refs. 9,10]

+ 4.023 Mev {Ref. 5]

He3(2.3) + ne®

(1.7) = 4.0 MeV [Ref.

He3(2.298) + He®(1.724) = 4.022 WeV (Ref.

—--> pv o+ Li% - 2.2 Mev [ref. 12]
<-=> p* + d + He® - 1.5 Mev (Ref. 12)
—ee> d + p + Ke® - 1.5 Mev [Ref. 161

4

---> d + Lis -=> p + He ¢+ (-3.,2 + 1.8) MeV ({Ref.

---> g + Be7 (Ref. 51

+ 5.606 MevV [Ref. 17)

p + Li =--->»n ¢ Be7 - 1.6 MeV [Ref. 15)
- 1.63 Mev [Ref. 17)
- 1.645 [Ref. 5]

---> 2He ¢+ 17.3 MeV {Ref. 15]
+ 17.346 MeV [Ref. 5)
+ 17.5 MeV [Ref. 6)

2He*(8.674 each) = 17.348 MeV [Ref.

~--> g + Bed .5 2ue® + 17.357 Mev (Ref. 53
---> BeBe -5 2ned 4 17.3 Mev (Ref.
cee> d + Li% - 4.937 Mev (Ref. S)




p ¢+ be LIRS 4
p. Be .o ald
~ne>

.o

ase)»

.-aed>

e-->

ooy
c-a>

p + .10 aea>

-

D

e we)y

caed>

cea)

g + 87 + 0.138 MHeV ([Ref. 17)

nepoesed o 2ne® - 1.67 nev [Ret. 57

ne8? -5 p s 2ne® - 1.852 nev ERef. S)

[

L Li6

+ 2.1 NeV (Refs. 19,20)
+ 2.125 MeV [Ref. 9]
+ 2.126 MeV [Ref. 3}
+ 2.13 NeV (Ref. T14]

Het

8'% (ref. 53

+ 6.585 MeV (Ref. 17)

g ¢

d + 2He" + 0.56 mev (Ref. 14]
+ 0.7 NeV [Refs. 19,20)

d + Bed --> 2ne’ [ref. 53
+ 0.651 [Ref. 17)
t « 8¢’ - 12.17 Nev (Ref. 5]
10 ' .
B "*(6.88) - .295 WeV [Ref. 20}
“ 7 ,
He <+ Be + 1.148 WNeV [Ref. 5)
+ 1.147 HeV (Ref. 9)
nec!® s 810 4 % . 4.35 mev (Ref. 53
g+ c'l - g1 4 ot [Ref. 53
+ 8.690 KoV [Ref. 17}¥
9 & ) .
d + B -->p + 20e - 5.877 Wev (Ref. ST
t + 8% -5 o + 8e® --> 20e® - 1.00 wev (Ret.
w.’ * &os --> 2"0‘ [Ref. 5)
- 0.442 MY [Reft. 1T7)
]

€1.27%) + L1%¢0.830) = 2.125 wev [Ref. 18]

51




+*

1

--->

a-ed

.-

“ee>

«ee>

T

cee>

L

4 8 4

He ¢+ Be (ground state) --> 2He

He* + BeBv (ref. 21

4

He® + 8eB --> 2He® + 8.585 Mev [Ref. 5]

3He® [Ref. 21)

(Ref.

211

+ 8.7 Mev [Refs. 15,19,21,22,23,24,25]

+ 8.68 Mev [Ref. 14)
3He(2.888 each) = 8.664 MeV [Ref. 9]

11 11 *

n + C --> B + e - 2.762 MeVv [Ref.

g + €'2 [Ref. 5)

+ 15.956 MeV [Ref. 17]

d+8'0 - 9.10 Mev [Ref. 5)

¢'2« 4+ 16.11 Mev [Ref. 26]

+ 16.58 MeVv (Ref. 26)

51




DEUTEROM- INDUCED REACTIONS
d +d--->2n + 2p - 4.457? MeV ([Ref. 3)

s> n + p +d - 2.227 MeV [Ref. 3]
3 (Ret. 27

+ 3.2 MeV [Ref. 19]

3.267 MeV [Ref. 10)

3.27 Mev (Refs. 6,28)

3.3 MevV fRefs. 11,12,14,16,23)

“+=> n + HNe

*« + *

N(2.450) + He>(.817) = 3.287 Mev [Refs. 8,9)

N(2.45) + He>

(0.82) = 3.27 MeV [Refs. 2,15,22)
===> p ¢+ t [Ref. 27]
+ 4.0 MeV [Refs. 11,12,14,16,19,23)
+ 4.03 MeV [Refs. 6,28)
p(3.02) + t(1.01) = 4.03 MeV ([Refs. 15,18,22,29)
P(3.024) + t(1.008) = 4.032 MeV ([Ref. 8]

d+ t <--> g+ He> --> n + He® « 17.67 Mev [Ref. 291

-.-> ues' <=> n o+ ue‘ + 16.69 MeV [Ref. 26}

> n ¢+ p <+t - 2.2 MeV [Ref. 6]

c--> 2n + Hed - 3.0 Mev (Ref. 6)

cee> n + He® + 17.586 mev [Ref. 10)
+ 17.6 eV (Refs. 6,11,14,16,19,21,23,25,28}

n(14.1) + He(3.5) = 17.6 MeV [Refs. 15,18,22,29)

4

===> n* + He + 17.6 MeV [Ref. 19]

<> g + n + He® + 17.589 Mev [Ref. 17)

d + Hed ---> Li%* .5 p o+ we® + 16.81 mev [Ref. 26]
c-e> g 4+ Lis --> p + ue‘ + 18.47 MevV (Ref. 3}
---> n + p + Mes - 2.2 Mev [Ref. 6]
---> p + He® + 18.3 Mev (Refs. 19,21,23,28]
+ 18.4 MeV [Refs. 11,12,16)
+ 18.341 Mev (Ref. 9]
+ 18.351 Mev ([Ref. 10]

Ne®(3.6) = 18.3 Mev [Refs. 15,30]

+

pC14.7)

PC14.681) + He(3.670) = 18.351 mev ([Ret. 8)




d + He™ ---> p*(14.68) + He"(3.67) = 18.35 MeV [Ref. 7)

d + ue‘ “=*> N + p + ue‘ - 2.2 MeV [Ref. 8}

“--> p <+ Mes > n + na‘ - 2.227 MeV ([Ref. 3)

d+ Li® ~--> g + n + Be’ + 3.387 Mev (Ref. 3}

+

1.72 MeV [Ref. 6)
1.796 MeV [Refs. 9,10])
+ 1.8 MeVv (Refs. 11,12,19}

~==> n + He” + Ne‘

*

3

NC1.134) + He(0.378) + He®(0.284) = 1.796 MeV (Refs. 2,8)

<-<> n + Bel + 3.34 MeV (Ref. 6)
+ 3.40 MeV [Refs. 5,11,12,16,19]

n(2.957) + Be'(0.423) = 3.380 MeV [Refs. 8,9)

ce=> n 4+ Be7 =-> n + He3 + He‘ + 6.287 MeV ([Ref. 13)

s> p + Li7

5.0 MeVv [Refs. 11,12,16,191}
5.02 MeV [Ref. 6]
5.026 MeV ({Refs. 9,10)

5.027 MeV [Ref. S5)

+ + + +

P(4.398) + Li’(0.628) = 5.026 MeV (Refs. 8,181

c-> p o+ Li7 ce> p + t o+ ne‘ + 4.737 MeV [Ref. 13}

cee> p o+ LiTt o> g s Lil 4 (4.54 + 0.45) Mev (Ref. 6)

--s> p ot t ¢ Hel’

+

2.557 MeV (Ref. 17]
2.561 NeV [Refs. 9,10}
+ 2.6 MeV ([Refs. 11,12,16,19]

+

Sme> t o+ Lis --> p o+ ne‘ + (0.9 + 1.6) MeV [Ref. 6)

t(0.539) + p(1.618) + He%(0.404) = 2.561 Mev [Refs. 8,18]

.- ue3 + Hes ~+> n + Ne‘ + (0.8 ¢+ 1.,0) MeV ([Ref. 16]

---> 2He* + 22.373 Mev (Ref. 101
+ 22.39 Mev (Ref. 5]
+ 22.4 Mev [Refs. 6,11,12,15,16,19,22]

20e®(11.187 each) = 22.374 Kev [Refs. 8,9,18)

d + Li7 ---> g + 2n + Be7 - 3.877 MeV ([Ref. 3]

c--> g + p ¢+ Lia N 8e --> Zﬂe‘

+ 15.47 Mev (Ref. 3}

4

-+> 2He  + 15,97 MeV [Ref. 3)

---> 2n + Be! - 3.869 Mev (Ref. 17)




d v ti7 ciis n e me® -os 2ued o 15.0 Nev [Refs. 3,61
n(10.082) + 2He (2.521 eoch) = 15_.1264 MeV [Ret. 18}

¢

R - 4 Lf’ --> e o le' --> 2He + (-0.26 + 16.0) MeV ([Ref. 6]

s>t e Li® - 0.995 mev [Ref. 6)

ce> e o Hed cox noe et ¢ 14.2 nev (Ref. 33

c--> Be”* ¢ 16.674 Nev (Ref. 261

d+ Be’ ---x p e 20e* & 16.7 nev [Ref. 16)
+ 16.766 Mev (Ref. 17}

PC11.179) » 2"0‘(2.795 each) = 16.769 Mev L[Ret. 18]

11

d «+ Io° ---> g + 0 + 15.87 NeV (Ref. 3)

10

“tc> p o+ De * 4.3588 MeV [Ref. 5}

10

~ee> n + B + 4.35 MeV [Ref. 5}

8

~-=> t + Be" --> zn.‘ + 4£.687? Mev ([Retft. 3]

L4

=~=> He *+ Li' + 7.153 nev [Ref. S)

10 11

d + 8 " --->p+ B + 9.235 neV (Ref. S}

ceex e et i ' L ot - 6.6 Rev fRet. 31

4

cc-> He <+ lc’ “-> Zuc‘

+ 17.86 MoV (Ref. 5}

d ¢ 311 e3> n + C12 + 13.8 MeV [Ref. 3]

s> 2n + ¢ - 4,997 mev [hes. 3)

12

--=> p + B > .- * C‘z

+ 1.137 neV [(Ref. %)

4

o> ne® o Lif s o7 4 me?

-.> Z"Q‘
+ 1.137 mev (Ket. 57

4 9

c==> He + Be + 8.018 MeV ([(Ref. %)

10




TRITON-INDUCED REACTIONS

t ¢+t ~-->n + Hes -=> n + He‘ + 11.4 Mev (Ref. 6]

4 (Ref. 271

+ 11.3 Mev [Refs. 11,15,22]
+ 11.328 Mev [Ref. 101

+ 11.4 Mev [Ref. 6)

--+> 2n + He

2n(5.034 each) + He‘(1.259) s 11.327 Mev [Refs. 8,9,18)
t + Hed ---> d + He® + 14.3 Mev [Refs. 6,11,16]
+ 14.319 MeV ([Refs. 9,10]

4

d(9.5) + He '(4.8) = 14.3 Mev ([Refs. 15,22)

d(9.566) + He*(4.773) = 14.319 MeV [Refs. 8,18)
ce=> p + Nes ~-> n ¢+ He‘ + 12.093 Mev [Ref. 10)
+ (11.3 + 1.0) Mev [Ref. 6]
PC11.9) + He (2.4) = 14.3 MeV (Refs. 15,22}
“=-> n + p + He‘ + 12.092 MeV [Ref. 9]
+ 12.1 WeV [Refs. 6,11,15,221
N(5.374) + p(S.374) + He®(1.344) = 12.092 Mev (Refs. 2,18]
5 > He%(0.403) ¢ nc¢1.612) =
12.0902 MeV ([Ref. 8)

-~=> p(10.077) + He

.o p Me‘ + 12.093 MeVv [Ref. 10]

+ 12.1 MeVv [Ref. 11)
+ (10.3 + 1.3) MeV [Ref. 6]

-«e> n * Li

-o> p(5.374) + n(5.374) + He (1.344) =

12.092 MeV [Ref. 8]

t + He <> g + Lil + 2.467 MeV [Ref. 17)
cee> n 4+ Li® - 4.784 Mev (Ref. 17)
11




t ¥ hi‘ -=-> g ¢+ p * Li‘ > e ¢+ Be --> 2!.‘ ¢+ 16.47 NeV [Ref. 3]

3

<=> 2¥e + 16.927 NeV lhef. 3)

<> d e Lil v 0,996 Mev (Ref. 17]
+ 0.995 MeV (Ref. 6]

+ 1.0 eV {Refs. 12,16

7 7

“c=>d e ki * --> g+ Li ¢+ (0.509 ¢ 0.45) NeV [Ref. 61

-«+> 2n + Be’ - 2.876 Mev (Ref. 17)
--e> p o+ Li% 4 0.8 Mev [Ref. 16]

-o> e o 24e® + 0.800 mev thef. &)
cee3 n o+ 8e? o> 2me® ¢+ 16.0 nev (Ret. 63

cee> n o+ 20eY + 16.0 Mev tmef. 6}
+ 16.1 Nev (Ref. 163

cee> g o e + 17,77 Nev tRef. 5]

“ee> uc‘ + ues s> n + Nc‘ + 16.17 MeY (Ref. 5]
t v Li7 ccox g ed e ti® oo 07 v ped ci> 2met ¢ 11.47 mev (nef. 33
<> 2Me% + 11.97 Wev (Ref. 3)

&

s3> 2n ¢+ 2He (Reft. &}

c-e> 2n + 2He* + 8.88 Mev (nef. 6]
2n(6.049 each) + 20e®(1.512 each) = 15.122 Mev (Ret. 18]

cc<3 n + Be¥ 4 10.4 Nev [Ref. 12]
+ 10.52 Mev [Ref. 6]
c-e> 2n + 8e® -5 2ne® ¢+ 8.83 mev (Ret. &

<ee> 2n ¢ 2He" + 8.8 Mev [Ref. 12)

EEEE BN B Ne‘ * “.5 ce> n ne‘ + (8.08 + 1.0) MeV [Ref. 8)

9

e p e Li? 2> e v e” ¢+ 10.77 Mev (Ref. 33

4

<> n + 20e ¢+ 9.657 MeV [Ref. 3]

ceex d ¢ LI <o @7 4 Be® -o5 20 ¢ 11.47 Mev (Ref. 33

[}

-=> 2he + 11.97 MevV {[Ref. 3)

ceo> He* ¢ He® -o5 e 4 Li® 4 9.83 mev {Ref. 6)

12




+ BeT c==>

+ Be ~.=>
+ 310 ~ee)d
FES
--ad>

+ B” cee>

P+ n + Zue‘ (Ref. 2)
p(4.204) + n(4.204) + Zue‘(1.051 each) = 10,510 MeV [Ref.

n+8'" ¢+ 9.567 nev [Ref. 3)
Be’ + el --> e 4+ Li® - 3.367 Mev [Ref. 3]
p+8'2 -i5 &7+ c'? 4 19,27 Mev (Ref. 33
<o het 4 Li® o> 7 4 Be® -5 2uet o
11.97 MeV [Ref.
--> 2He* + 12.47 Mev [Ref. 3)
p o+ et + Li% <25 7 + BeB -5 2ue + 11.9% Mev [Ref. 3}

--> 2He® + 12.47 Wev [Ref. 3)

2He® + He® --> e 4+ Li® - 39.57 Mev (Ref. 3]

13
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WELIUMN-3-1NQUCED REACTIONS

Hed + wed --o> p o Li% -5 p e Hed ¢ (11.1 ¢ 1.8) mev [Ref. 16)

c--> 2p + He® [Ref. 6]
+ 12.861 Rev [Ref. 9)
+ 12.9 dev ([Refs. 21,25)
2p(5.716 each) + We*(1.429) = 12.861 Mev (Ref. 18]

ne3 * ne‘ ~-e> g * 307 + 1.588 MeV {[Ref. 17]

ue3 + Li6 cee> p o+ 3.8 {Ref., 6]
+ 16.63 MoV ([Ref. 13)
+ 16.92 MoV ([Ref. 13]

~-e> p* 4+ &es' [Ref. &)

p + sca(ground state) --> Zao‘ {Ref., 13]
cee> p o+ Bed --> 2ne ¢ 16.8 Nev (Ref. 6)
~-e> p + Bes' ce> g * Zue‘ + (13.9 + 2.9) MHeV [Ref. 6)
~e-> p + Boe(zf96 HeV) --> »o‘ * Lis --> p + Ne‘ [Ref. 1}1
.- g 4 8? --> P+ 2ne® + 16.97 Nev (Ref. 5)
s--> n o+ sa <> et e ..8 --> Zﬁt‘ + 15.67 Wev (Ref. 5]

co> ot + 2#e* 4 (-2.0 + 12.0) [Ret. 16]

---> d + 807 [Refs. 5,13])

+ 0.1 eV {Refs. 12,16,31])
+ 0.113 MeV (Ref. %)

-e-> d ¢+ Ber' [Ref. 13)

4 tref. 5)

+ 16.8 ReV [Refs. 14,16)

+ 16.880 Mev (Refs. 9,10]

+ 16.9 wev ([Ref. 311

PC11.258) + 2#e (2.813 each) = 16.884 Nev (Ref. 8)

==-> p ¢+ 2He

ceo> wet 4 LiT -5 p o+ Hed + 16.9 Nev [Ret. 121

14




He

Be9

10

-

PP

--e>

--ad

-end

--ad

-

--->

- o>

-

-

--->

--->

R

--->

-ead

--e>

- .-

<.

--->

s>

9

n+ 8 -->p + Bee --> Zne‘

+ (9.3 + 0.3) MeVv (Ref.

n + p + Bes --> Zue4 + (9.5 ¢+ 0.1) MeV ([Ref., 6]

n(3.852) + p(3.852) + 2He“(1.512) = 10.728 Mev [Ref.

p+ Be® + 11.2 Mev (Ref. 6)

8 4
d ¢+ Be --> 2He ¢+ (11.7 + 0.1) MeV ([Ref. 6]
t + Be! - 0.8817 Mev ([Ref. 3)

2p + 2He [Ref. 18]

2pC4.510 each) + 2He%(1.127 each) = 11.274 MeV [Ref.

ue‘ + Li6 + 13.3 MeV? [Ref. 5]

n o+ He® + Bel « 0.0147 Mev [Refs. 3,26]

2n + c'0 o5 e* + 810 L 2,437 Mev (Ref. 3}
p + 811 + 10.37? MeV ([Ref. 5]

p+ 8'Te &« 10.32 Mev [Ref. 26)

n + C'1 --> e‘ + 81' + 9.02? MeV [Ref. 5]
He® + Bed --> 20e® + 19.07 Mev [Ref. 5)
He® + BeB* + 18.94 wev (Ref. 26)

p+ 1% 4 19.77 Mev (Ref. 5]

p + 120 + 19.67 (Ref. 26]

t +c'0 s et 4 810 . 0.5307 Mev [Ref. 3]
ue‘ + 39 ce> p o+ Zne‘ + 12.47 MeV (Ref. 5]
dec'’ o> et e 8™ 4 4 737 Mev [Ref. 5)
Li® + Bel - 2.877 Mev ([Ref. 3)

p+ ¢'3 ¢ 13.27 Mev [Ref. 5]

12

d + C + 10.67 MeV [Ref. 5)

15
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BELIUN-G(ALPNA-PARTICLE)-INDUCED REACTIONS

He® o Li% -5 g o 810 (ref. 53

+ 4.460 Mev [(Ref. 1T7)

ceo> p oo ve? - 2.1 mev trets. 12,16)

- 2.125 Mev tRef. 17}

cee> d + 20e® - 1.473 mev (Ref. 1T)

ceer Hebe o Li%e -5 g o we - 1.5 mev (Ref. 123

4 11

He  + L|7 “~-->» g + B + 8.657? ReV (Ref. S)

cee>n o+ 89 L 2,767 mev (Ref. 31

ne‘ + lc’ ---> n + ﬂe‘ . lc‘ --> Zne‘ = 1.577 Mev [Ref. 3]

-ee> A+ Sno‘ - 1.573 Mev (Reft. 9)

12 12

<--> p + B -«> @ ¢ C - 6.92 MNeV (Ref. S)

4 ] 4

> He <+ Li~ --» @ ¢ lc' --> 2Ne

- 6.92 Nev [Ref. S5)
12
c--» n + C + 5.7 Ney ([Ref. 16])
¢+ 5.71 NeV [Ref. 5]

n(5.263) + €'2¢0.439) = 5.702 wev (Refs. 9, 18]

s g+ 8N - 7,957 mev (Retf. )

ne + 80 ..s 5 s e¥3 4 (.08 mev (Rer. S5)

13

+*
~e-> n o+ N s> @ ¢

¢13 « 2.737 mev [ref. 5)

12

c-e> d ¢+ ¢ + 1.407 MoV [Ref. 5]

ned + 81T oo n e w' 4 0,158 wev [Ret. 9}
¢ 0.1597 Wev (Ref. $]
14
s> p + C + 0.7% NeV (Retf. 3)
+ 0.784 NeV (Ref. 9]

té




LITHIUM-6-INDUCED REACTIONS

Li6 * |,i6 -2

-c>
“-e>
-e>
- >

-

.o

- e>

-r >

.o

-aed>

--->

-

-

p o+ B!V + 12,215 mev [Ref. 17]

+ 12.2 Mev [Ref. 31]

p(11.200) + B'1¢1.018) = 13.218 Mev [Ref. 18]

pen+ 8%+ 0.8 nev [Ref. 31)

p v t + 2He® + 1.1 Mev (Ref. 311

p + Ne‘ + Li7 + 3.5 Mev [Ref. 31]

10

2p + Be + 1.0 {Ref. 31)

n + Ne‘ + Be7 + 1.9 Mev [Ref. 31)

+ 1.906 MeV (Ref. 17)

n(1.370) + He®(0.342) + Be (0.196) = 1.908 MeV [Ref.

n + Hed + 2He® + 0.3 Mev [Ref. 31)

IHe® + 20.8 Mev [Ref. 14)
+ 20.896 MeV [Ref. 17]
+ 20.9 Mev ([Ref, 31]
IHeb(6.967 each) = 20.901 Mev (Ref. 18]

n+c'l 4 9.4 Mev [Ref. 31}

n(8.665) + €11¢0.788) = 9.453 MeV ([Ref. 18]

nec'! oo et + 81 4 9.450 Mev (Ref. 17)

d+8'% 4 2.985 Mev [Ref. 17]
+ 3.0 MeV [Ref. 31)

10

d(2.489) + B (0.498) = 2.987 MeV (Ref. 17]

t + 87 + 0.8 Mev [Ref. 31)

+ 0.805 [Ref. 171

£¢0.606) + B7(0.202) = 0.808 Mev [Ref. 17)

g + c'2 + 28.2 Mev (Ref. 31)

9

He® + Be + 1.9 Mev [Ref. 31)
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CROSS SECTIONS FOR PROMISING PROPULSION REALTIOANS

PRONTSING REACTIONS/CRITERIA-

on the following- pages-the cross- sections for some of the more attractive
reactions for propulsion are investigated. Some characteristics of an idesel-
reaction for a proputsion system include the following:

1. No neutron production.
2. No gamma-ray production.
3. Exothermic in nature.,

4. Achieveable ignition.

The reactions examined were chosen wainly: because  they produce  minimat amounts:
of harmful radiation (criteria 1 and 2). AlL of the reactions are exothermic
(3), which is an obvious propulsion system requirement. Athieving igihition:
(4) is the sticking point which should be resovied as containment technology:
ativances.

Four reactions are consideted: 1)‘d‘u!}; 2) H‘es'-ne;‘r 39 p“rLi'&,- ang’ &) p+
891, The d:we3 reaction witl Likely be the first of these to: be utiliized: 1t.
produces some neutrons, but methods to reduce them, such as spin’ polarization,
ate being researched. u'es-n-vs would- be: the: idesl chofce for propulsion
blecause it is completely aneutronic. At this time, however, it seems: to be an
unighitable reaction, as: itlustrated by the compiled date. Both pt-Lip and p*
B come close to being anheutronic, but ignition seems to b ther mujor-
obstacle because of the high brehmsstrahlung. and cyclotron radiet’ion energy
loss.

CROSS SECTION NOTES AND GRAPHS

Graphed data for the d_“e} resction are shown in Figure 1. This reaction
fas been documented® in many sources and' is° the: objert of' a numer of research
projects. A3 cah be seen, the curve is well-defined by the closely-asgreeing
sources of data. There is some discrepancy s% to where the weximwum: otcurs, as
it varies from 720 to 818 mb at the peak energy. Methods noam need to be-
devised to minimize neutron production. [t is currently planned. for meutron-
producing branches of this reaction to be considered in a future report., The
remaining concern is being- able to achieve the approximetely 0.45 MeV
temperature at which the reaction reaches its resonance peak. It is at this:
point where the the highest probability of the maximum resction rate is
obtained. If not obvious. from the graph, the dashed line corresponds to the
curve obtained from the “Barn Book” ([Reéf. 1].
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The cross section data for Hes-ne3 are shown in Figure 2. Data points
faund by Good in 1954 are shawn as boxes. The curve shown was determined by
-Owarakanath’s 1971 data (dots) and Pritzker’s 1976 datas (X's) [Ref. 32}. Ao
.curve peaks (maxima) are readily appearent--the only possibility being along
the level curve portion in the range of 8 to 10.4 MeV. A temperature of this
‘magnitude is beyond the (imits of present confinement technolagy. Thus, it is
apparent that this reaction may not be ignitable, st least not in the near
future. ¢Even so, additional data may provide a breakthrough by revealing a
peak in the cross section curve along the level portion.

Another reaction which needs more data to adequately define the cross
.section curve is the p-Li6 reaction, shown in fFigure 3. The latest findings
(Ref, 4) show a8 well-fit curve for the reaction. For the energy range common
to the two sets of data, the shape of the curve is similar. Additional data
for the peak region is needed so a precise cross section value can be
determined for use in experiments. There is also a gemma-ray producing
‘branch, but no significant data wes found. The Ref. 3 curve is shown without
data points for clarity.

Figures 4 and 5 show the p-811 reaction. The favorable branch,
811(p,3ue‘), is represented in Figure 4. According to recent :data collected
At Los Alamos (Ref. 33) and graphs from Ref. 34, a resonence may exist at a
lower energy than previously noted in such sources as the 8arn 8ook [Ref. 1).
Though not shown on the Ref. 4 curve, this unproven spike appears at 0.162
MeV. Otherwise, the general shapes of the two curves are roughly similar. At
lower energies, the differences begin to gromw qQuite large. In Figure S5 the
tless favorable 8 (p,n)c1 branch is detailed. The data set denoted by the
“X's* is small and departs decidedly from the other data curves. One point
(0.2 Mev, 2.5 mb) from this set was omitted on the graph in order to narrow
the spectrum of temperatures shown, thereby increasing deteail of the curves.
The other two data sets appear as though they could blend into a single curve,
if the higher-energy set is viewed as a continuance of the first. 1f fFigure 5
is compared to the favorable branch in Figure 4, it can be concluded thst the
unwanted branch's cross sections fall off rapidly as energy drops, provided
the “X" data points are ignored. 1t would seem that by staying at
temperatures below 3 MeV, the neutron-producing branch would not becowme a
significant factor.

Figure 6 is a graph showing the comparative cross sections for each of
the four fuels. The He -He” curve is 8 reprint of the earlier graph formed
from the Dwaraksnath and Pritzker datas. All other curves in fFigure 6 show the
Los Alamos R-matrix data analysis results [Refs. 4,33). Some data points have
been omitted from Fi??re 6 to maintain clarity; d-He~ is shown without them
altogether. For p-8 the accepted maximum is reached at 0.625 MeV with »
cross-section of 800 mb. D-He  exhibits a peek of approximately 847 mb at
0.426 MevV. Finally, p-Li6 peaks at a stable 219 mb from 1.76 to 1,81 Mev. In
the future a more precise curve will be determined for each fuel, after
additional cross-section data is obtained. B8rookhaven National Laboratory
(Ref. 3), Los Alamos National Laboratory [(Refs. 4,331, the Barn Book ([Ref. 1],
and the AEP Barnbook ([Ref. 32) were the main sources of dates for these graphs.
It should be noted that date from the Barn 800k sre shown ss curves without
points in Figs. 1 and 4, as was done in the reference itself.
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CONCLUSIONS, RECOMMENDATIONS, AND STUDY 0OUTLOOK

During this initial phase of the study, a great deal has been learned
aboyt thermonuclear reactions and the meanings of their crose sections.
Atready severa! conclusions about gvailable cross section information can be
drewn. Firgt, most of the references that have been consulted were generally
10 to 20 years old, some even older. 7This may be due to the fact thet only
recently has a genuine effort been started to make fusfion space propulsion a
reality. MHowever, most of the data presented here is less than 10 yeeors old.
Secondly, the safety involved with an advanced fuel that is pneutremic has
been, and will continue to be, a major factor in the push for its development.
Finally, it is surprising that nao significant work has been done since the
1950’s to discover new reactions using the simple bombardment technique. It
should be fairly obvious, though, that the number of resctions is quite
plentiful, and the number which may await discovery should not be large in
number .

The conclusions basically center sround the cross section information
which has been published and is presented here. The d-He~ initial reaction’s
cross section data from many sources agree well, so there is a solid
foundation for anyone attempting to ignite it. The other reactions which have
been included here are not so well defined. He -He  needs much more research
in order to truly determine its feasibility. Other than unknown resonance
peaks, a problem which needs consideration is the unavailability of He” for
reaction. Recent studies [Refs. 35,36,37) indicate the moon to be & potential
source of He~ . This makes its labeling as a fyuturistic fuel quite
appropriate. p-Li  and p-8 need additional sources of cross sectioen data to
determine if resonance peaks exist at energies below those currently indicated
by cross section data. Each of them hes 8 harmful radistion-producing branch
that must be investigated in more detail. This will allow researchers to be
sure that the cross sections of these unwanted reactions are negligible when
compared with the cross sections of the more favorable branches at ignition
energies.

from these conclusions some recommendations can be presented for
additional research in the cross section field. Spin-polarization and other
methods to reduce neutron production in the d-He~ reaction should continue to
be addressed, as this reaction appears to be an excellent candidate due to the
closely-agreeing data and low ignition energy it possesses. Mining the moon
and the outer planets for reactant fuels such as He” should continue to be
investigated for feasibility. 1f the He~ reactions are found to be ignitable,
a plan for obtaining the He  needed would already have a grest start. Precise
measurements for each reaction near its lowest-energy resonance peak should be
one focus of additional research in the area. Another focal point should be
the cross-section measurements for the radioactive particle-producing brenches
of each reaction. In the case of p-8 ‘, the possible lower energy resonance
needs to be investigated more fully, as it has encountered mixed revieuws
concerning its validity. As is obvious, & lower resonance enmergy will enable
fusion to becr.ue a reality sooner than erpected and will relieve some of the
stress on contsinment technology.
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In the future, this study will involve obtaining cross sections and
reactivities for additional advanced reactions. All of this data witl be
fitted to curves and presented along with discussion about which sets of data
are best. Based on this data, and with parameters such as nuclear scattering
and various sources of radiation loss taken into account, new ignition
temperatures will be calculated for each of the reactions. Additional sources
for reactions will continue to be consulted, so an up-to-date reaction
bibliography will exist. Eventually, complete fuel cycles will be detailed to
provide complete information for researchers attempting to develop reactions
into feasible fuel systems. Much of the new information will be the basis for
computer programs written to aid in the calculation of new ignition
temperatures and reactivities.

e?




1)

2)

3

4)

5)

6)

@)

L M

?)

10)

12)

REFERENCES

Mitey, 6. n., Towner, N., and Jvich, ¥N., Fysijon Cross Sections and
Reactivities (the "Barn Book™), Report C00-2218-17, University of
iltinois, C-U Campus, Nuclear Engineering Program, Urbana L, 17 June
1974.

Pass, J. J., J4r., Fusion, and Ad Fuel, Resction Biblicaraphy- -
Porticle Reactions from B to 8, AFAL-TR-87-073, Air Force
Astronautics Laboratory, Edwards Air Force Base CA, August 1987.

Cross Section Dats for Ihermonygclear Reactions Involving Particles jn the
Atomjg Range 7 = 1 to 105, EXFOR Format, Natiomal Nuclear Dsta Center,
Brookhaven Mational Laboratory, Upton, Long lsland 8Y, 1987,

Hale, 6. M., Fusion Cross Sections jn ENDF-Like Format, University of
California, Los Alamos National Laboratory, Los Atamos NMN, 5 Warch

1981.

Flugge, S., Encyclopedis of Physics--Huclear Reactions J, Vol. 40, Spinger-
Yerlag oHG.Berlin-Gottingen-Heidelberg, pp. 63-151, 1957.

Crocker, V. S., Blow, S., and Watson, C. J. H., Nuclear Cross Section

Requirements for Fusion Reactorg, CLM-P240, Culham Laboratory,
Abingdon, Berkshire, England, 1970.

Ashworth, €. P., A Utility Yiew of Fusion, EPRI ER-536-SR, Proceedings of
the Review Meeting on Advanced-Fuel Fusion, edited by €C. K. Choi,

Electrical Power Research Institute, Palo Alto CA, pp. 23-37, June
1977.

Sharp, R. D., and McNally, J. R., Jr., DI and Advenced Fysion Fyels
Compyter Code, ORNL-TM-50, National Technical Information Service,
Springfield VA, p. 25, 9 December 1975.

McNally, J. R,, Jr., “Physics of Fusion Fuel Cycles,™ Nuclear
Technology/Fusion, Vol. 2, pp. 2-28, January 1982.

MecNally, J. R., Jr., Reactivity of Advenced tysion Fuels, ORNL-TM-4647,
Osk Ridge National Leboratory, Oak Ridge TN, 1974,

McNally, J, R., Jr., Advenced Fuels for Nuclear Fusion Resactors, Conf-
750303-26, Oak Ridge National Laboratory, Oak Ridge TN, 7 May
197S.

McNally, J4. R., Jr., Muclear Fygsion Chajin Resction Applications in Physics
and Astrophysics, IAEA/SN-170/49, International Atomic Energy Agency,
Vienna, Austria, pp. 4-12, 1973.

28




13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23

24)

25)

26)

27)

Holiand, R. E., et al., NMuclear Cross Sections for Light lons on Lig, 1EEE
Transactions on Nuclear Science, Vol. NS-28, No. 2, Physics Division,

Argonne National Laboratory, Argonne 1L, April 1981,

Hirshfield, J. L., Fusion Reactors B8ased on Liggglnei Hel, EPRI-536-5SR,
Proceedings of the Review Meeting on Advanced-Fue! Fusion, edited by C.
K. Choi, Electric Power Research Institute, Palo Alto CA, pp. 262-4,
June 1977,

Westinghouse fusion Power Systems--1978 Calendar and Reference Book,
Westinghouse Electric Corp., Pittsburgh PA, 1978.

McNally, J. R., Jr.,, "Fusion Chain Reactions--1," Nuclear Ffusion, Vol. 11,
pp. 187-93, 1971,

Feldbacher, R., Heindler, M., and Miley, G., Requirements for Charged
Particle Light Isotopes Reaction Dats for Advanced Fuel Cycles,
Including Two-Step Reaction Mechanism, Alternate Energy Physics
Program, Yechnical University Graz, Austria, and University of
I1llinois, 1986.

McNally, J. R., Jr., Fusion Repctivity Graphs and Tables for Charged
Particle Reactions, ORNL-TM-6914, Oak Ridge National Laboratory, Oak
Ridge TN, August 1979.

Miley, G. H., Fusion Energy Conversion, American Nuclear Society, ANS
Publications, Hinsdale IL, 1976.

McNally, J. R., Jr., "Autocatalytic Burning of Li6/D Nuclear Fuel via the

p ¢+ Be Resonance Reaction,® Nuclear Fusion, Vol. 11, pp. 5564-6, 1971.

"Advanced Fusion Power: A Preliminary Assessment," National Academy Press,
Washington, D. C., pp. 3-5, 1987.

Book, D. L., NRL Plasma Formulary, NRL Publication 0084-4040,

——

Dinge, D. A., “Fusion Power," Chemical and Engineering News, 2 April 1979.

Miley, G. H., Comments about -Bll Ignition, EPR1-536-SR, Proceedings of

the Review Meccting on Advanced-Fuel Fusion, edited by C. K. Choi,
Electric Power Research Institute, Palo Alto CA, June 1977.

Committee on Aneutronic Fusion Power, Phase 1, Air Force Studies Board,
Commision on Engineering and Technical Systems, National Research
Council, National Academy of Sciences, 5 March 1987.

McNally, J. R., Jr., Nuclear Fusion Resonance Reactions of Possible CTR
Interest, revised, ORNL-TM-3233, Oak Ridge National Laboratory, Oak
Ridge TN, pp. 2-5, 1971.

Clark, D. A., et al., lEEE Iranactions on Muclear Science, Vol. N$-28, No.
2, p. 1339, April 1981,

29




18)

29)

30)

31

32)

13

34)

35)

36)

37)

Glasstone, G., and Loveberg, R. H., Controlled Thermonuclear Reactions,
Robert E. Krieger Publishing Co., Huntington NY, 1960.

Tombretio, T. A., Recent 1;1;9,25921 Cross Section Requirsments, ¥. K.
Kellogg Radiation Laboratory, California Institute of Technology,

Pasadena CA, 1977,

Wittenber L. J., Santarius, J. F., and Kulcinski, G. L., "Lynar Source
b

of HNe~ for Commerciadl Space Power ,* Fuysion Technglegy, Vol. 10, p.
167, September 1986.

Norbeck, E., Cross Section Requirements and Needs, EPRI-536-8R,
Proceedings of the Review Meeting on Advanced-Fuel Fusion, edited by
K. Choi, Electric Power Research Institute, Pato Alto CA, p. 226-32,
June 1977.

Feldbacher, R., lhe AEP Barnbook--DAVLIB: Muclear Resction Crosy Seetigng
and Reactivity Parameter Library and Files, AEP Program, Institute
for Theoretical Physics, Technical Univ. Graz, Petergasse, Qctober
1987.

Hate, G. M., gllgg,zneii Reaction, evaluation of California Institute of

Technology and Segel data, Los Alamos National Laboratory, Los Alamos
NM, JSuly 1979,

fFeldbacher, R., Heindler, M., and Niley, G., ggggirg!engs for Charged

Particle Light Isotopes Reqction Dats for Advanced Fuel Cycles,
Including Two Step Reaction Mechanism, Univ. of tllinois, Dept. of

Nuclear Engineering, Urbana 1L, February 1986.

Wittenberg, L. J., Santarius, J. F,, and Kulcinski, G. L., Lynar Source of

He= for Commercial Fusion Pawer, ANS Reprint, Fusion Technology, Vol.
10, pp. 167-78, September 1986.

Kulcinski, 6. L., and Schmitt, H. H., The Moon: An Abundant Source of
Clean and Safe Fusion Fuel for the 21st Century, UMFOM-730, Fusion
Technology Institute, University of Wisconsin, Madison WI, August
1987.

Kulcinski, G. L., Santarius, J. F., and Wittenberg, L. J., Clean
Thermonuclear Power from the Moon, UWFDOM-709, Fusion Technology
Institute, University of Misconsin, Madison W[, September 1986.

30




