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NOTICE
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any other person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may be related thereto.

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 is 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 Fuel Cross Section"

is now underway at the AFAL. For this study, cross section data for advanced

fuels is being coLlected and a computer program wit be developed to utilize

the information in an extension of the results obtained in the "Barn Book'$

ERef. 1]. During the study there wilt 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 ail known thermonuclear reactions involving11
reactant particles up to and including B (Boron-11). In this report the

neutron-induced reactions have been eliminated. In tater work, reaction

specifics including cross sections, reaction parameters, and curve-fit

equations wilt be compiled, developed, and tabulated for the reactions.

Throughout the study conclusions wilt 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 wilt enable space missions never before realized

and wilt 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.

Additional data wit be continually collected for all the reactions Listed.

Ultimately the final report will include comprehensive information for each

reaction.



Compiling the reaction list involved a re-examination of most f the

references used in the earlier report (let. 2) as well as a detsit*o

inspection of additional thermonuclear ruaetion references. If a reaction

listed in the earlier report cOuld not be found in available resources, the

iource referenced In the earlier report is referenced once again. As

additional sources become available in the future, the reactions in question

vilt be checked for their accuracy. The search for, and interpretation of,

cross section data involved contacting fusion experts at various universities

6nd national laboratories. Two national laboratories were of particular help

in this effort. Brookhaven National Laboratory [Ref. 33 provided access to
its huge nuclear cross section data file, and Los Alaemo National Laboratory

lRef. 41 contributed its latest cross section data, which was fitted using R-
betrix analysis, In addition, the Fusion Studies Laboratory of the University
of Illinois at Urbana-Champaign was timely in sending up-to-date date for the

Ne 3-ie 3 reaction.

Some interesting developments have emerged. Differences between

previously published data and the data available here are presented, and other

notable points are discussed in the section entitled *CROSS SECTION NOTES AND

8RAPHS." An assessment of the available data and recommendations for further
research accompahy it. Future aims of the study are roughly outlined as welt.
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THERMONUCLEAR REACTION BIBLIOGRAPHY

On the next few pages are lists 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 took closely at crcss 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. 21 for this information. Neutron reactions are also

documented in other sources, such as S. FLugge's work (Ref. 5].

BACKGROUND

Since the 1950's, no large efforts have been made to discover
1 1 1thermonuclear reactions in the isotopic range between H and B 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.
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LIST OF 1¥BIOLS (Ref. 23

P a Q(NeV) values taken from Ref. 2 or calculated using the mass defect

formula:

9 - ((ma+ mb) - (mc + ad + ... )1 * C

C a 931.481 NeV/amu

m a mass of target particle

- mass of incident particle

me, mad, ... masses of reaction products

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

a * b --- i c + d + ... a 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:

isotope in excited state

g gamma-ray

& a electron

ea positron

n a neutron

p a proton

d a deuteron

t a triton

--- p a this arrow separates reactants and products

-- ) a reaction product preceding this arrow decays as follows

He 
3
,
4
,
5 6  

Heium-3,4,5,6

Li 5 , 6 ,' , Lithium-5,6,7,8

Be 
7 ,8 , 9 ,

103 Beryllium-7,8,9,10

9 9,10,11,12 B oron-9,10,11,12

C
1 0

,11,12,13,14 * Carbon-10,11,12,13,14

N13,14 mitrogen-13,14

NOTE: All reactions are listed by increasing atomic number of the target

nuclide. For a reaction with more than one branch, reactart

particles are listed only once, with each branch's products given

on a separate tine.

4



PROTON-INDUCED REACTIONS

4.

p + p --- a • . d + 1.42 MeV [Ref. 5]

3
p + d --- > g + He + 5.50 (*/- 0.03) MeV (Ref. S

--- n + 2p - 2.2 MeV [Ref. 61
- 2.227 (./- 0.002) MeV (Ref. 5]

4
p 4 t -- > 9 + He + 19.7 MeV (Ref. 5]

3
--- > n + He - 0.76 Nov [Ref. 6)

- 0.764 (./- 0.001) NeV [Ref. 5]

- 0.765 NeV (Refs. 7,8,9,10]

- 0.8 MeV [Rtefs. 11,12]

--- 2n + 2p - 8.48? NeV [Ref. 3]

--- > n + p + d - 6.26? MeV (Ref. 3]

p 4 Li
6  

--- > He
3  

+ He
4  [Ref. 13]

+ 4.02 HeY [Refs. 6,14]
+ 4.022 Ney (Refs. 9,10]

4 4.023 NeV [Ref. 5]

He 3(2.3) + He 4(1.7) = 4.0 NeV CRef. 15]

He 3(2.298) + He 4(1.724) = 4.022 NeV (Ref. 81

--- > p* + Li
6 .  

- 2.2 NeV [Ref. 123

--- > p + d + He
4 

- 1.5 NeV CRef. 12]

-- > d + p + He
4 

- 1.5 NeV [Ref. 16]

>-- d + Li -- > p + He 4 + (-3.2 + 1.8) NeV [Ref. 16]

>g 4. Be
7 

[Ref. 51

+ 5.606 NeV (Ref. 17]

p * Li --- > n + Be - 1.6 NeV [Ref. 15]

1.63 NeV (Ref. 17]

1.645 [Ref. 5]

- 2He
4  

+ 17.3 NeV (Ref. 15]

* 17.346 NeV [Ref. 5]

4 17.5 NeV (Ref. 6]

2He4(8.674 each) a 17.348 MeV (Ref. 18]

--- g Be
8  

-- > 2He
4  

+ 17.35? NeV (Ref. 5]

- >-- Bea* -- 2He
4  

+ 17.3 NeV (Ref. 12]

--- d + Li 6 _ 4.93? NeV [Ref. 5]

.



p + we I -.. a 4 Ba4 0.133 NoV CR~f. 171

p 4 . n # p, * to8 .. 2w.4  1 1.67 nowv Ilt . 513

2n + 11 --. p *211a 4 1.952 N*v Elot. 53

- Ito* LI 2 .1 NoV Clots. t9.24)

+ 2.125 NOV CEwf. 91

41 2.126 NOV Clef. 51

+2.13 NOV Clef. T4r

H*4 C .275) + Ll.I (0-.850) - 2.12S W.@V r**f. 181

9 -10 Rf5

+6.58.5 NOV Clof. 171

- ~d. 2He 4 *0.54- WeV Clef. 14-1

0.7 WeV (Eofa. 19,20)

d ,0 + . 2"e 4 let. 51

+ 0,.651 Clot. 171

> e 6* 12.1? NOV (Ref. 51

> 10. (6.88) -. 295 NoV [let. 2'01-

p B S --- p >e I* Be * 1.148 No-V (let. 51

+ 1'.14.7 NOV Clt. 91

> ,C10 810+ -4.,1N EtfSi

. + *. 1 + Il lef. 51
+ 8.690o ReV rlef. 1711

d + 9 p 200 5.877 Wev Clt. 51

Re 3  
to ae - 2W& CeRf . 51

0.442 NtV Cl-ef. 171
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p + B
1 1 

--- I He
4 

+ Be8(ground state) -- 2He
4 (Ref. 211

-- > He
4 

+ Be[
. 

(Ref. 211

- He
4  + Be$ -- , 2He

4  
+ 8.585 MeV [Ref. 5]

--- > 3He
4  

[Ref. 21]
+ 8.7 MeV [Refa. 15,19,21,22,23,24,25

+ 8.68 HeY [Ref. 14]

3He 4 (2.888 each) z 8.664 HeY [Ref. 91

> n + C
1 1  -- > B 1 1  + e - 2.762 MeV [Ref. 5]

--- > g + C 1 2  (Ref. 51

+ 15.956 HeY (Ref. 17]

>-- d + B1 0  
- 9.10 MeV (Ref. 5]

> C 12 .  
+ 16.11 MeV [Ref. 261

+ 16.58 MeV [Ref. 261

7



DEUTEROI-IRDUCED REACTIONS

d + d --- 2n + 2p - 4.45? NeV (Ref. 33

- n + p + d - 2.22? NeV (Ref. 31

-- n + ie3 lRef. 271
* 3.2 HeV [Ref. 191

* 3.267 NoV [Ref. 101
* 3.27 1eV (Refs. 6,283

* 3.3 NoV [Refs. 11,12,14,16,233

n(2.450) He 3(.817) = 3.267 NoV [Rofs. 8.9]

n(2.45) + ge 3 (0.82) 3.27 NoV (Refs. Z,t S,221

>-- p + t (Ref. 271

+ 4.0 NeV [Refs. 11,12,14,16,19,231

+ 4.03 NOV (Refs. 6,281

p( 3 .02) + t(1.01) = 4.03 NoV (Refs. 15,18,22,291

p(S.024) + tW1.008) a 4.032 NoV (Ref. 81

d t > g He5 --> n + He
4 

+ 17.6? NoV rRef. 291

> He 5  
-- > n + He4 + 16.69 NoV [Ref. 261

> n + p * t - 2.2 ReV (Ref. 61

> 2n + He3  3.0 Rev (Ref. 61

-- > n + He
4 

+ 17.586 Nov (*ef. 101

+ 17.6 Nev (Refs. 6,11,14,16,19,2T,23,ZS,Z&]

n(14.1) + He 4(3.5) a 17.6 NoV [Refs. 15,18,22,J93

> n* + He4 + 17.6 NeV (Ref. 191

-> + n + He
4 

+ 17.589 NeV [Ref. 171

d H 1,e3 .. _ Li
5 . 

.. > p + He
4 

+ 16.81 Nev [Ref. 261

> g + Li
5 

.> p + He 4 + 18.4? NoV (Ref. 33

--- n + p + He
3 

_ 2.2 NoV [Ref. 6]

p 4 + 18.3 ReV (Refs. 19,21,23,281

+ 18.4 Nev [Refs. 11,12,163

+ 18.341 Nov (Ref. 91

+ 18.351 Nov (Ref. 101

p(14.7) + He 4(3.6) z 18.3 NeV IRtefs. 15,30]

p(14.681) + He 4(3.670) a 18.351 NeV tRef. 8]

a nmlillil lll im~il~ lim i H I



d + He --- > p*(14.68) + He 4(3.67) - 18.35 MeV [Ref. 73

d + He --- > n + p + He
4 

- 2.2 HeV [Ref. 61

--- > p + He
5  

-- > n + He 
4  

2.22? NeV (Ref. 3]

d + Li 6 
--- + n + +e

7 
+ 3.38? MeV (Ref. 3]

n + He 3 
+ He

4 
+ 1.72 MeV [Ref. 61

* 1.796 NeV CRefs. 9,101

* 1.8 MeV (Refs. 11,12,191

n(1.134) + He 3(0.378) + He4 (0.284) * 1.796 MeV (Refs. 2,8]

7- n + Be + 3.34 MeV (Ref. 61

+ 3.40 MeV (Refs. 5,11,12,16,19]

n(2.957) + Be 7(0.423) = 3.380 MeV [Refs. 8,9]

--- > n + BeT .- > n + He
3 + He

4 + 6.28? MeV (Ref. 13]

7
--- > p + Li + 5.0 NeV (Refs. 11,12,16,191

+ 5.02 MeV [Ref. 6]

* 5.026 MeV (Refs. 9,101

* 5.027 MeV (Ref. 51

p(4.398) + Li 7(0.628) = 5.026 MeV (Refs. 8,181

-- > p + Li 7  
-- > p 4 t + He 4+ 4.73? MeV (Ref. 13]

-> p + Li -_.> g + Li 7 + (4.54 + 0.45) MeV (Ref. 6]

4
--- > p + t + He + 2.557 MeV (Ref. 171

* 2.561 MeV [Refs. 9,10]

* 2.6 MeV (Refs. 11,12,16,19]

--- t + Li -- > p + He
4  + (0.9 + 1.6) MeV (Ref. 6]

t(0.539) + p(l.618) + He 4(0.404) = 2.561 MeV [Refs. 8,18]

> He 3  
. He

5  
_-, n + He

4  
+ (0.8 + 1.0) MeV [Ref. 16]

-> 2He
4  

+ 22.373 MeV (Ref. 10]

+ 22.39 MeV (Ref. 5]

4 22.4 MeV (Refs. 6,11,12,15,16,19,221

2He (11.187 each) = 22.374 KeY (Refs. 8,9,18]

d 4 Li --- g + 2n + Be
7 

- 3.87? MeV (Ref. 3]

--- > g + p + Li -- + See -- 2He 4  15.4? MeV (Ref. 3]

-- 2He
4  

+ 15.9? MeV (Ref. 3]

7
2n + Be - 3.869 MeV (Ref. 17]

9



d * Lif - n + 1e -B - 2meN4 + 15.0 NOV Clets. 5.63
n(IO.02) + 2Ne4 (2.521 eah) * 15.124 New flef. 18

--- p + L 8 
-- ) " * *-- 2Heo • (-0.26 + 16.0) NeV [Ref. 61

-- t + Li 0.995 NeV (lef. 61

" No 4  me$-) n * He 4 * 14.2 Nov 11.f. 5)

*- i 9e9  16.674 NoV (Ref. 261

7 4
d + me --- x p + 2e 4 # 16.7 Nev [Ref. 163

+ 16.766 NoV laef. 173

p(1.179) + 2N& 4 (2.79S each) a 16.769 NoV Elef. 181

d + Be 9 ... * 15.87 Nev (lerf. 3)

"'p + B 0 * 4.588 ReV [let. 5)

- n * *10 + 4.33 Nev [lef. 53

- t + sea -.- 2W. 4 * 4.687 N&V Clef. 3)

- Me 4 * Li 7 7.153 NeV Clef. S)

d + ---BI p + 1 * 9.235 1Y(Ref. 51

-- n C 11 ..) o11 + * + 6.6 I ew [eW. 53

" me No 4 + *oS -. 1 2# 4 , 17.86 NOV (ief. 5)

d * 811 --- n * C1 2 + 13.8 Nov Clef. 53

-- - 2f + C1 1 - 4.99? MeW lef. 33
P + 1 2 12 1.137 NOV (40f. 5]

o He Li i- e- + D# -*. "

S1.137 IWe~V Met. Irl

" e 4* + Be 9 + 8.018 *eV Clef. 51

10



TRITON-INDUCED REACTIONS

t + t --- ) n + He
5  

-_, n + He
4  + 11.4 MeV (Ref. 6]

-- >- 2n + He
4 (Ref. 271

+ 11.3 NeV (Refs. 11,15,22]

+ 11.328 MeV [Ref. 10]

+ 11.4 MeV [Ref. 6]

2n(5.034 each) + He (1.259) a 11.327 HeV [Refs. 8,9,18]

t He 3-- d + He
4 

+ 14.3 NeV [Refs. 6,11,163

+ 14.319 HeY [Refs. 9,10]

d(9.5) + He 4(4.8) = 14.3 Nev [Refs. 15.22]

d(9.546) + He 4(4.773) = 14.319 MeV [Refs. 8,18]

--- p + He5 .-_ n * He
4 

+ 12.093 HeY [Ref. 10]

+ (11.3 + 1.0) MeV (Ref. 6]

p(11.9) + He 5(2.4) a 14.3 Nev [Refs. 15,221

-I n + p + He
4 + 12.092 HeV [Ref. 9]

+ 12.1 HeY [Refs. 6,11,15,221

n(5.374) + p(S.374) + He
4
(1.344) = 12.092 MeV (Refs. 2,18]

- > p(lO.077) + He -- He 4(0.403) + n(1.612) x

12.092 MeV (Ref. 82

->- n + Li 5- p + He
4 

+ 12.093 Nev (Ref. 10]

* 12.1 HeY (Ref. 11

* (10.3 + 1.3) NeV [Ref. 6]

-- > p(5.374) + n(5.374) + He 4(1.344) a

12.092 NeV [Ref. 8]

t + He o--> g + Li
7 + 2.467 Nev [Ref. 17]

--- n + Li 6 _ 4.784 HeY [Ref. 17]

11



t L 6 
-.. U + P + LI " - * e -- Zieo + 16.4? NeV (&ef. 31

2- . 4 4  16.9? NOV tRet. 31

7
d Li 0.994 ReV (90f. 171

* 6.995 NOV (Ref. 61
* 1.0 Wov [if*. 12,161

d d L * +-) gI * LI • (0.509 * 0.45) NoV (rSf. 61

2n * Be T 
- 2.876 NOV [..f. 171

p + Li B # 0.8 ReV lot. 161

-- * • * 2ie 4 + 0.600 NOV rtef. 61

n + Bea Zito 4 + 16.0 NV CRef. 61

n 2Ne 4  16.0 NOV tSif. 61
16.1 NOV (Ref. 161

" + * Be9 * 17.7? NeV tiet. S)

".. 3ien*4 + ga
s -.1 n + Ne4 * 16.1? NOV (Ref. 5]

t + Li -- s U d + Li 8 -.. 3. * +eta 2 e 4 + 1.47 NeV (etf. 31

- ie 4 * 11.9? eOW (Ref. 31

--- Zn # 2N*e4 (Ret. 61

2n + Zine4 + 8.86 NeV (Ref. 61
2nC6.049 each) * 21.4 (1.512 each) a 15.122 NOV (Ref. 181

-- ~ n + Be 9 * 10.4 NOV r(ef. 121

+ 10.52 NeV (Rtf. 6]

3- 2n* S ae. -- 2e 4 + 8.83 NeV (ref. 61

2n + 2Hie 4 + 8.8 NeV (Ref. 12)

--- n # He 4  me -- n N e 4 + (8.05 + 1.0) MeW [Ref. 61

"' p * L 9 
-9 e" + So 9 10.7? NOV [Ref. 31

-- n * e 4 • 9.65? Nov (tf. 31

d + LI -- > e • e --0 +inB 2 11.4? NOV (Ret. 31

-- 2Nie4 + 11.9? NeV (Rtf. 31

He Ho 6 .., e" + Li 6 9.83 ReV (Ref. 61

12



t + Be 7 --- > p + n + 2He 4 (Ref. 21

p(4.204) + n(4.204) + 2He 4 (1.051 each) a 10.510 MeV [Ref. 2]

t + --.. n + 311 + 9.56? NeV CRef. 3]

t + B10 --- > Be 7  + He 6  
-> " + Li6 . 3.36? HeV [Ref. 31

- - p + 12 - - + + 19.27 ReV ERef. 3]

-- He4  + Lia -- e" + Bea -.1 2He 4  +
11.9? Nev [Ref. 3)

-- 2He 4 + 12.4? HeV [Ref. 3]

> p + He 4 + Li a-- e+ Bea --, 2e44 + 11.9* Rev (Ref. 3]

-- 2He 4  12.4? HeY CRef. 3]

t + B 1 1  
--- > 2He 4  + He6 > e"- + Li 6 - 39.5? HeY [Ref. 31

13



RBLIUN-3-IO1U-CD REACTIONS

He * H 3 --- , p Li p + Ne 4 + (11.1 + 1.8) NoV 1"ff. 163

->-- 2p * He 4 [Ref. 61
* 12.861 NoV [Ref. 93

* 12.9 NeV (Refs. 21,251

2P(5.7 1 6 eech) + No (1.429) a 12.861 No.V Clef. 183

Ite3 .H -- > g + Be 7 + 1.568 wtV [Ref. 171

He3 + Li --- : p + Be Ref. 61

* 16.63 NoV (Ref. 131
* 16.92 NOV [Ref. 133

-- > P* + ae 8 , [Ref. 6]

p + seR(ground state) --) 2me 4 [Re-f. 131

-- > p + 88 a --> 2#e 4 + 16.8 NoV (Ref. 6]

>p + e8 . ."2 g + 23e 4 + (13.9 + 2.9) NeV Clef. 6]

- p+ Be8(2.gr NeV) --> *e4 + LI -- > p + He 4 (Ref. 133

--- > g + B 9  p + 2le 4 + -6.9? NeV [tef. 51

> n + B8 e+ + te --> 2o-e4 + 15.6? Nev (t-ef. 5]

--> o + 2-eo 4 (-2.0 + 1&.0) rkaf. T63

--- d + Be 7 Clefs. 5,133

* 0.1 *eV (Refs. 12,16,31]

* 0.113 NOV (Ref. 93

d + Be y * [lef. 13

-> p + 2"e 4 (Ref. 53

* 16.8 W.V CRefs. 14,163

+ 16.880 NOV (Refs. 9,1'03

* 16.9 NtoV (Ref. 313

p(11.258) + 2.w 4 (2.813 each) a 16.884 N-V (ief. 83

- -- He4 + Li 5 --2 p + He4 + t6.9 NoV [*e-f. 121

14



He 3 + Li
7 

... n * B9 
.. , p + se8 e- 2He 4 + (9.3 * 0.3) MeV CRef. 6]

--- n + p + Be 8 
-, 2e 4 

+ (9.5 + 0.1) MeV [Ref. 6]

n(3.852) + p(3.852) 2He 4(1.512) a 10.728 HeY [Ref. 18]

-. o> p + Be
9 

+ 11.2 MeV CRef. 61

--- d + Be
8  

-- > 2He
4  

+ (11.7 + 0.1) Hev (Ref. 6]

--- t + Be
7  

0.881? Nev [Ref. 3]

>-- 2p + 2He 4  (Ref. 18]

2p(4.510 each) + 2He 4 (1.127 each) = 11.274 MeV [Ref. 18]

- e4 + Li 6  + 13.3 HeY? (Ref. 5]

He 3 
+ Be

9 
--- > n + He

4 
+ Be

7 
* 0.014? MeV [Refs. 3,263

-> 2n + C
1 0 -- • + - 2.437 MeV (Ref. 31

-> p + +11 10.3? HeY (Ref. 5]

-- > p + B 1
l

. 
+ 10.32 MeV (Ref. 26]

-- > n + C 1 1  -- > e + B + 9.02? NeV [Ref. 5]

> He
4 

4 Be
8 o-> 2Ne 4 

+ 19.07 NeY [Ref. 51

-> He
4 

+ Be
8  

+ 18.94 MeV (Ref. 261

He
3  

+ B I 0 --- > p + C12 + 19.7? MeV (Ref. 5]

--- > p + C12 .  + 19.67 (Ref. 261

> t + C
1 0 

-- e B + 0.530? MeV (Ref. 3]

-- > He
4 

+ B -- > p + 2He
4 

+ 12.4? Hev (Ref. 5]

- d + C 1 1 
-' e+ + B 4.737 HeV (Ref. 5]

-> Li6 + Be
7 

- 2.87? HeV (Ref. 3]

-> p + C13 + 13.2? HeY [Ref. 5]

-- > d + C12 * 10.67 4eV [Ref. 5]

15



lELIUN-4(ALPNA-PARTICLI)-|INDUCES REACTIOUS

We 4  * Li 6  ... > I + f [ef. 51
+ 4.460 NeV [4ef. 172

p * Se 2.1 NeV (Refs. 12,161

2.125 noV (Ref. 173

"-- d + 2lie - 1.473 ReV Cef. 171

Ne4 , + Li 6 t .-., d # Ne 4 
- 1.5 NeV [tef. 121

He/* LI "- - Ii i 8.65? ReV (Ref. S]

--- ) n + - 2.76? NeV (Ref. 31

we4 9 e9 --- n # Ne e -- 2#&4 - 1.577 NeY [*ef. 32

--- ) n + 3He 4  1.573 NeW CRef. 91

" + 912 " e + C1 2 . 6.92 NeV (Ref. 51

4 a a5
- - o He+ L -a # 9 4 -. 2Ne 4

6.92 N-MV [*ef. 51

---- n + C * 5.7 Nov Clef. 161

+ 5.71 Ne [Ret. 51

n(5.263) C1 2 (0.439) a 5.702 eV CRefs. 9.153

- d + a11 7.95? NeV (tef. 51

4 10 13
He * * - p + C * 4.08 ReV Clef. 51

-- n * N 13 . 0 + 2.7 ReV (Ref. 51

d + C 12 1.407 NeV rRef. 51

Ne4  oil --- > n + N, 14 * 0.158 ReV (ef. %1

* O.t59? *eV (Ref. 51

-- ) p + 1 4  * 6.75 ReV Clef. $]

* 0.784 wteV itef. 91
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LITHIUM-6- INDUCED REACT IONS

Li6 Li6 --- > p + 811 + 12.215 MeV CRef. 17]

+ 12.2 MeV CRef. 31]

p(11.200) + 811(1,018) = 13.218 MeV [Ref. 18]

> p + n + 9
1 0 

+ 0.8 NeV CRef. 31]

--- > p + t + 2He
4  

+ 1.1 HeV (Ref. 313

-.- > p + He 4 + Li 7 * 3.5 HeV [Ref. 31]

--- , 2p + Be
1 0  

+ 1.0 (Ref. 313

--- > n + He
4 + Be

7 + 1.9 HeV CRef. 31]

+ 1.906 HeV [Ref. 171

n(1.370) + He 4(0.342) + Be 7(0.196) 1.908 MeV [Ref. 18]

-> n + He3 
+ 2He

4 
+ 0.3 NeV [Ref. 31]

_- -- 3He 4 + 20.8 NeV [Ref. 14]

+ 20.896 MeV CRef. 171

+ 20.9 MeV CRef. 31]

3He4 (6.967 each) = 20.901 MeV CRef. 18]

n + C11 + 9.4 MeV [Ref. 31

n(8.665) + C 11(0.788) = 9.453 HeV [Ref. 18]

11 11

-- n + C
1 1  

-- > e + B + 9.450 HeY CRef. 17]

-- > d + 010 + 2.985 HeV CRef. 17]

+ 3.0 MeV [Ref. 31]

d(2.489) + 810(0.498) = 2.987 MeV [Ref. 17]

- >- t + 89 + 0.8 MeV CRef. 311

+ 0.805 CRef. 17]

t(O.606) + 9(0.202) 
= 

0.808 HeV [Ref. 171

- > g + C
1 2  + 28.2 l4eV [Ref. 31]

> He
3  + Be

9  + 1.9 MeV [Ref. 311
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CROSS SECTION% FOR PROISINS PR0PiMS10* REACIJOAS

PftOAi'SltE REACT 1ONS/CIITERIAV

on' t he,'f o t ilng-pzgea&-the'cross-sections forP some- ofthe' more-attractive
reactions for propvLsion are-investigated, Some characteristics o-f'an idae
reaction for a propulsion system include' the fbt'lowlng:

1. No neutriolpirdaction.
2. No ga~m'a-ray produjction:.
3 . E'xotheru'ie in nvuttne.
4-; Ac'ilevabie' ignition.

The reactions examined were.' choe"n' einy- b~cause' they pro'dUrCe Min-ima. ame-untu
ocf harmful radiation (criteria 1 an~d 2). Ali' of' the reasctions.a-re' elAOtherMic
(3), which is an obvlous'p-roputsionsyst'e r-equ-Ir'eWht-. Athievin'q illt'lon
(V4) is the stic-kinqpontWl'Ch sbourldbe resos'led as co.nt04"'ent t~cbubo4ogy~
a'dvances.

Four reactions are- consideredi 1) 2) Ne .H'eY,. 3~) p'iLi 6 ,. and, 4-); p-
BOI.Th'e d He 3 reactlion will IIikeLy be, the' fi rst of' thetwe tb.- b* uA41 ~zed-. It.

pwoduce's some ne-utron's, but mwethWo'd tb reduce' them', such' as spin-- peo4r i z-.tA-ci,
al-e being reseasrched. W'e 3-_He- 3'oulId- be' thlr" ideal- choice- for pp16i'O'rv
bdcause it, is covptete-ty anetrtonic. Alt- thlis- tim-, ho~rever', it, se-ei vD b,*' an
U'figi tab-le re-action, as, i tlustrated- by th-e> c-bWp~i4ed dbte. Slothl W1.06 aott;p*

Bj1come c lose to bei ng- aneut roni c, but. igSM t'on s-eem to be the- -for-
Asat because of the high breb'msstraftlunW- and* cyclotron r'adl..t'iow e-nergy
l'oss.

C-ROSS SECTION' NOTES ANO GRAPHS

.Graphed data for the d-He 3re'action- are.* siibVn in Figw~e 1 . T M *- r veatct4ion,-
tias been dwc ume-nted in many s-ourcet and, is- the-~ object of' & nuafter o4f re-ssarcihr
pfojects. A's can b4e se-en, the c-urve is wet i-defineid by the ctosety-arreleinq
s'ources of data. There is sowe, dlscrepanc'y st vo.e'tre'- the- mm-xiiwuai'- ocecurs, as
it varies from' 720 to 8' & eb at the peat evvergy. Wet-'th'od5 noua- need 100 beO
devised to minimize neutron productio-n. It is, currn~y. plaonevd. f'or, rut-ro-n-
pfroducing branches- of this re-action tv, be- corvaide'red in a fut-Ure rawort. T We
remaining concern is being-able to achieve the appro*-imm'tety 0*.445 PeV
temperature at which the reaction reache-s* its, resonance peak. It. is-- a-t this-

o i nt where t'he the h igh-est probabiIi ty of th'e max imum react i on rs'va isa
obtained, if not obvious. from the graph', the dost ed Ii ne correspoirda t o the
c~urve obtain'ed from the, "I's-rn S-ook" (R'm'. 11.
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The cross section data for He -He 3 are shown in Figure 2. Data points

found by Good in 1954 are shown as boxes. The curve shown was determined -by

-Ouara~kanath's 1971 data (dots) and P-ritzker's 1976 data (X's) [Ref. 323. .No

,curve peaks (maxima) are readily apperent--the only possibility being along

the Level curve portion in the range of 8 to 10.4 N-V. A temperaturv of this

-magnitude is beyond the Limits of present confinement technology. Thus., it is
apparent t-ha-t this reaction may not be ignitable, at tIeast not in the near
future. Even so, additional data may provide a breakthrough by revealing a

peak in the cross section curve along the L-evel portion.

Another reaction which needs more data to adequately defirne the cross
6

.saction curve is the p-Li reaction, shown in Figure 3. The latest findings

,[Ref. 4] show a wet-fit curve for the reaction. For the energy range common

to the two sets of data, the shape of the curve is similar. Additional da-ta

for the peak region is needed so a precise cross section value c-an be

determined for use in experiments. There is also a gamma-ray producing

,branch, but no significant data was found. The Ref. 3 curve is shown wi-th-out

data points for clarity.

11
Figures 4 and 5 show the p-B reaction. The favorab-e branch,

B 1(p,3He 4), is represented in Figure 4. According to recent ia-ta collected
at Los Alamos (Ref. 331 and graphs from Ref. 34, a resonance may exist at a
Lower energy than previously noted in such sources as the Barn 43ook (Re-f. 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 grow quite Large. In Figur.e .5 t-he

-ess favorable B1 (p,n)C 1 1 branch is detailed. The dat.a set denote.d -by t he

"X's" is small and departs decidedly from the other data curves. One poi-nt
(0.2 Nev, 2.5 mb) from this set was omitted on the graph in order to -narrow

the spectrum of temperatures shown, thereby increasin4 detail 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. if Figure 5

is compared to the favorable branch in Figure 4, it can be concluded that -the
unwanted branch's cross sections fail off rapidly as energy drops, provided

the "X" data points are ignored. It would seem that by staying at
temperatures below 3 MeV, the neutron-producing branch would not become a

significant factor.

Figure 6 is a graph showing the comparative cross sections for each of

the four fuels. The e 3-He curve is a reprint of the earlier graph formed

from the Dwarakanath and Pritzker data. All other curves in Figure 6 sho-w the

Los Alamos R-matrix data analysis results [Refs. 4,33]. Some data points have

been omitted from Fi ure 6 to maintain clarity; d-He 3  is shown without them
altogether. For p-B the accepted maximum is reached at 0.625 0eV with a

cross-section of 800 mb. D-He exhibits a peek of approximately 847 mb at
6

0.426 MeV. Finally, p-Li peaks at a stable 219 mb from 1.76 to 1.81 MeV. in
the future a more precise curve wilt be determined for each fuel, after

additional cross-section date is obtained. Brookhaven National Laboratory

(Ref. 3], Los Alamos National Laboratory (Refs. 4,33], the Born Book (Ref. 1].
and the AEP Barnbook (Ref. 32] were the main sources of data for these graphs.

It should be noted that data from the Barn Book are shown as curves without

points in Figs. I and 4, as was done in the reference itself.
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CONCLUSIONS, RECONNENDATIONS, AND STUDY OUTLOOK

During this initial phase of the study, a great deal has been learned

aboyt thermonuclear reactions and the meanings of their cross sectiofns.
Already several conclusions about available cross section information can be

drawn. First, most of the references that have been consulted were generally

10 to 20 years old, some even older. This may be due to the fact that only

recently has a genuine effort been started to make fusion space propulsion a
reality. However, most of the date presented here is tess then 10 years old.

Secondly, the safety involved with an advanced fuel that is aneutremic has

been, and wilL continue to be, a major factor In the push for its development.
Finally, it is surprising that no 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 reactions is quite

plentiful, and the number which may await discovery should not be large in

number.

The conclusions basically center around the cross section information

which has been published and is presented here. The d-Ne 3  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 welt defined. Ne -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 Me 3 for
reaction. Recent studies [Refs. 35,36,371 indicate the moon to be a potential

3source of He . this makes its labeling as a futuristic fuel quite

appropriate. p-Li 6 and p-B need additional sources of cross section data to
determine if resonance peaks exist at energies below those currently indicated

by cross section data. Each of them has a harmful radiation-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 tow ignition energy it possesses. Mining the moon

and the outer planets for reactant fuels such as He 3 should continue to be
investigated for feasibility. If the we3  reactions are found to be ignitable,
a plan for obtaining the He needed would already have a great 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 branches

of each reaction. In the case of p-91 l the possible Lower energy resonance

needs to be investigated more fully, as it has encountered mixed reviews

concerning its validity. As is obvious, a tower resonance energy wilt enable
fusion to bec-i.e a reality sooner than expected and wilt relieve some of the

stress on rontainment 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 wilt be

fitted to curves and presented along with discussion about which set' of data

are best. Based on this data, and with parameters such as nuclear scattering

and various sources of radiation toss taken into account, new ignition

temperatures wilt 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.
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