750 megacycles Venus looks like a
black body of about 450°K, and at
Arecibo the radio spectrum is being
extended downward to 430 megacycles
where the temperature is 200 or 300
degrees. Interesting properties of both
planets are being revealed by the
radio observations, and it is clear that
the dominant radio characteristics rep-
resent different phenomena.

Strong discrete sources of radio rad-
jation are sometimes misnamed radio
stars, although none of them are in-
dividual stars but should be identified
with galaxies. Such sources provide an
excellent grid against which the direc-
tion of the antenna can be checked.
The internal consistency of the check-
ing process shows that a few of the
sources are incorrectly reported either
in position or strength. Corrections
will become available, but the real
function of a survey is to locate the
weaker, more remote sources. A cata-
logue of such sources in a limited por-
tion of the sky is being prepared. Ob-

servations at radio frequencies help
with the astronomical classification of
the sources and bear on the theoreti-
cal problem of the formation of the
universe.

By using the moon as a diffracting
screen between distant radio sources
and observers on the earth, Hazard
(5) has demonstrated a powerful tech-
nique for the precise location and size
estimation of radio sources that are
occulted by the moon. The technique
is being applied at Arecibo and re-
sults will soon be available.

Because of the great distances be-
tween the earth and even the nearby
stars, signals originating in individual
stars are too weak to be detected by
techniques now available. If storms
occur on stars, as they do on the sun,
and if the radiation is enhanced mark-
edly for brief periods, as occurs on
the sun, then the enhanced radiation
becomes detectable. Searches have been
conducted for this type of radiation
from promising stars at a number of

Radiation Chemistry of the
Fixation of Nitrogen

The fixation of nitrogen by ionizing
radiation has such a tremendous poten-
tial for economic exploitation that a
“preakthrough” would have a far-reach-
ing impact on the world-wide chemical
industry. A major consideration today
is the possibility of using a nuclear re-
actor for the chemical synthesis—spe-
cifically, of using the kinetic energy of
the nuclear-fission particles to produce
the excited species, atoms and ions, to
interact and fix nitrogen. This article
presents the state of our knowledge,
the unresolved problems, and some in-
dications of possible solutions.

The term fixation of nitrogen denotes
the chemical binding of nitrogen gas of

Dr. Harteck is Distinguished Research Profes-
sor of Physical Chemistry at Rensselaer Poly-
technic Institute, Troy, N.Y.; Dr. Dondes is a
research scientist at Rensselaer Polytechnic In-
stitute.
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the air to form a chemical compound.
One of the simplest concepts in the
fixation of nitrogen is the binding of
the nitrogen gas of the air with the
oxygen gas of the air. The final product
is nitrogen dioxide, NO: or the dimer
N:0:. Unfortunately, the intermediate
reaction leading to NO: formation—
namely,

N: + 0. — 2NO (1)

is endothermic by 42 kilocalories and
does not proceed under normal condi-
tions. To overcome this difficulty two
major approaches have been used, one
direct and the other indirect. In the
direct approach, a very high tempera-
ture is used to overcome the endo-
thermicity. This is exemplified in the
Birkeland-Eyde flaming arc process and
the thermal pebble bed process. Tem-

radio astronomy observatories with
some success. The sensitivity of the
Arecibo facility is being brought to
bear on this problem. Results are not
yet available.
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peratures here lie in the region 2500°
to 3000°C. The nitric oxide (5 to 10
percent) in thermal equilibrium at these
high temperatures must be cooled im-
mediately or it will decompose to nitro-
gen and oxygen. Thus a rapid chilling
of the intensely hot air is required.
Once the nitric oxide is cooled and in
the presence of additional oxygen, the
reaction

2NO -+ 0, - 2NO, (2)

will produce nitrogen dioxide. The fur-
ther addition of oxygen and water to
the NO: will produce nitric acid, HNOs.

The indirect method is best exempli-
fied by the Haber-Bosch process, in
which nitrogen and hydrogen combine
at high pressures (a few hundred atmo-
spheres) over a hot iron catalyst to
produce ammonia:

To form nitrogen dioxide, the ammonia
is burned in air or oxygen by a catalytic
process to form NO. As in the direct
process, the addition of oxygen and
water will produce nitric acid. For the
indirect process large sources of hydro-
gen must be readily available. Even so,
the economics of the more efficient
Haber-Bosch process are better than
any direct process, and it is universally
used.
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Table 1. Distribution of 100 electron volts
absorbed in N2, upon irradiation with ionizing
radiation, among its primarily formed species.
Number of electron volts required to form one

ion pair, 34.86; G (ion) = 2.86; G(N) =
6.0 == 0.5.

Speciest E G GXE
1. Nyt + e 15.5 2.72 42.13-1.0
2. N* +N+e 30.0 0.14 4.240.2
3. No** e 18.5 .03 0.6+ .2
4. N,:CII, 11.2 .2 2.2\
5. Ng:BII, 7.4 .3 2.2y 45
6. Ny:AZ, 6.2 4 2.5’
7. N+ N 13 3.0 39.0£5
8. e 2.5 2.86 7.243
Total 100.0 7.5

* Excited state of Ny + Reactions 2 and 7
have the kinetic energy of the N atom added to
the dissociation energy (estimated from potential
energy curves).

With the advent of large sources of
nuclear energy, the direct fixation of
nitrogen with oxygen is being reex-
amined. The high-energy radiation
chemistry of the fixation of nitrogen
does not involve the very high tem-
perature which is the principal disad-
vantage of the flaming arc process.

Initial Radiation Effects

When a system is irradiated with
ionizing radiation the primary effects
are ionization and excitation (/). High-
energy radiations commonly used to
produce these effects include alpha and
recoil particles, beta rays, and x-rays
or gamma rays, in addition to machine-
made high-energy electrons and protons.
Today, a challenge to the chemical in-
dustry is the availability of large quanti-
ties of nuclear reactor radiation con-
sisting of a mixture of high-energy
radiations. Of the nuclear reactor radia-
tions, the kinetic energy of the fission
recoil particle is about 80 percent of
the total energy of fission, but the
range of these particles is only about
2 centimeters in air at standard tem-
perature and pressure and a few mi-
crons in solids. A specialized technique
(one which we developed, which con-
sists of dispersing enriched uranium
oxide in glass and spinning as a fiber)
(2) is therefore required to utilize these
abundant high-energy radiations. The
remaining 20 percent of the fission
energy consists primarily of beta and
gamma rays and high-energy neutrons,
which contribute to a small extent to
the primary effects of radiation, as
compared with the Kkinetic energy of
the fission recoil particles.

The energies of the high-energy radia-
tions range from hundreds of thou-
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sands to hundreds of millions of elec-
tron volts. A molecule near or in the
path of the high-energy radiations (for
example, recoil particles) may absorb a
small portion of that energy and be
excited to various electronic levels. If
the particular electronic level is below
the dissociation energy, radiation may
be emitted in the form of light, or the
excited molecule may react with an-
other molecule. If the electronic level is
much above the dissociation energy, the
excited molecule may dissociate. If the
emitted radiation is resonance radiation,
it may be reabsorbed in the system and,
if high enough, ultimately lead to dis-
sociation. However, if an amount of
energy larger than the ionization energy
is absorbed by an atom or molecule,
ionization will take place in which one
or more electrons are detached from
the molecule, giving rise to positive ions
and electrons and, by electron attach-
ment to uncharged particles, producing
negative ions. These ions may then
undergo a series of reactions, such as
recombination, charge transfer with
surrounding molecules with lower ioni-
zation potentials, or chemical reactions
with other molecules. Ion-recombination
of molecules often leads to dissociation
of molecules. In the irradiation of a
pure substance, only recombination of
the ions of this substance can occur.
The presence of other substances, even
in impurity concentrations, may lead
to complex interactions and charge-
transfer phemonena.

To interrelate the effects of the high-
energy radiations of the chemical sys-
tems, a term G value is used, which
denotes the number of molecules pro-
duced or decomposed per 100 elec-
tron volts. Since the band spectroscopy
of nitrogen has been thoroughly in-
vestigated, it is possible to proportion-
ate the 100 electron volts of energy
absorbed by molecular nitrogen into
excitation and ionization components.
This is shown in Table 1. A similar
apportionment and table could be made
for oxygen. We can now examine a
series of reactions leading to our de-
sired product, nitrogen dioxide. In a
mixture of nitrogen and oxygen sub-
jected to ionizing radiation, the nitro-
gen and oxygen will be ionized and
excited independently and proportion-
ately to their relative stopping powers
(which are about equal) and their con-
centrations. Immediately after the start
of the irradiation and in less than 10
second, the following species will be
formed and will be present in a station-

ary state: N.*, N,N*, O, Os, O, OF,
O~ (Ny*, and N¢*) (3). These species may
then interact among themselves, or in
ion and atom reactions with Os, or with
products of the interactions. The pre-
dominance of one reaction over another
will depend on many factors, such as
temperature, pressure, mixture ratio,
and radiation intensity. A knowledge of
the various reactions and the effects of
the enumerated variables upon them
makes it possible to choose the varia-
bles in such a manner as to make the
reaction yield the most favorable re-
sults.

Reactions of Initial

Radiation Products

Many ion and atom reactions can
occur. Some of the more important
ones are listed in Tables 2 and 3. A
few examples will show the interplay
of these reactions and the difficulties of
assigning reactions to experimental re-
sults. Even in the collision of N:* with
O:, more than one ion-molecule re-
action is possible:

N+ -+ 0O: > N, -+ 0.;* + 352ev (4)

or

N;* + 0:— NO* 4-NO + 4.3 ev (52)

or
N. -+ Ozt — NO* -+ NO -+ 1.0ev (Sb)

Since the ionization potential of oxygen
is lower than that of nitrogen (15.5,
compared with 12.2 ev) a charge-trans-
fer reaction may occur, reaction 4.
Since the ion-molecule reactions 5a and
5b are exothermic also, they may oc-
cur. We have observed experimentally
that, under certain conditions discussed
below, only the charge-transfer reaction
occurs and not the ion-neutral reactions.

The basic and most important re-
action, and the first step in the nitro-
gen fixation with oxygen, is

N+ 0.— NO + 0O 6)

This reaction is exothermic and pro-
ceeds with a heat of activation of about
6 kilocalories. The NO thus formed
will react in two different ways:

2NO + 0. 2NO, 2)

and

N+ NO->N;+0O @)

Reaction 2 is the desired reaction. Re-
action 7 is very fast (the reaction rate
is 3 X 107 cm® per particle per second),
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Table 2. Atom reactions most important to the nitrogen fixation process. In the dissociation of N
(reaction 1), the N atoms formed may not be thermalized but have kinetic energy and may react
with O, at lower temperatures faster than indicated by reaction 3.

Reaction Item

1. N;— 2N SGyp= 5.5

2. 0:—20 $Goo =8

3. N+ 0:=NO+0 ky = 10~ 10202 cp® gect

4. NO:-+ O =NO + 0. k, = 10~ 2 cm® sec*

5. 2NO + O = 2NO, ks = 103792 cm? sec

6. 2NO., =2 N,O,

Ta. NO:;— NO + O —Gno, = 12

7b. NO:—-N-+O0+0 —Gno2 = 0.5

8a. N + NO: = 2NO kio =5 X 10 - 1320-5 cmy® gec?
8b. N 4+ NO:'= N.O+ O kg = 3.2 X 10 - 13=0-5 cm® sec?
8c. N 4+ NO; = N: -+ 20 Ky = 2 X 10 = 18205 ¢ sec™?
8d. N204+N—>N02+2N0

9, NO + N = N, + O ko = 10-12£0.5 cm3 sec-1
10a. N:0 > N:+ O —Gxy0 =9\ _ 15
10b. N0 — NO + N —GNgo =3[
11, NO— N+ 0 —Gno = 3.5
12a. NO++e-=N+0
12b. NO++4 e~ = NO + hy
12¢. NO + M+ = NO+ -+ M

* Precise relative to one another.

so that in practice a very low steady-
state concentration of NO is required
to reduce its effect. The NO. formed
in reaction 2 may react in three dif-
ferent ways:

NO: 4+ N — 2NO (8)
NO.+ N - N.O + O (9)
NO: 4+ N = N, + 20 (10)

Of these three, only reaction 8 is favor-
able. Note thatreactions 8,9, and 10, and
7 consume the nitrogen atoms needed
in the initial reaction 6. If the gas mix-
ture of nitrogen and oxygen is irradiated
longer than 10 second, not only are
N:, N, N*¥, O, O.%, O, O, O, and O~
present but also NO, NO', NO, NO-",
NO:, N.O*, Os, NOs, and N:0s, and
possibly other species unknown at
present. To a degree depending upon
concentrations, the behavior of this
mixture, when it is subjected to addi-
tional irradiation, will differ from that

of the original mixture of nitrogen and
oxygen. Therefore, yields or G values
for the NO: and N:0 formation are
comparable only if the overall mecha-~
nism is known.

Other reactions of Tables 2 and 3
can be discussed similarly, but such dis-~
cussion is beyond the scope of this
article.

Experimental Evidence

The irradiation of capsules contain-
ing mixtures of nitrogen and oxygen
has provided the basic evidence for the
fixation of nitrogen (4). The products
of the irradiation have been NO:. and
N:O, with maximum G values of 7.2
and 3, respectively. Of the variables enu-
merated above, high pressures (above
10 atmospheres), temperature in the re-
gion of 200°C, and a mixture ratio ap-

Table 3. Ton molecule reactions (12). These reactions should be used with caution when applied to

radiation chemistry using a nuclear reactor.

Reaction k (cm3 sec-1)
1. Nt + Oy — Np+ Oo+ ki > koor ks
2. Nq+ + O — NO+ 4 NO ke < 21X 10-13
3. N: + O2+— NO+ 4 NO ks < 2.1 X 10-13
4, O++4+ N;— NO+-+ N k~2.2x10"1
5. N++ 0:;—NO++ O fe,~1x 1010
6. N2+ 4+ N,O— NO++ N: + N kg—~4 % 1071
7. N+ 4 N0 — NO++ N, k,~5.5%x 10"
8. O+ + N;0 > N:0++4 O k.—~5.5%x 107
9. 0.+ + N;O0 — NO++ NO; ko, not known
10. N+ 4+ NO — N, 4 NO+ k10, not known
11. N3zt 4+ NO:— NO+ 4 N0 k11, not known

or NO++ N+ O
or NO+-+4 NO + N
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proaching that of air are most favor-
able for high yields. To determine how
the reaction proceeds, capsule experi-
ments have been carried out under vari-
ous conditions between limits imposed
by the available facilities. Thus we have
irradiated the capsules for thousands
of hours, to determine whether kinetic
radiation equilibrium (the state where
further irradiation does not change the
ratio of products and reactants) can be
achieved. Similarly, we have conducted
irradiation experiments to determine
whether all the oxygen has been con-
sumed in nitrogen-oxygen mixtures. Un-
der certain conditions this has been
achieved (Fig. 1). The rate for the de-
composition of the products and the
mechanisms of their decomposition have
also been studied (5), the G values for
the decomposition of the oxides of
nitrogen—N:0, NO, and NO-—being
12, 3.5, and 0.5, respectively. In none
of the capsule experiments conducted
to date have chain reactions been
observed. Amechanism with Gxo, above
10 would make the process economi-
cally competitive with existing proc-
esses. From our results it appears that
this yield can only occur if all the N
atoms which come from ion recombina-
tion and excitation react only accord-
ing to reaction 6. Other reactions pro-
ducing additional fixed nitrogen in ap-
preciable quantities are not known at
this time.

With experimental information that
nitrogen can be fixed through ionizing
radiation, but with a yield limited to a
G value of about 6, attention has been
drawn to other techniques in an effort
to increase the yields, or to determine
why the yields converge at a value of
6. One method under study in our labo-
ratories is a labeling technique. Since
the basic reaction is reaction 6, the
number of nitrogen atoms produced in
the irradiation process must be known.
By capsule irradiation of a mixture of
“N: and *N: (mass units 28 and 30),
the number of nitrogen atoms produced
can be determined from the resulting
concentration of “N*N (mass unit 29).
If ion recombination and excitation both
produced nitrogen atoms, we see, from
Table 1, that 11.7 nitrogen atoms
should be formed per 100 electron
volts (6). Experiments with a mixture
of pure *N. and *N: (oxygen concen-
tration less than 1/10,000) gave a re-
sult of 11.5, in excellent agreement
with the prediction. The introduction
of about 1 percent oxygen reduced this
G~ value to about 6, showing the pre-
dominance of reaction 4 over reactions
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Sa and 5b. Further increase in the oxy-
gen concentration reduced the G~ value
of nitrogen atoms below 6. The overall
process is evidently complex. Using this
technique, Anbar and Perlstein (7) have
recently determined the G~ values in-
dependently and found them to be in
quite satisfactory agreement.

In Table 1 a small fraction of the
energy absorbed by the nitrogen mole-
cule is shown as emitted light. This
fraction was determined from experi-
mental irradiation of pure nitrogen with
polonium-210 alpha particles, in the
course of which light was emitted (8).
The spectroscopic analysis of this light
showed which electronic levels of the
nitrogen molecules were primarily ex-
cited and, from the intensity of the
band spectra, the relative abundance of
the species. These abundances were re-
lated to the overall excitation and ioni-
zation processes. However, these experi-
ments show that, although energy is
absorbed by a nitrogen molecule, not
all of it is available for the dissociation
of nitrogen and subsequent chemical
synthesis; some of it is lost by light
emission.

To reduce the negative effects of re-
actions 7, 9, and 10, the NO and NO:
should .be removed as quickly as pos-
sible. One method is to neutralize these
acidic oxides of nitrogen with a base
to form a salt that does not decompose
readily, We conducted experiments on
the irradiation of air in which the walls
of the capsule containing the air were
coated with solid KOH. In coatrol ex-
periments, noncoated capsules contain-
ing air were irradiated under identical
conditions. The results were as antici-
pated. In the coated vessels practically
all the oxygen was consumed and no
N:O was observed. In the noncoated
vessel, a substantial quantity of oxygen
remained, together with a similar
amount of N:O. These experiments con-
firmed the belief that in the coated ves-
sels there was no steady-state concen-
tration of NO and NO: for the nitrogen
atoms to react with, by way of reactions
7 and 9. Also, in the coated vessels the
NO and NO: appeared as KNO: and
KNO:. '

The complexity of the reactions in
the irradiation of nitrogen-oxygen sys-
tems is demonstrated by an experiment
in which air at a pressure of 1 atmo-
sphere is irradiated with polonium-210
alpha particles in a static system, and
the products of the irradiation are con-
tinuously analyzed with an infrared
spectrophotometer. Our results showed
that the initial products were N:O, O,
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Fig. 1. Kinetic radiation equilibrium dia-
gram for N-—O. system at high pressure
and 85°C. A vertical line at the proper
filling ratio will be divided into segments
that are proportional to the partial pres-
sures of the four gaseous components of
the mixture., The sample line shows the
situation for 33 percent O..

and N:Os. As the duration of the ir-
radiation increased, a point was reached
where the ozone concentration was
diminished and finally disappeared. At
this point the N:Os decomposed and
NO: began to be observed. Further ir-
radiation only produced additional N-O
and NO: The explanation of this
phenomena has been reported else-
where (9).

The experimentation .described has
been conducted in capsules and other
static systems. In the past few years
Rensselaer Polytechnic Institute has
operated a loop at the Brookhaven Na-
tional Laboratory; the latest modifica-
tion of the operation consists in cycling
nitrogen-oxygen-helium mixtures at
pressures of 68 atmospheres over glass
fibers (located within the nuclear re-
actor) containing 1.5 grams of enriched
uranium. (The purpose of the helium
is to increase the heat conductivity of
the gas mixture and prevent the glass
fibers from melting). The results show-
ed that N:O and NO: were formed,
with Gxso of 1 and Gwop of 0.5. Since
this ratio of Gx~o, to Gxso is much less
than the ratio in the capsule experi-
ments, a substantial amount of Ghoy
must have been consumed. Lowering
the pressure decreased the yields. Al-
though the yields were poor (for rea-
sons indicated below), the loop experi-
ment showed the contaminants of the
gas to be iodine-131, xenon-131, and
Xenon-135. The iodine-131 is trapped
in a silver nitrate trap in series with
the gas flow. Through numerous tests
the only radioactive product observed
was xenon, which is readily distilled
from nitrogen dioxide. This finding is

important if the fixed nitrogen is to be
consumed in any way by humans, In
laboratory techniques the concentration
of the xenon is taken as an indication
of the energy absorbed by the gas sys-
tem., This loop at Brookhaven may be
considered a semi-pilot plant and a
reactor within a reactor, and a fore-
runner in the utilization of nuclear re-
actors for the chemical synthesis of
fixed nitrogen.

Problem Areas

Since the radiation chemistry of the
nitrogen fixation with oxygen is so com-
plex, a number of problems remain to
be solved. A major area is the disagree-
ment of investigators concerning the
maximum Gw~os values obtainable in
the fixation of nitrogen with oxygen.
One cause of this disagreement is the
attempt by some to interrelate the re-
sults of experiments in which NO: and
N:O are produced in amounts of less
than 1 percent and the results of other
experiments in which the figure is over
5 percent. Comparison is only possible
through extrapolation to the reaction
rates at the very beginning of the ir-
radiation, since the concentration of
the products plays a major role in the
overall Kinetics of the system.

Another difficulty is that of con-
tainer material. Some investigators have
used stainless steel vessels, others quartz
vessels. Those using stainless steel ves-
sels have obtained Gwo: values of 6
and 7.2, whereas those using quartz
vessels have obtained values of less
than 6, many results being substantially
below that figure. Although the use of
quartz is convenient in experiments
conducted within a nuclear reactor, the
fluorescence of the quartz in the far-
ultraviolet may be one of the major
problems. Recently it has been found
at Rensselaer that NO: and NO are de-
composed by ultraviolet light of 2062
angstroms (equivalent to energy of
about 6 ev). Quartz irradiated with
ionizing radiation will emit strong ultra-
violet irradiation in this wavelength
region. Therefore photolysis by the
fluorescing quartz supplements the de-
struction of fixed nitrogen by the
ionizing radiation, resulting in lower
overall yields. Since the variable im-
purities within commercial quartz may
augment or decrease the intensity of
the fluorescence, the experimental re-
sults will vary. The effect of photolysis
may also be a major problem in the
use of glass fibers containing enriched
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uranium in our loop experiment. There-
fore a new in-pile section containing
no glass fibers is being constructed to
parallel the section containing glass
fibers which is now being used. A com-
parison of the results will determine
the extent of the photolytic effect.

As shown previously, the irradiation
of pure nitrogen causes excitation, fol-
lowed to a small extent by light emis-
sion. The total energy absorbed is there-
fore not available for chemical syn-
thesis. To determine the extent of this
light emission an experiment is being
designed in which the kinetic energy
of the fission fragments is used as the
source for exciting and ionizing gaseous
nitrogen within the nuclear reactor, and
the light emitted is conducted through
a quartz light pipe to an emission spec-
trograph for observation of the emission
spectra. Since glass fibers containing
enriched uranium will be used for this
experiment, the effects of the fluores-
cence of the silica will also be ex-
amined.

In the experiments. with *N. and *No,
it was shown that oxygen quenches
the production of the nitrogen atoms.
This is indeed a difficult problem to
solve. One suggestion is to use extreme-
Iy high pressures—for example, 1000
atmospheres—where the oxygen con-
centration would be 0.1 to 0.3 percent.
The irradiation of this mixture at
this very high pressure would permit
formation of nitrogen dioxide; however,
the oxygen concentration would be so
Jow as not to quench nitrogen atom
formation by charge transfer (reaction
4). Unfortunately, facilities to conduct
such an experiment are not readily
available.

A suggested method that might in-
crease the yield of fixed nitrogen is
that of removing the NO and NO: as
formed. Capsule experiments have
shown this to be possible. The use of
KOH is not feasible in a dynamic loop
experiment. However, in capsule ex-
periments water vapor at low partial
pressures has been -observed to reduce
the NO: concentration, forming HNOs
without taking part in the reaction.
This may be a fruitful approach, since
HNOs can be readily condensed out of
the circulating gas steam.

Unfortunately, no radiation research
reactor facility is available for con-
ducting specialized capsule and loop
experiments. BExisting facilities at nu-
clear reactor sites were not designed
for the many variations in experimental
conditions required in radiation chem-
istry. Facilities for irradiation at ex-
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tremes of temperature and pressure, to
determine mechanisms and direct re-
actions, require substitutive techniques
which are inadequate for the radiation
chemist. Availability of a nuclear re-
actor designed for radiation research
may overcome these problems.

The radiation chemistry of fixed
nitrogen shows that the nitrogen may
be fixed with atmospheric oxygen to
yield nitrogen dioxide. Technical
feasibility studies have been made by
Brookhaven nuclear engineers using
cores of fissionable material in the
form of fibers, ribbons, or powder (10).
Chemonuclear plants have been de-
signed to produce nitrogen dioxide in
quantities of 180 to 900 metric tons
per day. Dual-purpose reactors have
been designed for producing fixed nitro-
gen and electrical power as well. Ec-
onomic feasibility studies based on
various reactor designs show that NO.
could be produced by chemonuclear
reactors at a cost not very much higher
than that of existing processes. With
the population explosion and associated
agricultural needs, the requirements for
fixed nitrogen will continue to increase.
Thus, the production of NO. from a
single nuclear reactor would not satu-
rate the market in the way that reactor
production of other products—for ex-
ample, ethylene glycol (antifreeze) from
methanol—would. The second-genera-
tion loop being designed by Brook-
haven National Laboratory and the
basic research being conducted around
the world testify to the intensity of in-
vestigation in this field.

Despite the myriad problems and
the extensive experimentation and de-
velopment that are required to make
chemonuclear-reactor production of
fixed nitrogen in the form of NO: an
economical commercial process, we are
optimistic. There
avenues to a breakthrough. One is
steady systematic research on the
nitrogen fixation process, and steady
development to achieve higher yields
and lower costs, so that, relative to the
rising prices of natural gas, a break-
even point can be reached; the other
is some “lucky” innovation by means
of which G~oy equal to 10 or more may
be achieved.

Other Nitrogen Fixation Processes

There are two other systems for fixing
nitrogen: the nitrogen-hydrogen system
for producing ammonia and the nitro-
gen-sulfur system for producing NiS..

are two possible.

We have not pursued these extensively
as they seem much less promising than
the nitrogen-oxygen system. The irradia-
tion of a nitrogen-hydrogen mixture
produces ammonia with a Gxug of about
0.7. Even if this value could be raised to
7, the high cost of hydrogen and the
lower G value for ammonia relative to
fixed nitrogen in its oxidized form
would still make the process unattrac-
tive economically.

When the sulfur compound N.S: has
been produced through irradiation of
nitrogen and sulfur vapor mixtures
in a nuclear reactor at 300° to 400°C,
the yield has been. poor. This poor yield
results from the decomposition of
NiS: at temperatures above 200°C.
However, temperatures above 300°C are
required to vaporize the sulfur suf-
ficiently to produce the proper partial
pressure in the nitrogen-sulfur mix-
ture. Earlier experiments in which ni-
trogen atoms produced in a glow dis-
charge reacted very quickly with sulfur
vapor led us to undertake irradiation ex-
periments with a certain degree of op-
timism.

Hydrazine from Ammonia

Although not a nitrogen fixation
process as previously defined, the ir-
radiation of ammonia in the liquid or
gas phase, conducted by other in-
vestigators (71) to produce hydrazine,
should be mentioned. The overall equa-
tion for the hydrazine formation is:

2NH; — + N.H. 4+ H. (11)

Despite the apparent simplicity of re-
action 11, the kinetics of the system
are as complex as others involving
nitrogen. Also, less is known about the
chemistry of the jons and radicals in-
volved in this system. Upon irradiation
of ammonia, NH., NH, H., N, and
NH-:* will be produced. The NH:* will
react quickly with an NHs molecule:

NH:* + NHs— NH. 4+ NH.  (12)

Although many of the chemical species
will interact among themselves, only
reaction

NH2+NHJ_) N.H. (13)
is known to produce N:H., although
the reaction

NH 4 NH, - N.H, (14)

should not be discarded. From experi-
ments in which liquid ammonia was ir-
radiated with gamma rays, Gxgng was
found to be about 0.1, and the radia-
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tion equilibrium was found to occur
at an N.H: concentration of about
10, However, similar experiments with
liquid ammonia but with fission recoil
particles gave Gw~gny values of 1.2 to 2.
The work (71) with fission particles
has proceeded to the loop-operation
stage, which involves the use of en-
riched uranium oxide in liquid am-
monia as a slurry. Results of the work
at this stage have not been officially
reported. Chemonuclear designs have
indicated that the process would be
economically practical if a hydrazine
concentration of a few percent with a
Gxguy of about 1.5 could be obtained.

Finally, a cursory glance should be
given to a few present uses of ionizing
radiation in industry and a few novel
concepts concerning radiation chemistry
that are in early stages of investiga-
tion. The industrial processes include
irradiation of polyethylene coating on
wires and irradiation of cthylene and

hydrogen bromide with gamma rays to
form ethylbromide, by the Dow Chemi-
cal Company. The novel concepts under
investigation concern the production of
ozone in liquid oxygen and the forma-
tion of carbon suboxide in the irradia-
tion of CO. Ozone is a cheap oxidant,
and carbon suboxide is a starting mate-
rial in the manufacture of some organic
chemicals or pharmaceuticals.
Although no “demonstration” nuclear
plants for nitrogen fixation exist at pres-
ent, the radiation chemistry of the fixa-
tion of nitrogen points to the probability
that nuclear energy will eventually be
directly used for chemical synthesis.
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Academic Organization
in Physical Science

Universities should organize a unified approach to
all pure and applied physical science.
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ment, the physical science area includes
departments such as geophysics, carth
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campus where students who ultimately
hope to follow the profession of engi-
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pirical design; frankly, I would not
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the dynamic part of the Engineering
College. !

An awkward feature of the physical
science area of a typical American
university is that it is illogically bi-
sected by a major administrative divi-
sion of the university. Part of the
physical science area is usually located
in the college of humanities and sci-
ences, while part is located in the
college of engineering. In an Ivy
League university with which I am
familiar, plasma physics is studied in
its laboratory form in the department
of aerospace engineering, in its upper-
atmospheric form in the department
of electrical engineering, in its cos-
mic form in the department of as-
tronomy, and in its solid-state form
in the department of physics. Of these
four departments, two are responsible
to the dean of engineering and two to
the dean of arts and sciences. Thus,
the coordination of even one facet of
physics involves not only four depart-
ment heads but two deans, not count-
ing the dean of the graduate school.
And yet it only takes one dean, the
dean of arts and sciences, to handle
such diverse subjects as quantum the-
ory and Greek literature. Universities
are well organized to do many things
that do not need doing, but in physical
science they are often poorly organized
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