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Radiation-Enhanced Dissociation of Hydrogen
in Nuclear Rockets

Yoichi Watanabe*
University of Florida, Gainesville, Florida 32611

The effect of radiation-induced dissociation of hydrogen gas in nuclear rockets is studied. The degree of
dissociation is obtained by solving rate equations, which include the fast ion-induced dissociation and ionization
of atomic and molecular hydrogens. Analytical formulas are used to estimate a change in the viscosity and the
specific impulse. We have found that the fast ion-induced dissociation can theoretically play a role in enhancing
the specific impulse for nuclear rocket concepts using hydrogen gas at low pressures (<0.1 MPa) and low
temperatures (<3000 K). It is also shown that the specific impulse is enhanced by mixing helium-3, lithium-6,
and boron-10 with hydrogen.

Nomenclature
cp = heat capacity of hydrogen gas, J/kg/K
D = dissociation energy, J/mol
Ef = fission energy per reaction, MeV
G = number of molecules formed or lost per 100 eV of

absorbed dose
/sp = specific impulse, s
kf = rate coefficient of reaction /, W"1, cm~3 s"1, or

cm~ 6 s~ 1

nf = fissile fuel density, cm~3

p = fuel gas pressure, MPa
Qr

 = radiation energy deposition rate, W/cm3 or W/cc
qd(x) — energy deposition rate at distance x from solid

nuclear material, W/cm3

Rf = stopping range of fast ions in medium /, cm
T = effective temperature of gaseous fuel, K
w = radiation energy expended per ion-electron pair

formation, eV
[X] = particle density of species X, cm"3

a = degree of hydrogen dissociation
yt = probability of energy loss to species /
£ = mole fraction of fast ion producing species
df = fission cross section, cm2

</>th = thermal neutron flux, cm~2 s~ a

Introduction

T HE specific impulse of nuclear thermal rocket propul-
sions can be increased by using a light atomic gas (hy-

drogen) and raising the gas temperature at the reactor cham-
ber.1 Further enhancement is possible by recovering the
dissociation energy of hycjrogen molecules through recom-
bination at the nozzle exit.2

Some thermal neutron-induced nuclear reactions taking place
in nuclear reactors produce high-energy charged particles.
These fast ions can ionize and dissociate molecules during the
slowing down. Thus, hydrogen molecules can be effectively
dissociated by adequately designing the reactor core so that
fast ions could deposit most of their energy in hydrogen gas.
Particularly, in reactor concepts using noncladded solid/liquid
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fuels of comparatively small size, fast ions (or fission frag-
ments) easily escape the reacting medium, dissociating the
hydrogen molecules. Some of these concepts are the fission
fragment,3 uranium arc,4 liquid droplet,5 and liquid annular6

concepts.
In this article, we first make a chemical reaction model

including fast ion-induced nonequilibrium ionization and dis-
sociation, and compute the degree of dissociation. The effect
of enhanced dissociation on the specific impulse is evaluated
by using a simple analytical formula. We also examine the
impact of fast ion-induced dissociation on the thermophysical
properties of the hydrogen, i.e., viscosity. An assessment is
made whether the effect is important for the proposed nuclear
rocket propulsion concepts. To take further advantage of the
fast-ion induced dissociation, a technique of mixing fast ion-
producing atoms in hydrogen gas is proposed.

Radiation-Induced Dissociation

Physical Model
Radiation (gammas and charged particles) induces disso-

ciation of hydrogen molecules by imparting its kinetic energy
to molecules. Hence, the degree of dissociation of hydrogen
gas exposed with radiation is different from that of gas in
thermal equilibrium. In this section, we develop a physical
model needed to compute a, which is defined as the number
of hydrogen atoms divided by the total number of particles
(atoms and molecules). It is easy to show that the population
of negative hydrogen ions is small compared with the electron
population. Thus, we assume that only five particle species
(H, H2, H+ , H^, and electrons) are present in the hydrogen
gas at the gas conditions of interest (i.e. , p = 0.01 to 10 MPa,
and T = 2000 to 4000 K). For these species, eight chemical
reactions given in Table 1 are considered.7'12 Note that ra-
diation induces both ionization and dissociation of hydrogen
molecules, and dissociative ionization is less likely to occur.7

Steady-state rate equations are given for H2 H, H^, H+ in
a spatially uniform gas:

- k6[H2][e] = 0
(1)

k4[HY[M] - (k, + k2)y2Q,

2k2y2Qr + 2k5[H2][M] + 2k6[U2][e]

+ 2fc8[H2+][e] - = 0

ks[H?][e] = 0

, - k7[U+][e]2 = 0

(2)

(3)

(4)
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Applying G values,13 one can represent the rate coefficients
kt (i = 1, 2, 3) for radiation-induced ionization and dissocia-
tion terms as

kt'= (G/100) x [1/(1.6 x 10-19) [W-1] (5)

Since the ionization degree of the gas is low, i.e., below 10~3,
one can assume that whole energy is absorbed by neutral
hydrogen atoms or molecules. An approximate formula for
the probability of the energy absorption by species / in a
gaseous mixture of species / and ; is given by14

assumption may yield a larger value for the G value than the
true value.

Figure 1 shows the computed degree of hydrogen dissociation
as a function of gas temperature for various gas pressures, 0.01,
0.1, and 1 MPa. Solid curves represent the equilibrium solutions.
Nonequilibrium solutions (dotted curves) are obtained for var-
ious energy deposition rates. The figure indicates that a signif-
icant enhancement of dissociation is achieved for gases at tem-
peratures below 3000 K and pressures less than 0.1 MPa. For
example, the degree of dissociation of a gas at 0.01 MPa and
3000 K is 0.41 in equilibrium; whereas it is 0.55 when the ra-

(6)

where atj is the ratio of the effective atomic mass of species i
and j. For a mixture of hydrogen atoms and molecules, the
ratio is approximately two. Then, using the dissociation de-
gree a, the probabilities yl and y2 f°r hydrogen atoms and
molecules are represented by

(7)11 2 - a

_ 2(1 - a)
72 2 - a

Charge neutrality of the gas requires

(e] - [H+] - [H2+] = 0

(8)

(9)

For a weakly ionized gas, the total number of particles, N,
in the gas is fixed for given gas pressure and temperature:

[H] + [H2] = N (10)

There are six equations for five unknowns. Therefore, Eqs.
(1), (3), (4), (9), and (10) are sufficient to determine the
solution uniquely. The solution is provided seminumerically.
First, Eqs. (3), (4), and (9) are solved for [H+], [H?

+], and
[e] by assuming [H] and [H2] in y1 and y2. Then, using this
solution, Eq. (1) with Eq. (10) are solved for [H] and [H2].
Iterations are made until the value for [H2] converges with a
given precision.

Characteristics of Nonequilibrium Dissociation
Rate coefficients used with Eqs. (1-4) for the following

analysis are shown in Table 1. There is a simple relationship
between the G value and the w value13: G = 1007w. Hence,
the G values for ionization (i.e., reactions 1 and 3) are esti-
mated by using empirical formulas for fast electrons relating
the w value with the ionization potential.8 These values are
correct for other types of charged particles within 10%. The
G value for the dissociative reaction (reaction 2) is computed
from the w value for the excitation reaction between fast
electrons and molecules. Here, we assume that the excitation
always leads to dissociation.7 Since excited molecules either
decay by emitting a photon or dissociate into two atoms, the
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Fig. 1 Degree of dissociation of hydrogen gas vs gas temperature.
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Fig. 2 Degree of dissociation vs energy deposition rate.

Table 1 Atomic reaction and rate coefficients

ID
1
2
3
4
5
6
7
8

Reaction
H2
H2

+ .
+ .

X — »
^T— >

H + X->]
H
H2
H2
H+

H2
+

f I
+ .
+ i
+
+

i + j
M^
e — > 1
e +
e — >

H2
+

H +
^+ +
M —>
ii ~}~

[I + ]

+ e H
H +
e +

H2 +
H +

ft + <

h JTa

^
A'
M*
M

g
e^> H + e
H + H

1.
1.
2.
6.
3.
3,
8.
1.

,72
,89
,71
,34
,15
,17
,7
.6

Reaction rate coefficient, kt

x
x
X
x
X
x

X
X

1017 W-1

1017 W-1

1017 W-1

10-34(r/2870)-12cm6s-1

10-10 exp(-95,500ARr) cm3 s~l

10-13exp(-203/JRT)cm3s-1

10-20(r/298)-4-5cm6s-1

10-8(r/300)-°43cm3s-1

Reference
8
8
9

10
10
11
9

12

*X represents fast ions and fast electrons. bM represents neutral particles, i.e., H or H2.
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diation energy deposition rate is 10 W/cm3. The enhancement
is larger at lower temperatures. As the gas pressure increases,
the radiation effect becomes smaller. The effect is negligible for
gases at 1 MPa even if very high radiation energy (1 kW/cm3)
is deposited.

The dependence of dissociation on the energy deposition
rate is shown in Fig. 2, in which the gas temperatures of 2000,
2500, and 3000 K are used with a gas pressure of 0.1 MPa.
In the figure, the ordinate is the ratio of dissociation degree
for nonequilibrium case to the equilibrium value. Note that
the enhancement in the dissociation is nearly proportional to
the energy deposition rate for a low temperature gas (T =
2000 K); it increases from 2 to 50 as the energy deposition
rate increases from 1 to 1000 W/cm3.

Reaction rate data suffer from large uncertainty; in partic-
ular, the G values for heavy charged particles such as fission
fragment ions are not well-known. Hence, it is important to
examine the sensitivity of the results (the dissociation degree)

o
OJ
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0

o>oo

p=0.01 MPa
T=3000 K
Q=10 W/cc

3 4 5 6
Reaction I.D.

8

Fig. 3 Sensitivity of dissociation degree to variation in rate coeffi-
cients. Shaded areas indicate possible variations of dissociation degree
for the reaction rate coefficients varied from } to 2 times of the ref-
erence values. Hatched areas are for the rate coefficients varied from
is to 10 times the reference values.

Fig. 4 Energy deposition rate profile of charged particles emitted
from solid surface.

to the data uncertainty. Figure 3 presents the variation of the
dissociation degree when the eight reaction-rate coefficients
are independently varied. For these calculations, the G values
are varied by a factor of two and other coefficients are varied
up to an order of magnitude. One sees the significance of the
data accuracy with the G values for the ionization and dis-
sociation reactions of molecular hydrogens (reactions 1 and
2) and the recombination and dissociation reactions of neutral
hydrogens (reactions 4 and 5). The uncertainty in the rate
coefficients of the other four reactions has little impact on
the dissociation degree; this suggests that these reactions are
not important for predicting the dissociation degree. There
are a number of measurements of the reaction rates of re-
actions 4 and 5. Since the degree of dissociation is very sen-
sitive to these coefficients, however, more reliable data are
needed. Experimental measurements of the G values for the
ionization and dissociative reactions of hydrogen molecules
have not been done, to the author's knowledge, for fast-ions
of our interests (i.e., H, 3H, 4He, 7Li, and fission fragments).
Since the G values are key data to evaluate the feasibility of
radiation-induced dissociation, systematic experimental
measurements must be undertaken. {

Radiation Energy Deposition in Gas
Neutrons and high-energy photons (gammas) are present

in a nuclear reactor. Neutrons themselves do not deposit the
energy to hydrogen gas very effectively. There are atoms
producing fast ions upon interacting with thermal neutrons
such as helium-3, lithium-6, boron-10, and uranium-235, and
charged particles expend the energy very effectively in hy-
drogen gas. Such atoms can be either mixed with the gas or
be coated on the solid surface facing the hydrogen gas in order
to take advantage of fast ion-induced dissociation.

First, we consider a hydrogen gas mixed with fast-ion pro-
ducing species. When the atoms are mixed uniformly and the
size of the cavity is sufficiently large compared with the mean
range of the fast ions, the fast ions expend the energy uni-
formly in the gas. Then, the energy deposition rate per unit
volume is given by

a = Efn^f^ (n)
Note that the energy deposition rate is proportional to the

particle density of the fast ion-producing species or the partial
pressure of the species if the gas obeys the perfect gas law.
Table 2 shows the energy deposition rate along with Ef and
oyfor nf = 2.41 x 1018 cm-3 (or a gas at 0.1 MPa and 3000
K) and 0th = 1016 cm^s"1. Here, we consider a nuclear
reactor yielding a relatively high neutron flux.

When fast ion-producing species are coated on a solid sur-
face, the fast ions produced in the solid material lose their
energy in the solid medium before they escape the medium;
the rest of the energy is deposited in the hydrogen gas. The
energy deposition rate as a function of the distance from the
solid wall, z, can be computed by using the following ana-
lytical formula derived by Nguyen and Grossman for the slab
geometry15:

(12)
where x — z/R2. ̂  and R2 are the stopping range of fast ions
in the solid medium and hydrogen gas, respectively. Note that
Eq. (12) is derived by neglecting the nuclear scattering and

Table 2 Energy production of candidate nuclear reactions

Reaction
3He + n -> H + 3H
6Li + n -> 4He + 3H
10B + n -* 4He + 7Li
235U + n — > heavy ions
a0th = 1016 cm"2 s"1, p = 0.

Q value, MeV
+ 0.763
+ 4.78
+ 2.79
+ 168

1 MPa and T = 3000 K.

Thermal neutron
cross section, b

5300
1000
3800
590

Qr, W/cm3a

15.6
18.5
41.0
383
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Table 3 Energy deposition of charged particles in gas facing solid wall

Material3

Li
B
U
LiAlO2
B4C
UO2

Qn kW/cm3b

26.6
440
550

13.4
371
313

R19 »m<
15.9
2.42
5.67
7.59
4.24
9.26

R2, cmd

39.8
23.4
34
39.8
23.4
34

qd(Q) , W/cm3

0.532
2.28
4.78
0.128
3.14
4.25

aNatural isotope composition is used except for U and UO2, which are 7.2% enriched by 235U.
b<£th = 1016 cm-2 s"1.
cOnly ranges for ions with a longer range are shown.
dFor hydrogen gas, p = 0.1 MPa and T = 2000 K, or [H2] = 3.62 x 1018 cm-3.

Table 4 Nuclear thermal propulsion concepts

Concept , MPa r,K h, cm- Ref.
Solid core
Low pressure
Fission fragment
Uranium arc
Liquid droplet
Liquid annular
Open-cycle gas core

5-10
0.1-1.0
6.8
0.2
10
1.0
100

3000
3500
3000
2400
6000
6000
105

1014

1014

1014

1014

1016

1015

1016

900-1100
900-1300

1000
1800
2000
2000
5000

20
2
3
4
5
6

21

applying the Thomas-Fermi approximation for the effective
charge number of fast ions. The function inside the paren-
theses in the right-side of the equation indicates that the en-
ergy deposition rate quickly drops in the vicinity of the wall,
and it vanishes at the distance equal to the stopping range as
shown in Fig. 4.

The stopping range of fast ions are inversely proportional
to the mass density of the transporting medium. It also de-
pends on the atomic and mass numbers of the fast ions and
the medium, and the initial energy of the fast ions.16-17

Using Eqs. (11) and (12), the energy deposition rate at the
solid surface are computed for natural Li, B, B4C, LiAlO2,
U, and UO2 (7.2% enriched by 235U). The results are shown
in Table 3. For p = 0.1 MPa and T = 2000 K, the energy
deposition rate varies from 0.1 to 5 W/cm3. Note that the
energy deposition rate is proportional to the hydrogen gas
pressure and the thermal neutron flux.

Applications to Nuclear Rockets

Impact of Hydrogen Dissociation on Viscosity
Thermophysical and transport properties of gases signifi-

cantly affects the heat transfer and fluid mechanics in nuclear
reactors. The viscosity of molecular hydrogen gas is larger
than that of atomic hydrogen gas. For example, the viscosity
for the former is 402.8 micropoises at 3000 K, while it is 332.7
fjiP for the latter.18 Thus, the radiation-induced dissociation
of hydrogen molecules leads to a gas with smaller viscosity
than a gas in thermal equilibrium. A theoretical estimation
of viscosity as a function of the degree of dissociation is made
by using a mixture rule.19 The result shows that the viscosity
decreases 3.5% as the dissociation degree increases from 0 to
30%. The thermal conductivity also depends on the dissocia-
tion degree. But, the impact of the nonequilibrium dissocia-
tion is even smaller than that for the viscosity. Therefore, the
effect of the fast ion-induced dissociation on the transport
properties of hydrogen gas is not significant in nuclear rockets.

Impact of Hydrogen Dissociation on Specific Impulse
The fast ion-induced dissociation yields a higher specific

impulse if the dissociation energy can be converted to the
kinetic energy of the hydrogen molecules at the nozzle exit.
To estimate the impact of the nonequilibrium dissociation on
the specific impulse, we use a simplified formula for the spe-
cific impulse.1 We consider a hydrogen gas mixed with an
atomic species X with atomic mass Ax. Here, the mole frac-
tion of species X is denoted by £. Assuming that the disso-

ciation energy is fully recoverable for the kinetic acceleration,
a formula for the ratio of the specific impulse for nonequilib-
rium gases I*p to that for equilibrium gases 7°p can be de-
rived. The result is

M(a0) T?(a*)
M(a*) r,(a0)

(D/4cgr)(l - Qq
(DI4cpT)(l -

(13)

where a* and a0
 are the dissociation degrees for the none-

quilibrium and equilibrium gases, respectively. Here, the
function 17(a) is given by

The average atomic mass of a particle M(a) is defined by

M(a) = (1 - 0(2 - a) + (15)

The dissociation energy is D = 4.32 x 105J/mol for hydrogen
molecules.10 The specific heat for hydrogen molecules cp =
1.46 x 104 J/kg/K is used by assuming that it is independent
of the gas pressure. Figure 5 shows the ratio as a function of
temperature for a pure hydrogen gas (i.e., £ = 0) with/? =
0.01 MPa/£)r = 1, 10 W/cm3 and p = 0.1 MPa/g, = 100
W/cm3. At low temperatures, the impact of nonequilibrium
dissociation is significant; e.g., the effect yields a 12 and 28%
increase in the specific impulse at p = 0.01 MPa and T =
2000 K for Qr = 1 and 10 W/cm3, respectively.

Examination of Propulsion Concepts
Some nuclear thermal propulsion concepts can take advan-

tage of the nonequilibrium dissociation effect. Table 4 lists
the typical gas pressure and temperature in the reactor cham-
ber for seven concepts. As previously stated, the radiation-
induced dissociation is significant for systems with a low
pressure, a low temperature, and a high radiation energy depo-
sition.

Radiation-induced dissociation plays no role in the specific
impulse enhancement with the solid core and low pressure
thermal nuclear rockets because fission fragments cannot es-
cape from solid nuclear fuels enclosed in a cladding mate-
rial.12-20 The fission fragment rocket concept takes advantage
of fission fragments emitted from uranium coated solid wall
to heat the propellant.3 It uses a rather high gas pressure,
however. Thus, it is unlikely for the nonequilibrium effect to
be important. The uranium arc concept uses fission fragments
emitted from fissioning plasma contained in arcs to achieve
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additional ionization and dissociation of hydrogen gas.4 Since
its gas pressure and temperature are relatively low, the non-
equilibrium process plays a significant role. The uranium
atoms or droplets are uniformly dispersed for the liquid drop-
let concept.5 Thus, the energy deposition rate given by Eq.
(11) can be realized. A problem, however, is its high gas
pressure and temperature. For these design values, the non-
equilibrium dissociation does not yield significant additional
dissociation over that by the equilibrium dissociation. For the
liquid annular concept,6 the effect is even smaller than the
liquid droplet concept because the radiation energy deposition
is limited by the fission fragment flux coming out from the
annular liquid fuel. For the conventional open-cycle gas core
concept,21 a similar argument can be made. Since the fission
fragment source is not in the hydrogen gas, the fission frag-
ments only affect the property of the gas in the vicinity of the
central fuel core.

It is very unlikely for most of the proposed concepts to
obtain sufficiently high radiation energy deposition in the gas.
Mixing fast ion-producing species with hydrogen is an attrac-

Fig. 5

2000 2500 3000 3500 4000
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Impact of nonequilibrium dissociation on specific impulse.
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Fig. 6 Specific impulse enhancement in gas mixtures.

tive idea to take advantage of the nonequilibrium dissociation.
A drawback, however, is that this increases the average mass
of the propellant. By applying Eq. (13), the ratios of the
specific impulse for gas mixtures of hydrogen and fast ion-
producing species to that of the same gases without the ad-
ditional dissociation due to fast ions are computed. The results
are shown in Fig. 6 for 3He, 6Li, and 10B. Here, the total
pressure of the gas is 0.02 MPa. The partial pressure of hy-
drogen gas is 0.01 MPa (i.e., £ = 0.5). For these calculations,
the energy deposition rates obtained before (see Table 2) are
used. One sees that despite the heavy mass, the specific im-
pulse considerably increases for the gas mixed with atoms,
producing a large nuclear energy deposition. Mixing hydrogen
gas with 3He and 10B yields a 10 and 16% increase in the
specific impulse at 2000 K, respectively. Note that in this
temperature range, uranium and boron are in liquid state.
Also, the estimate is made by ignoring interactions among
hydrogens and the fast ion-producing species. Thus, the result
indicates only a feasibility of the proposed technique.

Conclusions
We have evaluated the effect of radiation-induced disso-

ciation on the viscosity of hydrogen gases and the specific
impulse of nuclear rockets. The degree of dissociation is com-
puted by formulating a chemical reaction model. Energy dep-
osition rates of fast ions produced by nuclear reacting atoms
dispersed uniformly in a hydrogen gas and present in solid/
liquid fuels are estimated by applying simple analytical for-
mulas.

We have found that the fast ion-induced dissociation in-
creases the dissociation degree of gases at low pressures (<0.1
MPa) and low temperatures (<3000 K), resulting in an en-
hancement of the specific impulse. For example, 1 W/cm3 of
radiation energy deposition in hydrogen gas at 0.01 MPa and
2000 K leads to 12% increase in the specific impulse. Note
that the results could be affected by the data of reaction rate
coefficients, notably, the G values for radiation-induced ion-
ization and dissociation reactions of hydrogen molecules. To
reduce the uncertainty stemming from the data uncertainty,
we suggest experimental measurements of the G values for
ionization and dissociation of hydrogen molecules by fast ions
and the rate coefficients of three-body recombination and
two-body dissociation reactions of hydrogen.

Some proposed nuclear rocket concepts are studied to ex-
amine whether the fast ion-induced dissociation has any ef-
fect. It is found that for most concepts, the effect is not sig-
nificant because of either a high pressure or a high temperature
of the hydrogen gas. Then, a technique of mixing fast ion-
producing species with hydrogen gas is proposed to take ad-
vantage of the effect. We have shown that a mixture of 50%
hydrogen and 50% helium-3 enhances the specific impulse by
more than 10% at 0.02 MPa and 2000 K. The present results
can be used to design a nuclear rocket having a relatively low
fuel and propellant temperature without degrading the high
specific impulse capability, thus, enabling us to design a more
reliable nuclear rocket engine.
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