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PROGRESS REPORT I

UTILIZATION OF THE GROSS FISSION PRODUCTS

INTRODUCTORY ABSTRACT

This report\desprlbes the progress on this pyOJect since the
preliminary repert of Aprfl 15, 1951. Plans for the léborataories have been
made, and construction has started. Some of the alterations called for
in the plans have been completed. Various items of equipment have heenE
ordered and received, including the cobalt-£0 radlatlpn vault and the 220

. kvp Westinghouse X-ray machine. Some experlmental work has been performed.

The project organlzation is dlscussed first, followed by a de-

scription of the laboratories and equipment. The research problems under
investigation are descrlbed including a review of the pertinent literature.

PART I. PROJECT QRGANIZATION

At a conferencé held on April 26 at the Chicago Operations Office
of AEC 1t was decided to initiate the research on utilization of the fis-
sion products by the investigation of the influence of radiation on (1) per-
formance of combustion engines (both reciprocating and Jet), (2) chemical
reactions, and (3) food pregervation., It was also agreed that limited ex-
ploratory reséﬁrch on other and new ideas should be undertaken. To impréve 3
the project ofganization it has been decided to set up these research ip-
vestigations as 'subprojects with a separate budget for each. The hazardous
equipment in the Fission Products Laboratories, such as the x-ray machines,
gamma- and beta-radiation sources, are opergted and handled by a small
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$85,000.00.

ENGINEERING RESEARCH INSTITUTE

group of trained techniciens.
ing of personnel.

project also. The subprojects
follows:

Title

ENGINE PERFORMANCE

RECIPROCATING ENGINES
JET ENGINES

EFFECT OF RADIATION ON
CHEMICAL REACTIONS

EFFECT OF RADIATION ON
FOODS

EXPLORATORY RESEARCH ON
NEW IDEAS

OPERATION OF FISSION
PRODUCTS LABORATORIES

The anticipated budgets for“thé gubprojects, which include cost
for personnel, materials, equipment, supervision, and overhead total

Of the $31,000.00 balance, $14,395,00 has been allocated and
approved for construction and installation of the special facilities, such
ag radioactive-fume hoods, decontamination rooms, and counting rooms.
remaining $16,605.00 is allocated for additional sources and special equipment.

UNIVERSITY OF MICHIGAN

This insures meaximum safety and minimum train-

UTILIZATION OF FISSION PRODUCTS, M943
Alterations and Special Equipment

EFFECT OF RADIATION ON COMBUSTION

M9L3A
M943B

MOk3C

M943D

M943E
with

MOL3F

advised

by

H = |1 e

Supervisor

. E

. W

E
J
W

E.
..
. Meinke
Thomassen

. Brownell

. Wolfe
. Vincent

. Martin
. Anderson

. Brownell

Brownell
Gomberg

. Brownell
. Gomberg
. Meinke
Thomessen

This group is a service group to the research investiga-
tors and will prepare and irradiate specimens at their request.
of convenience, the Fission Products Laboratories will be operated as a sub-
with their supervisors and budgets are as

Budget, 1951-52

$116,000.00
31,000.00

. $ 85,000.00

$ 2k, 000.00

$ 11,800.00
$ 12,200.00

$ 18,000.00

$ 12,000.00

$ 17,000.00

$ 14,000.00

$ 85,000.00

Fach subproject will be handled according to the procedure es-

2

tablished for the other projects in Engineering Research Institute.
work reports will be prepared and monthly financiael statements will be

As a matter

The

Monthly
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received by the respective supervisor for each subproject. At appropriate
periods, presumably every three or four months, progress reports will be
prepared, Additional reports will be prepared whenever advisable,

PART II, DESCRIPTION OF ‘THE RADIATION LABORATORIES

A. X-RAY LABORATORIES

1, X-ray Machines: Three x-ray machines have been used in the
preliminary investigation for this project. Two machines are located in
the lead-shielded x-ray room, 4046 East Engineering Building. The larger
machine in the room, & 220 kvp Westinghouse x-ray unit, is the property of
the project, Fig. 1 is a photograph of this machine in the lead-shielded
room, In Fig., 1 the equipment shown below the x-ray tube is that used in
some of the studies of the effect of radiation on chemical reactions. The

Fig. 1. 220 kvp Westinghouse X-Ray Machine

150 kvp Westinghouse x-ray machine, located in the same room is the property
of the Department of Chemical and Metallurgical Engineering. It is avail-
able for project use when not being used for instructional purposes. The
third x-ray machine is located in Room ?*2a of the Radiation Laboratory
(formerly the Palmer Ward Building) and is the property of the Department

of Roentgenology. This machine is also available for project use when not
in use by the Department of Roentgenology. This machine has a 200 kvp
Westinghouse tube with Kelly-Koett Manufacturing Company controls.

3
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2. Calibration of X-ray Machines: The smaller x-ray machine (150
kvp) has been calibrated, and similar calibrations wilt be available for the
other machines. Calibration was performed with a Vietoreen Roentgen-Rate
Meter Model 510 (FPL No. 37). This instrument reads directly in roentgens

- per minute as delivered to a small sensitive volume at the end of a probe.
The x-ray tube was fixed in a horizontal position with the axis of radiation
pointing vertically downward. The Victoreen probe was clamped_to a ring-
stand and placed under the x-ray tube. Readings of roentgen output vs
tube voltage and current were taken at a distance of 12 in, from the x-ray
tube window. Measurements were then taken at various distances from the
tube window With ‘the tube operatlng at its meximum allowable continuous-duty
. voltage and current. A final geries of measurements were taken to plot the
field distribution of the tube. These were recorded at a fixed dlstance of

" 18 in. from the window, at the maximum tube rating.

The results of this survey are plotted in Figs. 25 3, 4, and 5.
Fig. 2 indicates that the tube output in roentgens' per minute is pracﬁically
linear with current, Tube output in terms of kilovoltage is nonlinear,
as may be seen from Fig. 3, but it varies apprOX1mately as the sacond )

. power of voltage at low kvp-settings and powers lesS than onc as' the maximum
kvp rating are approached. Applying a correction for the target=to-window
distance, the inverse square law is seen to hold guite well for this unit

‘ according to Fig. 4. Lead plates were used to minimize back seatter when
taking these data. Fig. 5 shows that the field distribution is not ‘gymmetri-
cal about an axis perpendicular to the window. Radiation intengity fai;s"
off quite sharply on the agode side of the tube and appears to beﬂmore uni-
form on the cathode side of the tube. The radiation intensity may be eon-
sidered falrly uniform within & cone of about 40 degrees sbout the perpen-
dicular to the tube Window. The dismeter of specimens to be irradiated,
should be somewhat less than the distance from the winddw in order to receive
uniform radiation. '

The measurements made in thia survey indicate that maximum dose
rates of about 1300 roentgens per minute are possible with this machine,
The larger machine, whose qontinuous'rating i1s 20 ma at 220 kvp, should
be capeble of meximum dose: rates in the neighborhood of 2000 roentgens per
minute, ‘

B. HIGH-LEVEL LABORATORY

The High-Level Laboratory of the Fission-Products Laboratories is
located in Room 52 of the Radiation Laboratories (formerly the old bakery
of the Palmer Ward'Building), as shown in Fig, 6. The new plan for the
radiation laboratory is shown in Fig, 7, with the ¢obalt-60 vault indicated
in the southwest corner of Room 52,
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The High-Level Laboratory is toibe used for studies of the effect
of irradiation on various materials and processes. All the space in the ‘
High-Level Laboratory is allocated for use by the project, which makes this
building space the most desirable from the standpoint of safety in working
with radiocactive materials of high activity.

At present, 1000 curies of cobalt -60 are being used in the High-
Level Laboratory for the irradiation of specimens. The 1000-curie Cobalt
gource was obtained from Brookhaven National Laboratory, and the container
was fabricated at the Universty. Fig. 8 shows a sectional view of the cbbalt-
60 container or vault. Fig. 9 shows the details of the plugs and loading
tubes for closing and charging the gobalt-60 vault. The design is basi-
cally that used by the Brookhaven National Laboratory for the similar.
sources which they have prepared. It consists essentially of a stainless-
steel cylinder filled with lead for shielding. Fig. 10 shows the mechanism
for charging samples into the vault by remote control. Figs. 11 through 17
are photographs (by courtesy of Brookhaven National Laboratory) of the co-
balt source and container. Fig. 11 shows the lower portion of the vault
with a mock cobalt cylinder held above the opening. Fig..l2 shows the:cobalt
cylinder photographed with floed lights while under several feet of water.,
Fig. 13 shows the radioactive-cobalt cylinder photographed with its own
glow, also under several feet of water, which acts as a shield. Fig. 1h
shows the personnel at the Brookhaven National Laboratory moving the
radioactive-cobalt source into position under water for charging into the
lead container. Fig. 15 shows how the upper portion of the lead container
is lowered to enclose the cobalt. Fig. 16 shows the small plug used to com-
plete the closure of the vault. Fig. 17 shows the vault raised for in-
spection of the bottom. Fig. 18 shows the loaded vault being received at
the University. L. E. Brownell and M. E. Gluckstein are holding the plug
and the aluminum tube, which is used to hold samples charged into the vault.
Fig. 19 is a photograph taken while the vault was being calibrated to de-
termine safe operating distances. Mr. D. M. Gardiner, health physicist
from the Chicago Operations Office of the AEC, is shown in the lower left;
Dr. G. M. Ridenour, University of Michigan Radiation Safety Officer, is
Shdn1directly'behihd Mr. Gardiner; Dr. H. J. Gomberg, Director of the Phoenix
Radiation Laboratory, is shown to the right beside the Victoreen Rate Meter
used in the test; Mr. W. Kerr of the Electrical Engineering Department is
shown in the far left.

1. Calibration of the Cobalt-60 Vault: Some preliminary values
of the radiation emitted from the vault were obtained from the Brookhaven
National Laboratory. Prior to use of the radiation vault in the University
Radiation Laboratories it was necessary to determine safe working areas and
to obtain the calibration of the radiation beam emerging from the open vault.
These tests were made under the guidance of Mr. D. M. Gardiner of the Chicago
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Fig. 11. Mock Cobalt Cylinder

Fig. 12. Radioactive Cy- Fig. 13. Glowing Radio-
linder Under Artificial active Cylinder
I1lumination

Fig. 14, Positioning Cobalt Source
Under Water.
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Fig. 15. Separation of Upper and Fig. 16. Vault with Closure Plug
Lower Sections of Lead Container

s

Fig. 17. Vault Raised for Bottom
Inspection
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Fig. 18. Vault on Arrival at Fig. 19. Photograph During Calibration
University Radiation Labora- Tests on Cobalt-60 Vault
tory

Operations Office of the AEC, and of representatives of the University of Michi-
gan Radiation Safety Committee, Dr. G. M. Ridenour and Dr. H. J. Gomberg.

Radiation measurements were recorded using the following instruments:
(1) Victoreen Roentgen-Rate Meter Model 510, (2) Nuclear Instrument Corporation
Survey Meter Model 2610A, (3) Technical Associates Survey Meter Model SIC 117,
and (4) a Radioactive Products Survey Meter. The Victoreen Meter was used to
register the high-intensity dose rates near the open plug hole, and the Tech-
nical Associates and Nuclear Instrument Corporation meters were employed for
low-level measurements.

With the plug in place in the vault, the radiation intensity at all
points along the walls of the vault was found to be about 0.0L mr per hour,
or spproximately twice the normsl background level for this area. The radi-
ation intensity in the immediate vicinity of the.plug, however, was recorded
at about 6 mr per hour and at a point under the vault near the drain outlet,
the reading was approximately 0.06 mr per hour.

A plot of the results of the survey with the plug removed from the
vault is shown in Fig. 20. It should be noted that the section of the second
floor of the building above the vault was removed to reduce radiation scatter.
Field traverses were made in the horizontal as well as the vertical directions
with reference to the top surface of the vault and the center of the plug hole.
The radiation intensity 1/2 inch asbove this point reference was recorded as
L0 roentgens per min. Maximum radiation intensity at the second-floor level
directly over the plug hole was 2.3 r per hour and the corresponding value on

13
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the roof of the laboratery building was 0.3 r per hour. (The building has
only two floors.) Considerable data were taken in the vicinity of the plug
hole in an effort td.ﬂéfine the cone of radiation emanating from the open
hole.  Numerous readiﬁgs were taken along the walls, on the second floor,
and in the working spaces where personnei might conceivably stand while
operating the vault. Dose rates of about 10 mr per hour, generally consid-
“ered the maximum allowablie for 8-hours-a-day exposure, were recorded at a
distance of approximat@ly 3 feet from.the surface of the vault at shoulder
level on the vault floor. ©n the second floor the edge of the hole above
the vault may be approached to within three feet before this dose rate is
exceeded. A survey of the radiation coming through the roof revealed an
ares, apprbximately,? feet square in which the radia@}on intensity is over
10 mr per hour. These safe working limits will be clearly marked and railed
off when the plastering and refinishing of the vault room are completed, A
warning system will be installed to indicate when the plug is out of the
vault. ) .

By utilizing various filters attached to the radiation-méasuring
instruments it was demonstrated that the radiation from the vault s pre-
dominately gamma in character. In the horizontal traverses above the open
plug hole, two definite maxima in radiation intensity were noted and are
shown in Fig. 20. ‘Aiéq, it is noted that the radiation field as a whole is
not symmetrical about the center axis of the vault. This is believed to be
caused by a slight misalignment of the cobalt-60 cylinder in the vault, but
it may also result in part from scattering from the walls of the room near
the vault.

_ Considering the time element involved in opening and closing the
vault, it is safe for' pperating personnel to work to within two feet of
the vault. No positio@ directly above the vault can be considered a safe
place to work unlesshihe vault 1s closed with the plug.

C. LOW IEVEL LABORATORTES

Fig. 7 shows the plans for the Radiation Laboratories. The Low-
Level Laboratories, designated as room Number 50 in the plan, will be used
for handling fission products and radioisotepes in smaller quantities.
Three fume hoods for, radioactive materials are to be located along the east
wadly and will dischafée filtered air into the chimney shown on the plan.
A stainless-steel sink is to be located directly north of the hoods and an
emergency shower directly to the sbuth of the hoods. An equipment storeroom
is located in the southeast corner of the Low-Level Laboratory. Directly
to the south of the storeroom is a decontamination room with a shower, wash
bowl, toilet facilities, and separate areas for contaminated .clothes and
clean clothes, respectively. Laboratory personnel will enter the laboratory
through the decontamination room and change clothes before entering the

15
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laboratory. . Room 46 is an existing office which will be used for office
| space for project personnel. A counting room will be provided directly
north of the office.

In addition to the space just described, the project will have the
use of some space in the Phoenix laboratories at the southeast end of the
building. The counting rooms shown in Fig. 7 in area No. 10 will be cdm-
pletely air-conditioned. Project M43 will be allowed to keep its most
gsensitive counting equipment in these rooms and to use the counting rooms
and some space in the adjoining area when needed. In addition to the labor-
atories described above, a wide variety of other laboratories in various
departments-of the University will be available for project work of non-
radioactive character. '
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PART III. REPORTS ON SUBPROJECTS

A. PROJECTS MO43A AND MO43B. — THE EFFECT OF RADIATION ON THE PERFORMANCE
OF COMBUSTION ENGINES

The effeét- of radiation on the performance of combustion engines
may be of importence both‘in the field of reciprocating (MOL3A) and jet
engines (M94%B), and it is intended to explore the possibilities in both
fields. However, much of the theory is common to both types of engines and
therefore, to avoid unnecessary duplicatiorn, the preliminary search of the
.literature has been limited .to that for reciprocating engines (MOL3A). This
will be followed by a supplementary search of the literature specific to Jet
engines (MOL3B).

No eevidence has been found in the nonclassified literature of pre-
vious investigations on this subject; therefore, the literature search was
concentrated on two related problems: (a) the fundamental nature of ignition,
combustion, and detonation in inflammable gases and vapors, particularly the
experimentally demonstrated facts (some consideration was also given to the
more plausible theories that have been proposed and how well these agree with
experiment); (b) the observed effects on vapors and gases of irradiation or
corpuscular bombardment, including the effects of light in the visible and
ultraviolet region, x-rays, cathode rays, and slow-speed electrons (100 volts
or less), as well as of the radioactive sources which have been available in
the past.

In the field of reciprocating combustion engines the possible re-
sults include (a) more efficient use of existing fuels in internal combustion
engines, (b) development of formerly inferior fuels for internal combustion
engines, (c) a possible increase in efficiency, and (d) a possible reduction
in the weight of diesel engines as a result of reduced ignition pressures.

1. Literature Review for M9L3A v ?

a. Chemical Effects of Irradiation and Bombardment of Gases: When
gases are irradiated with alpha particles the reactions which have been ob-
served include oxidation, polymerization, and decomposition (1,2,3). If ra-
don is used as the radiation source, the reaction velocity is proportional to
the total quantity of radon, rather than proportional to the concentration,
and to the gas pressure(l). In the case of the polymerization reactions it
was found that, if nitrogen or one of the noble gases was added to the reac-
tants, the ions of the former appeared as effective in producing reaction
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as did the ions of tHeiTeactants (3,6), For the carbon monoxide--oxygen re-
as effective as’the iénization of the reactants (4). Later experiments which
employed strong electrostatic fields to sweep out ions as fast as they were
formed, indicated that, at least for the decomposition of ammonia, ionized
particles accounﬁéd for only about 30 per cent of the decomposition, the re-
mainder being attﬁibﬁted to .the formation of excited molecules and other me-
_chanisms not invelving ionization (5).

Lind .amd ¥ambee (6) thought it possible that ionization might be
transferred, sﬁncega}l’£he inert gases had higher ionization potentials than
the reactants that had been investigated. Accoringly a mixture of xenon,
hydrogen, and oxygeniﬁgs irradiated. Xenon has a lower ionization potential
than either of the other two and therefore could not transfer the ionization.
Xenon ions were still found to be 50 per cent efficient in producing this
reaction, It was found to have a slight accelerating effect on the reaction
of a carbon monoxide plus oxygen mixture.

Other information on alpha-radiation includes the stopping power of
various hydrocégbbnthpqrs (7) and the observation that alpha-particles pro-
duce ultraviole® radiation in gases (8).

No extensive work on the chemical effects of bete rays was found.
However, Otvos (9) has reported that the relative ionization probabilities of |
a number of geses appear to depend on the number of valence electrons and on ;
gsome geometricel factors. Ionization probability appears unrelated to loniza-
tion potentisl or other chemical properties of the gas molecules for these
high-energy pagticles. -

One’ﬁﬁﬁlﬁkeipect high-energy cathode rays to give the same results
as beta radiation. Esrly workers, using energies of the order of 150-200
kilovolts found that for those geses in which reactions occurred the yield ’
depended on voltage, space current, and duration of irradiation (10). Cal- i
culations of ion yield gave values of the same order of magnitude as were ob- ’
tained for alpha ray&l - '

- Numegerssi-egheriments have been carried out with controlled elec-
trons of energimswof frem 30-200 volts. Various gases have been bombarded
and the relative.abundance of the fragments determined by mass-spectrograph
methods.

In many respects the action of light on gases appears similar to
that of other radietion, Polymerizetion and decomposition of the aliphatic
aldehydes hes been observed (17,18). It was found that the chemical action
increased with decrégging wave length. In some cases the presence of small
quantities of pikewr gasés such as Hg vapor is necessary to sensitize the
regction to lipht (22)."
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The work of Norrish and his coworkers is of particular interst
(20,21). They maintained a slow reaction in formaldehyde and in ethylene
in an electric furnace at about 400 mm pressure. When the reaction vessel
was erradiated with a high-pressure Hg source, they found that the reaction
rate, measured as the rate of pressure change (mm Hg per min), was definitely
accellerated. Furthermore, the ignition lag was markedly reduced.

In a later experimerit a high-intensity discharge tube filled with -
one of the rare gases was placded beside a quartz reaction tube., The intensity
was such that the concentration of active carriers was of an order of magni-
tude comparable to the concentration of reactants. Many organic compounds
were decomposed into carbon and hydrogen, the former appearing as "cobwebs"
strung across the reaction chamber. Using a single L000-joule flash lasting
less than 2 milliseconds, nearly 100 per cent decomposition was achieved
for NO, and 40 per cent and 50 per cent for CH5 COCOCHB and formaldehyde,
respectively.

It is interesting to note that as far back a 1913 J. R. Thompson
(67) studied the ignition of hydrogen and oxygen by hot platinum wires and
concluded that igmition always occurred at that temperature at which plati-
num starts to emit electrons. As a further check, when the platinum was
irradiated by x-rays, ignition occurred at once,

For more extensive bibliographies see references (49) and (50).

Where spark ignition is to be used, consideration must also be
given to the effect of the radiation on the spark itself. Considerable work
has been done on this problem since the discovery of radioactivity. TFor
recent investigations see references (53,55). The work of Rak and associ-
ates (55) is particularly interesting, involving as it does, electrons
and gumms, rays obtalned from a tube operating at 3000 kilovolts. It was
'shown that the electrons had much more influence than the gamma rays. If
the discharge started at the anode, irradiation furthered it; if it started
at the cathode, irradiation quenched it. If the electron beam was parallel
to the spark gap, there was an effect on the gap only if the negative
electrode was turned toward the tube.

b. Ignition, Combustion, and Detonation of Gases: Experiments
have shown that most mixtures of inflammable gases show a definite inflam-
mability range of pressures above #&nd below which ignition does not/occur
(23,24)., These pressure limits, however, are very much dependent on the
means of ignition (26,29). Fineh and Thompson concluded that the frequency
of a spark discharge was far more important than the energy expended.

Many observers have found that the addition of inert gases actually
incresses inflammability at the lower pressure limits (24,27,28,320,31,32).
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Later work of Linnet and coworkers indicates that two opposing effects oper-
ate and that for sufficient diluent the lower ignition pressure is again

raised (34,39).

There is some doubt as to the effects of size and shape of vessel,
some workers reporting a dependence and others not (23,27,28,31,34-37). A
number of workers report a dependence on the nature and previous history of
the walls (27,31). Frost and Linnet (34) found no wall effect at half an at-
mosphere and suggested that the reason that other workers did find wall ef-
fects lay in the low pressures used. Thompson for example used pressures of
gbout 40 mm (30), while the work on phosphorus vapors was carried on at pres-
sures of the order of a millimeter of mercury (28,51).

The nature of the electrodes and electrode separation affect the
ignition pressures. Electrodes coated with glass almost to the tips have
been found more effective in producing ignition than bare electrodes (23,33).
Lewis and Von Elbe reported that ignition energy remains constant over s
considerable range of electrode separations but increases rapidly outside
these ranges (35).

, Many regction mixtures are strongly sensitized or strongly inhibited
by the presence of relatively small traces of other vapors (33,37-39). For
instance, Frost and Linnet found that changing the pressure of water vapor
in & (2C0 + Op) mixture from 2 mm to 7 mm lowered the ignition pressure from
370 mm to 230 mm.

If the air used for tests 1s first passed through an arc discharge,
the inflammebility limits are increased. Lewis and Kreutz (65) attributed
this to the introduction of ions into the gas, but Burgoyne and Thoms (L46)
consider the effect as a result of the production of small solid particles
of sbout 300-500 A diameter.

Hydrocarbon combustion generally is very complex and temperatures,
pressures, and products of combustion vary considerably with conditions. A
great deal of work has been done by groups working with burners and internal
combustion engines.

Hermsn's group (65), investigating an acetylene-oxygen flame by
spectroscopy, found the following: (a) with excess oxygen the OH and CH bands
remained strong, Co, bands were weakened, and the O, and hydrocarbon bands
intensified; (b) with COp the hydrocarbon bands intensified and CO bands
appeared. '

Gaydon and Wolfhard (66) were able to investigate hydrocarbon
flames in more detail by using wide tubes and pressures of about .0l atm,
These conditions yielded a thick reaction zone (inner cone). They found Co,
OH, and CHO bands emitted early in the reaction zone and CH emitted somewhat
later. In flames supported by N0, Cp and NH, bands occur before CN and NHs.
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‘ Chemical analysis of products of hydrocarbon combustion have
shown the presence of aldehydes in considersble quantity, partitularly’form-
aldehyde, and some ketones (20, hl,43,46) Wheeler and coworkers (64) sampled
the contents of a test-engine cylinder and measured concentrations of alde-
hydes and peroxides at various stages of the cycle and at varying compression
ratios. Peroxide maxima were observed to occur at 7-1/2 to 8° beyond top
detid center. TFor nonknocking ‘operation a maximum of about 15 ppm was found.
At 30 ppm knocking was severe, :

The aldehyde maxims varied from 300 to 900 ppm and were attained
at 8-1/2 to 11° beyond top dead center.

Addition of tetra-ethyl lead reduced the aldehyde meximum by
about 25 per cent and the peroxide maximum by about 50 per cent.

At temperatures well below ignition, hydrocarbon-oxygen mixtures
may show the phenomenon of stepped ignition; i.e., cool flames are observed
followed by ignition after an induction period of from seconds to houn;(lt5)°

Two mechanisms have been suggested for ignition and egplosion: the
thermel theory and the chain reaction theory.

The thermal theory postulates that a sufficient volume of mixture
must be heated to a sufficiently high temperature, i.e., the reaction energy
transferred from the "minimum flame sphere" to surrounding messes of gas
must be sufficient to heat a larger volume of the gas above the ignition
temperature of the gas mixture. A mathematical treatment of several forms
of heat sources was carried out by Taylor-Jones and coworkers (25). They
showed that for a given total energy transfer an instantaneous heat source
should be more effegtiyve than a cantinuous pne and that a surface distribu-
tion should be superior to point or volume sources. If the rate of liberation
of heat energy accelerates continuously a (thermal) explosion occurs.

The principal objection to the thermal theory of ignition is that
it fails to explain the marked discontinuity in reaction rate observed on
initiation of explosions; e.g., the phosphorus vapor-oxygen reaction may
change from a negligibly small rate to an almost infinite rate with a slight
change in pressure. -

It also seems unable to explain such reactions as the ignition of
Hyz-Clp mixtures by photons.

The chain theory postulates that the reaction depends on the pre-
sence of certain reaction "carriers" , i.e., active molecules or ions or free
radicals which react readily with one of the main constituents. During the
course of the reaction cycle the active carriers are regenerated. More than
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one carrier may be involved in the cycle. If during each reaction cycle

of explosion exists.

Linnet and Frost (34) for the reaction of hydrogen and oxygen:

(1) H+ 0z = OH+O
(2) O+ Hy = O +H
(3) OH +Hy = H0 + H

Note that if the active carriers (0, H, OH) always reacted as indicated,
three hydrogen atoms would be produced for each one consumed.

Since carriers may ve made unavallabile by a number o0Y procegses,
and ¢iffusion from the ignition volume, it can ke shown that the criterion
for ignition ig that some minimum concentration of active carriers must be
28,%0,33).

Leah (68) has calculated the atomic oxygen concentration in the
explosion wave of a C0-Op mixture by comparing the temperature~-time curves

of quartz-coated and uncoated platinum wires. The latter heats up more

ic oxygen with CO at the surface. He finds a peak concentration of atomic
oxygen of 1.3 per cent.

The chain reaction mechanism of ignition is fairly well accepted
at present. However, this does not rule out the possibility of’ thermal
mechanism of flame propagation in which the heat liberated by the rescting

Recent workers seem to regard both mechanisms as possible, and,
the same constituents, depending on the pressures involved.

For more extensive bibliographies see references %3, L7, and L8,
X S b

-

2. Method of Approach

3
more than one active carrier of a given type is reproduced, the possibiiity

A simple example of a branching chain reaction is that proposed by

including spontaneous decay, recombination, collision with other molecuies,

supplied artificiaily in the ignition region. When these are suppiled the
regction rate will accelerate indefinitely and exrlosion results (51,52,27,

rapidly, an effect which Leah attributes to the catalytic reaction of atom-

mass extends the reaction to the unreacted material ahead of the flame front.

in fact, Linnet and Frost (34) consider that either may predominate for the

On the basisof the previous discussion it sgeems reasonable to expect
that radiation of gsufficient intensity should exert come effecis on gaseous

—
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expolsions. If the chain theory of ignition holds, then the concentration
of the active carriers is critical. Such carriers might conceivably be lons,
free radicals, or merely excited molecules. Radiation in gases is known to
produce ions and molecule splitting (i.e., free radicals). At the energies
involved it does not seem reasonable that chemical effects of the bombarding
particles could be very specific. Hence, one would expect many types of
molecular excitation to occur also.

As a first step, reaction rates of gaseous mixtures will be meas-
ured at pressures too low for explosion to teke place. Mixtures used will
probably include methane-oxygen, hydrogen-oxygen and carbon monoxide-oxygen
at pressures below 4 cm Hg.

The apparatus to be used will consist of a spherical glass reaction
chamber, approximately 6 inches in diameter, connected to a high-vacuum system.
Pressures will be measured with a McLeod gauge. A means 1s provided for in-
serting discharge electrodes and & probe to which the radioactive sources
may be attached,

The ignition source may be varied, but a glow discharge will be
tried first. A full-wave rectified d-c power source has been constructed
which will yield a continuously variable open circuit potential of up to
1500 volts. '

It is contemplated that different types of radioactive sources
will be used, including beta and gamma rays of varying intensity and energy.
Low-energy beta rays will be used first.

The tentative work schedule is:

1) assembly and testing of apparatus

2) running of control experiments, i.e., without radiocactive
sources present ' ‘

3) running of experiments with radioactive sources present

Once a knowledge of the effects under nonexplosive conditions is
obtained, an investigation of explosions should be undertaken. This might
include explosions in steel bombs or actual use of test engines.,
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B, PROJECT M943C — THE EFFECT OF RADIATION ON CHEMICAL REACTIONS

1, Introduction

It is the purpose of this project to study the promotion of chemical
reactions by the use of radiation from waste fission products. Interest has
been stimulated in this and other applications of waste radiloactive materials
by the availability of vast quantities of these materials as by-products from
the operations of the nuclear reactors of the Atomic Energy Commission. Both
from technical and economic considerations it is of interest to attempt to
employ fission products for industrial purposes., If fission products should
prove capable of promoting some chemical reactions to an extent which is at-
tractive from a technical viewpoint, the processes which would be suggested
by such reactions would still have to be examined to determine their economic
feasibility.

This project is primarily concerned with radiation chemistry, which
deals with the effects of high-energy photons and charged particles result-
ing from radioactivity. A study of the influence of radiation, consisting
of these high-energy photons and particles, upon those chemical reactions
which are thermodynamically feasible under the existing operating conditions
gseems to be a logical and appropriate starting point. Such reactions would-
be those which would yield a favorable ratio of desired product to reactant
if brought to equilibrium under the conditions of the reaction. Judging from
a study of the previous work done in the field of radietion chemistry, it
appears to be debatable whether or not radiation may cause a displacement of
the position of equilibrium in e chemical reaction. At any rate, the first
studies of this project will be to determine the effect of radiation upon
the reaction rates for selected systems. '"Radiocatalysis" is the term which
will be used to designate promotion of reactions in the manner just described.
Thus "radiocatalysis" as used here and "catalysis" as generally used, have
much the same basic significance, i.e., both terms are used to describe the
changing of the rates of a chemlcal reaction without changing the compo-
sition of the reacting masses at equilibrium, Radiocatalysis simply indi-
cates that some form of radiation is employed to change the reaction rates.

The radiation from fission products consists of beta and gamma
rays. The gamma radiation, because of its great penetrating power, could
be useful in commercial proceéses in which the chemical reactants are sepa-
rated from the fission products by solid walls., On the other hand, the beta
radiation; because of its small penetrating power, may be utilized if re-
actants can be brought into intimate contact with the fission products. In
the course of this study gamma-ray and beta-ray sources and x-ray machines
will be employed, Comparison of results using different sources of radiation
may serve to indicate the relative efficiency of differemt kinds and dif-
ferent energies of radiation in promoting reactioms.
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Tests may be made of the relative effects upon chemical reactions
of radiation alone and of radiation in combination with solid catalyste. It
is thought that perhaps radiation may cause a catalyst ordinarily used for
a given reaction to promote the reaction under less severe physical condi--
tions (such as lower temperature and pressure) than are ordinarily required,
or that the addition of radiation to the usual installations may increase the
rates of reaction. There is the possibility that because of the low absorp-
tion of the gamma rays, little reaction might occur, especially in those
+ cases where the reactants are not very dense. In order to utilize the energy
of the gamma reys in the reacting messes, a chemically inert material might
be added to the reactants in the form of a liquid or a gas, or else a solid
packing might be placed in a reaction vessel. Such added materials might
influence the rate of reaction by one or more of several mechanisms., Sec-
ondary emissions might be produced, such as softer gamme rays or electroms.
Some gases or vapors might be added which would be more opaque to geamms radi-
ation than the reactant molecules or which would be capable of absorbing
and transferring energy to the reactant molecules without being permanently
altered themselves,

Laboratory experiments determining the effect of radiation on
chemical reactions are not new, However, the industrial application of
these reactions has not been feasible until this time because of the lack
of cheap sources of radiation. With the vast quantities of fission products
available, it i1s worthwhile to review these experiments with the obvious
intention of trying to find some reactions which might have great industrial
promise., Although there are many papers on the general subject, the fol-
lowing review covers only those which are closely related to the objectives
of this work,

2. Literature Review for Project M9L3C

8, Inorganic Reactioms: There is some evidence in the litera-
ture that ammonie may be formed from the elements umder the influence of
charged particles. Lind and Bardwell (49) gave data for the flow method
of producing ammonia from nitrogen and hydrogen sctivated by alphe radiation
from radon, The resulting gas mixture was analyzed and showed the ratio
of the molecules of ammonia formed to the ion pairs of reactants produced
to be 0,2 to 0,3, According to these investigators the ratio of moles .
of ammonia decomposed to those ionized is one, and the equilibrium is reached
when five times as much radiation falle on the hydrogen and nitrogen mole-
cules as on the ammonia molecules, This is found to occur when there are
10 volumes of reactant (3H2 + No) gases to one volume of ammonia, or a
mixture containing 9.09 per cent ammonia by volume, Results in which de-
composition of ammonia proceeded to 73 per cent showed that the reaction-
velocity constant falls steadlly as the decomposition reaction proceeds, as
if & reverse reaction were occurring.
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Lind (44) discusses radiochemical equilibrium in the synthesis of
ammonia, He designates "M" as the number of moles of ammonia that aré formed
end "N" as the number of ion pairs formed. Using M/W = 0.2 and -M/N = 1.0
(49), for the formation and decomposition of ammonia, respectively, Limd and
Bardwell calculated equilibrium at 25° to be 83.3 per cent decompositijon,
or 9.09 per cent ammonia by volume.

Porisaert {70} used 0,32 for M/N, and 1.08 for -M/¥ %o salculate
equilibrium at 13.5 per cent ammonia by voluyme. The aetusl equilibriym found
by D'Alieslager and Jungers (21) was only 4,7 per cent ammonia by volume.
In calculating it was assumed that the mechanisms of the twd reactiond were
independent of each other in intermediate steps. Only 0.11 for M/N would
be required to give an equilibrium concentration of ,7 per cent ammonia by
volume, Accordingly, Lind (44) meintains that the imtermediate steps are
not independent and that there must be an exchange of activation energy inm
the direction to produce decompositiom. The shift of equilibrium is in the
correct direction to be accounted for by a® exchange of ionization from

*+ (16 volts) or No* (17 volts) to give NHy (11 volts).* This behavior
favors decomposition at the expense of synt esis,

The type and dfrection of shift just described may be general in
other similar reasctions begsause a large molecule usually has a lower ion—
ization potential than that of its components.

Boull€ tested the effeet of cathode rays from various metallic
cathodes upon the ammonia synthesis, Methods and appsratus for the catalysis
of Ny + 3 Hp. = 2N35 at about 3 mm pressure by the radiations from various
metallic cathodes were described. Aluminum, antimony, silver, tin, plat-
inum, lead, and silicon in various ehemical and physical forms were tested
as catalysts. Optimum currents, voltages, and pressures for the best yields
per unit of power input wetre determined. A platinum coil was found bést

-as a catalyst, Ammonia yields were comparable to those of a high-pressure
reaction., The thermodynamic equilibrium of the reaction and the temper-
ature of the cathode discharge were détermined. No catalysis was found at
the anode.

Williams and Essex (90) studied the ion yield in nitrous oxide
bombarded by alpha rays at 10-20 cm absolute pressure. The ion yield in-
creased with electric field strength above half Baturation values because
of electron acceleration.' ’

* Tater measurements show these values to be 15.4 volts for H ’ 15.5 volts
for N2 , and 11.2 volts for NH3 (Friedlander; G., and Kennedy, !
Introduction to Radiochemistry. New York: John Wiley and Sons, Ing.,
1949.)
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Lind (42) studled the kinetic behavior of the combination of oxy-
gen and hydrogen under the influencé of alpha rays. The ve1001ty oﬂ the.
reaction was found to depend only upon the quantity of radiwtion afid  the
pressure, A kinetic equation was given, Hydrogen and*oxygen were both found
to be activated. Varying proportions of reactants caused changes in the
rate of reaction, due to the different specific ionizations of the reactants.
The temperature coefficient of the reaction was found to be zero bétween O
and 25°C. ‘

T'ind (43) investigated the rate of reaction of hydrogen with oxy-
gen under the influence of alpha rays at small volumes and low pressures.
Under the conditions mentioned the rate of reaction was observed to be ab-
normally high. This effect was attributed to the action of "recoil ions"
resulting from the recoil of an atom from which an alpha particle had been
ejected. The approximate statistical agreement between ionization and chem-
ical action was cited for cathode rays, beta rays, alpha particles, and
recoil atoms, with respective masses from 1/1700 to 220 times the mass of ,
the hydrogen atom.

The catdlytic influences of the ions of the inert gases during
the bombardment of certain gases by alpha particles was studied by Lind and
Bardwell (47). The effects were noted of alpha particles on acetylene,
cyanogen, hydrogen cyanide, the oxidation of CO and H,, the decomposition
of CO and the decomposition of NHB,_as catalyzed by the inert gases nitrogen,
helium, neon, argon, krypton, xenon, carbon dioxide, and hydrogen. The
ions of the inert gases acting as catalysts were quantitatively equivalent
to those of the reactants in producing chemical reaction. Nitrogen and
carbon dioxide failed to autocatalyze the reactions in which they were gener-
ated, This behavior was exceptional. The catalyst may have had an ion-
ization potential either higher or lower than that of the reactants. This
possibility precluded a primary step consisting of an exchange of charges
between the ionized catalyst and the neutral reactants., By observation,
it was determined that for any fraction of ionization of the gaseous cata-
lysts up to 0.50, the catalyst efficiency was 100 per cent.

Lind and Bardwell (46) have investigated the reactions of carbon
dioxide and carbon monoxide. Carbon monoxide alone under alpha rays gave
carbon dioxide, carbon},and an unknown suboxide of carbon., A mixture of
carbon monoxide and oxyéen was oxidized to carbon dioxide by alpha radiation.
This reaction proceeded at the temperature 'of liquid air at about one-half
the rate observed at room temperature. Carbon monoxide and hydrogen gave
a white solid which was neither aldehyde nor sugar, was insoluble in water,
and had the approximate composition of a polymer of formaldehyde. C(Carbon

31



— ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MICHIGAN —

dioxide and hydrogen gave a polymer of formaldehyde different from that
mentioned above, water, and a small amount of carbon monoxide, but no
methane., It was stated that there was no chain effect. Carbon dioxide
alone was unaffected by alpha radiation,

Watson, Vanpee, and Lind (86) mixed carbon monoxide in an 8-cm-
diameter glass flask with radon having an initial activity of 100 mc
and allowed the mixture to stand for "more than a menth”. Carbon dioxide,
graphite, and one additional solid were obtained as products. The graphite
and the other solid were examined by x-ray powder patterns, by means of
vhich the graphite was identified. Lines appeared which could not be iden-
tified and were attributed to a suboxide of carbon, 0302, which was pre-
sumed to be the solid other than graphite. Examination of the solids by
electron microscopy indicated the presence of hexagonal particles, sup-
porting the identification of graphite by powder diffraction. The overall
reaction was given as 660 = 2C0, + C + C302. This reaction, it was sug-
gested, proceeds by two or more reactions of lower order, as a result of
the ‘ionization of the CO by the alpha particles.

' Ammonium persulfate dissolved in anhydrous glycerine was i
irradiated with 0.8 & ®-rays by Broda (7). The decomposition of the
persulfate was measured iodometrically. The decomposition was proportional
to the’dosage of radiation and was of the first order with regard to
‘persulfate concentration. Glycerine was used because it was unaffected

+ by the x-rays. ;

Solutions of potassium dichromate were subjected to electron
- bombardment by Treiman (84). Acidic solutions were steadily reduced, while
neutral solutions became alkaline and the rate of reduction became slower. .
Aerated solutions gave the same yields as deoxygenated ones.

Mund (65), assuming Geiger's law, gave formulas and numerical
tables for the calculation of the number of ions which are produced in a
spherical vessel by the alpha rays of a given amount of radon in equilibrium
with RaA and RaC wholly deposited on the walls. .
An evaluation was given by Snyder and Powell (77) of the usefulness
of variousformulas in calculating the efficiency of different materials
in absorbing gamma radiation. Experimental values were given for the ab-
sorption coefficients of aluminum, ironm, copper; silver, tin, tantalum, lead,
and venadium as functions of the mev of the radiation. Absorption data
were algo given for nitrogen, oxygen, carbon, water, air, and tissue.
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b. Literature Review - Organic Reactions: It is indicated in the
literature that the types of reactions which are most frequently promoted
by radioactive discharge are those which involve polymerization and/or
dehydrogenation., Saturated hydrocarbons have beetl observed to undergo both
reactions, yielding an unsaturated product of higher molecular weight.
Unsaturated hydrocarbons were found to polymerize.

A 20 cc ampule of monomeric styrene, pure or in solution, was
placed 4.5 cm from 100-400 mc of radium wrapped in 1 mm lead foil (3). At
12°C the material polymerized at the rate of 0.015 per cent polymer per
curie-hour exposure. For pure styrene less than 5 per cent polymerized,
and for styrene in methanol less than 15 per cent polymerized the percentage
converted was linear with exposure time and was proportional to the square
root of the radiation imkensity. The reaction was assumed to involve free
radicals, since polymerization was blocked by 1 per cent benzogquinone. Sty-
rene in solutions 20 mole per cent with primary or secondary amines;-aceione;
propionitrile, benzene, or cyclohexane was polymerized faster than when pure.
When in solution_in hydrocarbons, the rate of polymerization was reduced.

Coolidge (14) used hot-cathode, high-vacuum tubes, allowing ,
cathode rays to pass out through a window of aluminum foil 0.00265 mm thick,
and 1,7 mm in diameter. There was produced from acetylene a yellow compound .
resembling the product both from corona discharge in acetylene and from
the use of radium emsnation. Under the influence of the rays described,
castor oil changed rapidly to a solid. Crystals of cane sugar turned white
and evolved a gas upon subsequent heating. Aqueous solutions of cane sugar
became acid to litmus.

The theory and experimental methods and procedure were discusséd
for the polymerization of acrylonitrile and methacrylonitrile by means of
gamma rays and x-rays (15). The results were discussed, and many references
were given, '

Aqueous solutions of acryleonitrile of several concentrations

were given various dosages of gamme radiation from radium (16). Polymeri-
zation occurred as a second-order reaction with respect to the concentration
of monomer. The reaction was independent of the strength of the source. The
induction period was dependent upon the strength of the source and upon _
the concentration of monomer. The induction period was thought to be caused
by the presence of an inhibitor which was destroyed by the products of the
primary process, as well as by reaction with growing polymer chains,
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. The action of radon upon various hydrocarbons was reported by
HBeisig (32). Compounds acted upon by radon were allene, methylacetylene,
dimethylacetylene, 2-butene, and isoprene. Details of the experiments
were given, with a short discussion pertaining to the structure of the
compounds. The polymerization of allene and methylacetylene were similar,
in thaet in the presence of radiation a fog formed, which in turn condensed
to a light-colored liquid. The liquid became more viscous, and a light-

~ colored solid formed. A fog formed immediately'in dimethylacetylene and
condensed to a moderately viscous liquid, resembling a medium lubricating
~oil in color and viscosity; no solid formed. A fog formed in butene-2,
.and after several hours the droplets settled. The liquid became darker
and more viscous as the action progressed, but no solid formed. In iso-
prene, a fog formed immediately, droplets settled, and a heavy, colorless,
viscous, rubbery mass collected. o

Styrene (13), and acrylonitrile (15,16 were polymerized dur-
ing radiation by gamma rays.

The rolymeriZamgon of methyl methacrylate at room temperature
under the action of a radium preparation was determined (71). Polymeri-
zation occurred not only during but after irradiation. In both periods
the reaction was autocatalytic, though much less rapid in the latter.

Hopwood and Phillips (37) used a volume dilatometer to study
the rate of polymerization of methyl methacrylate with neutrons, bete
rays, and gamma rays. The rate of polYmerization was somewhat higher us-
ing both gamma rays and neutrons "than when using gamma rays alone. The
sources of radiation were: for gamma rays, 78 mg Ra(SOh) in platinum
needles; for gamma rays plus neutrons, 78 mg Ra(SOh) plus beryllium in
Monel tubes.

Date and discussion were presented by Burr and Garrison (8) for
some investigations -of the changes of physical properties of 25 different
plastics and synthetic rubbers. Samples were irradiated with beta and
gamms rays, and then the specific electrical resistance, the hardness, and
the tensile strength were determined. Beta and gamms rays gave about ’
the same change in tensile stremngth for the total energy absorbed, evidently
hecause of heating within the material, The presence of polay impurities
and polar groups alike within a plastic appeared to cause temparary Te-
duction of the electrical resistance under irradiation. ' N

- Tests were made by Davidson and Geib (22) to déternine the -
possibility of vulcanizing uncured natural rubber and a butyl stock by
means of pile radiations. It was also desired to test the possibility '
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of introducing unsaturation into materials such as polyisobutylene,
polyvinylchloride, acrylates, and others not mentioned, in order to make
these materials vulcanizable. The effect of introducing a boroh salt in-
to the materials was also checked to determine the results of the reac-
tion BLO (n,a) 1i’. No procedure was reported to yield a cure of natural
rubber at all comparable to sulfur vulcanization. No unsaturation was
-introduced into polyisbbutylene. The butyl “tock was permanently de-
graded by pile radiation. Natural rubber showed some radioactivity for
days after irradiation, possibly because of its mineral content.

Heisig (33) reported experiments in which propylene and cyclo-
propane were radiated by alpha particles from radon. In the propylene,
a fog appeared shortly after mixing, and collected as a mobile, color-
less 0il., It was not identified. In the cyclopropane, a fog appeared
after five minutes, and after six hours, a small pool of a mobile, color-
" less liquid condensate had formed.

A preliminary report was made of a study of the effect of radon
on methane, ethane, propané, butane, ethylene, acetylene, cyanogen, hydro-
gen cyanide, and ammonia (45). The reactions observed were as follows:
oxidation of the foregoing except ethylene and hydrogen cyanide; hydro-

.genation of acetylene, ethylene,,and cyanogen; polymerization of acetylene,
of cyanogen, and of hydrogen cyanide. The effect on methane, propane,
and butane was the proﬁuotion of :liquid and,,on further radiation, some

Cyanogen yielded a brownish-black solid with the elimination of 5 per cent
of nitrogen. Ethylene yielded a liquid and much free hydrogen. Acety-

~ lene yielded a yellow selid similar to cuprene and 2 per cent hydrogen.

" The oxidation of methane and ethane (under radiation) proceeded completely:
with propane and butane, less completely. The oxidation of acetylene
gave a clear, colorless liquid and no solid. The product combined with
oxygen in the ratio 1:1, with slight formation of carbon dioxide. The
oxidation of cyanogen gave a white powder thought to be (CNO)X, with
some nitrogen and carbon dioxide., A l:1 mixture of nitrogen and acety-
lene gave a yellow product, as with aéetylene alone, but proceeded at
a faster rate, which increased during the reaction. The nitrogen did
not combine and was referred to as an ionic catalyst, i.e., the N2 was
believed to furnish additional clustering and polymerizing centers. Car-
bon dioxide, hydrogen, and methane did not affect the rate. Twenty acety-
lene molecules polymerized for each N2+ ion, the same as for the CQHQ
ion. The N had the same influence on the polymerization of cyanogen and
hydrogen cyanide,
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Gibbs and Lockenvitz (27) studied the relative molecular stop-
ping power of n-butane, isobutane, and butene-1, butene-2, and isobutene.
The specific ionization method, with the apparatus of Colby and Hatfield,
was used to determine the extrapolated ionization range.

Honig and Sheppard (36) compared the effects of deuterons and
, alpha particles on methane and n-butanme, The products from the two types
| .. of bombardments were found to be quite similar. The liquid obtained from
- the butane under deuterons, showed a wide range of molecular weights with
w-evidence of the presence of both olefin and ring structures.

According to Viallard end Megat (85), the impact of electrons
" with ‘energies of tens to hundreds of ev on polyatomic molecules produced
~ionized fragments and free neutral radicals in addition to ions of those
‘moleculeg. In a homologous series, the percentage of ionized fragments
produced with simple C-HE bond rupture diminished with increasing chain
length. The presence of multiple bonhds increases this proportion, In
_fluorinated C chains, the formation of ions of free radicalsvis‘more
probable than formation of ions of molecules. Simultaneous rupture’of
two C C bonds is practically nopexistent. The percentage of CH5+
CHa does not increase with an increase in chain length. The ratios of
CH,2+/CH5 and CQHh+/02H + approach limiting values for long chains, The
rupture of the ends of saturated chains was infrequent. A double bond
-in the 1-2 position lessens the relative number of fragments obtained
”by cutting this bond and neighboring bonds. A double bond in the mid--
dle -of the chain augments the number of fragments. -

The relative ionization probabilities of ten hydrocarbons and
carbon dioxide, carbon monoxide, nitrogen, oxygen, nitrous oxide, helium,
neon, and argon have been determined by Otvos (68) for beta particles.
from. clho and ¢l Op. For a hydrocarbon series, the ionization probability
increases linearly with the number of valence electrons; for periodic
neighbors carbon, nitrogen, and oxygen, the ionization probability showed
simple additive relationships based on valence electrons; methane and
neon are isoelectronic, but the ionization probability for methane is °
higher, due to the lack of cemtralization of the nuclear charge. Idn~
ization probabilities at high energies of C1h beta particles bear ne.
relation-to ionization potentials or chemical properties, but seem to. be
governed by quasi -geometrical factors, such as molecular volume, The
interpolation of ionization probabilities for high electron energies

should be possible on the basis of valence electrons, distribution of
nuclear charge, and the position in the periodic table, with values for
He, Ne, A relating the first three rows. :
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Lind and Bardwell (48) reported work done on the radiation of
saturated hydrocarbons by alpha particles. Hydrogen was liberated with
the production of a liguid, which then continued to react under the ir-
radiation. The liguid phase was unsaturated. For all saturated hydro-
carbons except methane, one-fifth as much methane was liberated as hydrogen.
The gaseous products contained only saturated compounds, which were
either higher or lower homologs. A mixture of methane and carbon dioxide
produced a wax-like solid under alphe rays. '

Lind, Bardwell, and Perry (50) reported considerable information
on the chemical action of gaseous ions produced by alphae particles on un-
saturated carbon compounds., Acetylene was polymerized by the radiation
to give a light-yellow powder, with 20 molecules reacting for each ion
pair which was calculated to be formed. The molecular weight of the re-
gulting powder could not be found because of its insolubility. Further
radiation of the powder liberated more hydrogen, probably as a result of
further condensation of the solid. No methane was found. Radiation of
cyanogen produced a black powder which gave off increasing amounts of
nitrogen gas. It was concluded that the nitrogen formed had a catalytic
effect on the reaction, Hydrogen cyanide was found to polymerize simi-
larly to cyanogen. A dark solid with 2 reddish cast not apparent in the
cyanogen polymer was formed, with the evolution of nitrogen and hydrogen.
Ethylene condensed with the liberation of hydrogen and methane. The
liquid which first formed became a solid under further radiation with
increasing evolution of hydrogen and methane. Attempts at the hydrogenation
of ethylene gave no evidence of such a reaction., In fact, hydrogen ap-
peared to act as a center for reaction without actually reacting. In
the attempted hydrogenation of acetylene, a solid formed, as it did with
only acetylene present. The hydrogen was shown to act as an ionic caty-
lyst and also to combine in some way. Hydrogen and cyanogen combined
under alpha radiation in the ratio of 3:2 to form a dark reddish solid.
Oxygen combined with cyanogen to give a yellow powder of formula (CNO)X,
with no trace of the black powder which was formed by the radiation of
the cyanogen slone. Carbon dioxide, nitrogen, and some carbon monoxide
ware also liberated during the radiation. The oxidation of acetylene
gave a colorless liguid and no solid., The products were (02H )Xand car-
bon dioxide; a fact which contradicted the former statements that a (CHO)x
polymer resulted from this reaction.

-~ Lind and Schiflett (56) have reported on the oxidation of cuprene
prdduce& by alpha rays. Acetylene was polymerized by alpha particles
from radon and the resulting polymer was analyzed. In an acetylene atmos-
phere, this polymer was insoluble in water;, ethanol, ether, acetone, carbon
disulfide, carbon tetrachloride, and benzene. The gases resulting from
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the rapid oxidation of the polymer (the oxidation was followed wano-
metrically) indicated 7.13 per cent CO and 92.85 per cent On, with traces
of CO, and H 0. The carbon-to-hydrogen ratio of the remaining solid

was 11 65 and 12,08. The amount of Op which reacted was 5- 1/2 times

the CO formed. This ratio suggested an oxidation solid of CBQHhoolgg
or an original polymer of (ceﬁg)ao The heat of polymerization was
calculated as 47 kcal per gram-mole of Ggﬂg reacted.
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