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ABSTRACT

The effects of radiation on any given material depends on the physics
of the primary interaction with the material and the complex chemistry initi-
ated.

In the present studies, the combination of a coincidence mass spec-
trometer (patented) and a special x-ray tube, which was described in Part I,
has made possible direct measurements of the ion fragmentation patterns
produced by x-ray impact on simple gas phase molecules. Mass spectra
are reported for nitrous oxide, and for propane under bombardment by low
energy x-rays (predominately aluminum Kg). For comparison purposes, spec=
tra were also obtained of these materials under bombardment by 1200 ev pri-
mary electrons.

The present studies also concern measurements of the secondary
electron energy distributions for a number of molecules of importance in
radiation chemistry, at a fixed angle, using primary ionizing electrons in
the energy range of 100 to 1000 ev. Measurement of the electron energy
spectrum is accomplished in the coincidence mass spectrometer. Theoreti-
cal interpretation of the data in terms of radiation chemical effects is in-
cluded.

The design, construction, and operation of the instrumentation, which
has made these measurements possible, are described.
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Section I. IONIC FRAGMENTATION OF MOLECULES
BY X-RAYS

A. INTRODUCTION

The orderly development of our understanding of radiation-induced chem-
ical change requires information on the macroscopic effects of radiation, and
on the detailed mechanisms and elementary processes which produce these ef-
fects, While it is evident that further information, experimental and theoreti-
cal, is needed in all phases of this field, this need is particularly acute in re-
gard to detailed molecular information on the primary processes induced by
high energy ionizing radiation. At the present time, information on the ele-
mentary processes induced by x-rays is lacking.

In the present research program the Coincidence Mass Spectrometer
{(patented) was used. This instrument, available only at William H. Johnston
Laboratories, Inc., has made possible a unique experimental program. In
this instrument, a molecule of interest was ionized with an energetic electron
or with an x-ray. The resulting ion, or ion fragment, was detected in delayed
coincidence with the corresponding secondary electron. The ion was identified
by this delay time.

The purpose of this project was to obtain new fundamental data on certain
primary processes in radiation chemistry., This knowledge is needed to cor-
relate and to extend current theories toward a better basic understanding of
radiation effects on materials. The primary processes under study were inner-
shell ionization of molecules by x~radiation and secondary electron emission
following electron impact,

Several studies are described which were conducted with this experimen-
tal system during the period of the present report. Among these were the pro-
cesses induced by low energy x-rays and the ion distribution produced by such
bombardment., Also presented are the conditions of the gas phase irradiations
of the simple molecules, and the data derived from these experimental meas-
urements.

B, ACCOMPLISHMENTS

An early version of the Coincidence Mass Spectrometer has been modi-
fied for the studies of ionization processes under x-ray bombardment, The
stringent and difficult problems involved in this investigation required major
changes in design and construction. A special x-ray tube developed for these
studies is described in Part I, The use of the x-rays for irradiation required
special grid structures and ion detectors. An improved system was designed
and built for data handling.

Manuscript released for publication 1 December 1961 as an ASD Technical
Report,



The entire Coincidence Mass Spectrometer has been thoroughly tested
and calibrated, particularly in regard to the investigation of the fragmentation
patterns of gases under x-ray hombardment. Comparative measurements
were made using electrons as bombarding particles. Also provision has been
made to make possible investigations that employ other ionizations such as
ultra-violet radiation.

The performance of the spectrometer has been proven in measurements
on a number of simple gases. Spectra were obtained for nitrous oxide, ni-
trogen, butadiene, and propane under electron and x-ray bombardments. Dif-
ferences in the patterns of fragmentation were observed between x-ray and
electron bombardment. Theoretical mechanisms are discussed for these
processes. Data are interpreted in terms of the decomposition of multiply
charged primary ions.

II. THE COINCIDENCE MASS SPECTROMETER

A. PRINCIPLE OF OPERATION

The importance of the Coincidence Mass Spectrometer to the present
measurements has been described in Chapter I. This unique instrument
represents the first application of the coincidence principle to mass spec-
trometry.

A schematic representation of the Coincidence Mass Spectrometer is
presented in Figure 1. In operation the sample enters the ionization cham-
ber where an electron from the electron gun or an x-ray photon from the
x-ray tube collides with a molecule, in this case a low-mass paraffinic hydro-
carbon, between grids Gl and G2, When this collision results in ionization
of the molecule, the secondary electron is collected very rapidly to produce
a pulse in the electron detector. The corresponding positive ion is accelerated
through the remaining grids and drifts through the evacuated ion drift tube,
finally producing a pulse in the ion detector. The time which elapses between
the electron pulse and the corresponding ion pulse is a measure of the mass-
to-charge ratio of the ion. Thus the heavier the ion the longer it takes to ar-
rive at the ion detector following the very fast collection of the electron.

The advantages of this coincidence mass spectrometer are many. Fore-
most among them is the great sensitivity of this instrument. Conventional
mass spectrometers consist chiefly of the magnetic separator type or of the
pulsed time=-of-flight variety., The use of the coincidence principle gives a
greatly increased sensitivity which makes possible the present measurement
of ion fragmentation by inner shell x-ray ionization.

Furthermore, the instrument lends itself to a unique measurement,
namely, the determination of ion charge. The differential arrival time of each
electron and its corresponding ion uniquely defines the mass-to~charge ratio
of the ion. The repeated measurement of the pulse heights of an ion gives a
distribution function which defines the charge of the ion. The ability to measure
the multiplicity of charge of the ion is, obviously, most valuable to the x-ray
study.
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The high sensitivity of the Coincidence Mass Spectrometer is due to re-
duction of the noise level accomplished by the use of the coincidence principle.
In the Coincidence Mass spectrometer the ratio of random coincidence or
"noise'" to time coincidence signal is given by

_%n_ = '\"Np LFC."'NQ/N;" NN/N G—FG.LE.I +ANJIA.2]_ (N

where Np is the ratio of random or ''noise" coincidence, N is the time coin-
cidence ‘signal rate; T is the time interval per unit mass for the delayed co-
incidence measurements; N_ is the rate at which ionization process occur in
the ionization chamber; F_ and F; are the collection efficiencies for secon-
dary electrons and ions, respectively; Ng is the rate of '"'stray' or scattered
electrons detected; and Ny is the rate of purely random noise pulses on the
electron multiplier detectors.

The greatly increased sensitivity resulting from the application of the
coincidence principle is shown graphically in Figure 2. The parameter values
used in this illustration are as follows:

Time Interval/unit mass, T 2 x 1077 gec.

Electron Collection Efficiency, Fg 90%

Ion Collection Efficiency, Fg 90%

Ratio of Stray Electrons to Ionization 1.0
Processes, Ne/Np

Random Noise Rate on Multipliers, Ny i sec.

In Figure ?the ratio of random, '"noise" coincidence to time coincidence
signal, NR Nc, is plotted against the rate of ionization events, N,, as given
by Equation (1) using the parameter values listed above. For similar non-
coincidence the noise to sigﬁal ratio is simply
= 5 (2)
where N/S is the noise-to-signal ra,tio:, and N,,, FI' and N_ are the detector
random noise rate, ion collection efficiency, and ionization rate, respectively,
as inEquation {1} For comparison the noise to signal ratio of non-coincidence
measurements is also plotted in Figure 2 for the same parameter values,

The range of signal levels attainable in the x-ray ionization and frag-
mentation studies will generally be in the region below 100 counts per second.
This conclusion is valid for the special x-ray tube designed for these studies.
For commercially available x-ray tubes the signal levels are much lower.
From Figure 2 it can be seen that at a total signal level of one count per second,
the Coincidence Mass Spectrometer gives a reduction in noise level of a factor
of more than 10% gver the non-coincidence measurements. Thus at this ex- *
tremely low total signal level, fragment ions which contribute as little as 103
of the total level are measurable at a signal level which is still ten times the
noise level, It is this extremely high sensitivity to very low signal rates which
results from the reduction of the background noise through applications of the
coincidence principle that makes the measurement of x-ray ionization
possible.
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B. DATA HANDLING

The primary experimental information consists of the arrival of an elec-
tron pulse and the subsequent arrival of the corresponding ion pulse. The correla-
tion of these two sets of signals is done in either of three available systems.

The first two systems, which are briefly described below, were the previous
approaches to the problem; these are still useful for certain applications. The
third system is the fastest method and was used almost exclusively for these
studies,

The {irst system was the visual display method. It is shown in Figure 3,
Part A. In this system the electron pulse triggers a horizontal sweep genera-
tor and the amplified ion pulse produces a vertical oscilloscope deflection.
Thus, for a left to right horizontal sweep, the distance to the right is a measure
of the relative mass of the ion. Actually the arrival of an ion {(and, therefore,
the distance along the horizontal sweep) is proportional to the square root of the
mass number of the ion (for ions of the same charge). Thus in Figure 3 the
mass of the ion, T,, is approximately 4 times the mass of the ion, T,.

The second system or counting method for data handling is shown in
Figure 3, part B. In this method the electron pulses are delayed by a series
of transistorized delay circuits and placed in coincidence with the ion pulses
by means of a series of ""and' gates. These gates in turn feed a series of
scaler channels in a multi-channel digital scaler. In operation each channel
is set for a given mass number. All channels are operated simultaneously
and the counting rate at each mass number is obtained from the appropriate
scaler channel,

It should be pointed out that this method reduces the number of acciden-
tal coincidences because of the narrow time window in which coincidences are
permitted. One drawback is the slow scanning of the total spectrum, .step by
step, Thus any fluctuations or shifting of amplifications, voltages, or pres-
sures will influence the relative abundances of the mass fragments.

The third data handling system is essentially free from the fluctuations
and changes of a long analysis. This system is shown in Figure 4; it utllizes
a 256 channel memory core pulse height analyzer and provides high data
resolution covering the entire range of electron-to-ion analysis times. In
this method the eleciron pulse and its corresponding ion pulse produce a sin-
gle converted pulse whose height is proportional to the difference in the ar-
rival times of the ion and electron pulses. In operation, the succession of
cutput pulses from this converter are fed directly to the 256 channel pulse
height analyzer.

Following a period of analysis, the data which consists of a number of
counted pulses in each of the channels are either printed in digital form or
graphed on a pen recorder. This system of data handling is the most sophisti-
cated of the three described. In principle, this system corresponds to the first
method. The sophisticated circuit, however, allows the display and preser-
vation of the entire spectrum quantitatively in one simple automatic operation.

6
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In addition, any mass range can be selected and investigated separately
by expanding the time scale and selecting the time interval of interest. Small
time intervals, in other words small windows, mean reduction of the back~
ground; large expansion gives improvement in resolution.

IIT. THEORETICAL CONSIDERATIONS

A. FUNDAMENTAL RESEARCH NEEDS IN RADIATION EFFECTS ON
MATERIALS

To a very large extent, the critical effects of radiation on materials of
present scientific and technological importance depend upon the chemistry that
is induced by the impingement of radiation. Any program concerned with ra-
diation effects, must, therefore, be a rational attempt to understand this ex-
ceedingly complex chemistry.

The primary act involved in the passage of radiation through a chemical
system is the production of ionization and excitation, viz,

M; MA—> My* Reaction (1)
M) -AMW=> M+* +e 2 (2)

The asterisk on the ionic species M1+* indicates that the ion need not be in

its ground electronic state. Although the production of one ion-pair, as in
Reaction {(2), requires on the average the expenditure of 30 electron volts, the
details concerning the relative distribution of energized and ionized species
constitute a major problem in the physics of the primary process. Studies of
the energy spectrum of the secondary electrons formed in (2) can lead to, at
the least, a partial knowledge of the excitation distribution in the ionic species,
and, therefore, constitute an important part of the complete solution of the
problem of the primary radiation chemical act. Radiation chemistry, which
comprises the sum total of all reactions of the energized and ionized species
formed in the primary act, may be said to begin subsequent to the occurrence of
Reactions (1) and (2). Fundamental research needs can thus be discussed in
terms of the primary rad’éation chemical act described above and the possible
reactions of My* and M1+ described below.

1. Unimoiecular Dissociation

These reactions may be summarized as follows:

Mp* —P R; + R; Reaction (3a)
Ml**-—-) M; + M, " (3b)
MPe——y Pt + N, " (4)

Much valuable information concerning (3a) and (3b) is already available in the
literature from studies of thermal and photochemical decompositions.

The ionic species M1+* can dissocjate also, and in this case there re-
sults a set of primary ionic species, Pj , and corresponding neutral fragments,
N., which may be free radicals or stable molecular products. The obvious
source of valuable knowledge of Reaction (4) is from studies of the mass spectra.

9



Such spectra, howeverb, as measured in a mass spectrometer, represent
ionic distributions 107" seconds after the primary act, while collision times
in radiolysis are 1071? seconds or less after the primary ionization act.
Moreover, usual mass spectra are derived from the impact of 50 - 70 elec-
tron-volt electrons which may lead to significantly different ionic distribu-
tions than are encountered in radiolysis. The significant differences are
probably due to the distribution of excitation in the primary ion M1+*. It is
precisely this excitation energy distribution which is needed in calculations
of the mass spectral time dependence and hence in ionic distributions at
1071° geconds.

The complications as outlined above make it imperative, for an under-
standing of the influence of Reaction (4} or radiolysis effects, that fundamen-
tal information be obtained on the following:

(1) The energy spectra of the ions and secondary electrons formed in
the ionization act.

(2) The effect of energy and radiation type on the mass spectra of sim-
ple molecules,

{3} Theoretical studies of the time dependence of the mass spectra of
simple molecules,

2. Bimolecular Reactions Involving M,

These reactions may be summarized as follows:

Mpht My—— M1'+M1" Reaction (5)
M, + M7—— St + Nm " (6)
Pt +M—— 5,7 + N, 1 (7)
R,_ + M) —— M4 + Rj " (8)

The excited species M,* can be deactivated by collision to states of
lower excitation, M;'and M;", and such processes are continued until the ini-
tial excitation energy is degraded. Examples of chemical change occurring in
the collision are not well-documented, and so, while we admit their posmbd-
ity, we ignore them in this discussion. The ionic species, Ml‘** and P1 , can
react with M,; on collision in what are now commonly called ion molecule re-
actions. In Reactions (6} and {7) the symbol ST, denotes secondary ions.
Much-needed kinetic information concerning such reactions is obtainable from
studies of the pressure dependence of mass spectra. Of particular value would
be studies of the pressure dependence of mass spectra derived from the im-
pingement of high energy electromagnetic radiation.

The free radical R can react upon collision with M; to form product
molecules My and another free radical Rj or simply a new free radical R, .
A large body of information, mostly derived from photochemical and ther-
mal studies, is available concerning such reactions

10



3, Neutralization of Ions.

In studies of ion-molecule reactions in a mass spectrometer, a neutral-
ization of ions need not be considered but definitely must be in studies of ra-
diation effects on materials. Indeed, for a given dose rate, the lifetime of
the various ionic species will be determined by the specific reaction rates of
ion-molecule reactions and ion-neutralization reactions., As this may be re-
flected in the observed physical and chemical changes, much research on the
neutralization process in radiation chemistry is needed,

There is available a large amount of data consisting of product analyses
of irradiated chemical systems, However, it is fair to state that an under-
standing of radiation effects will only come about through independent studies
of the elementary processes that make-up the overall process. It is in studies
of the physics and chemistry of these elementary processes that our research

needs are the greatest and in which our research efforts will be the most fruit-
ful,

B. IONIZATION OF MOLECULES BY X-RADIATION

A number of photon impact studies of molecules using a mass spectro-
meter have been reported (1, 2, 3,4) using radiation in the vacuum ultraviolet
region, The photon energies which have been used are in the 7-15 ev range.
These studies have resulted in rather precise measurements of outer shell
ionization potentials and have given detailed information concerning the frag-
mentation patterns of polyatomic molecules at energies near the ionization
petential.

The present x-ray photo-impact studies of polyatomic molecules using
the coincidence mass spectrometer were aimed at a better understanding of
inner shell ionization processes and of the rearrangements and dissociations
which follow. In this work, x-ray photons in the relatively "soft'' {1000-6000
ev) range were used,

When a soft x-ray photon interacts with a bound electron of an atom or
molecule, by far the most probable process which can occur is the photo-
electric ejection of an electron. In particular, if the photon is sufficiently
energetic, the electron will most probably be ejected from the inner or K-
shell, This interaction results in the formation of a very highly excited ion
since the low-lying K-shell now lacks an electron.

In a very short time {~n10~1° sec.) the ion loses its excitation by an
outer shell electron dropping down into the unfilled K-shell. When this oc-
curs the excess energy is emitted either in the form of a fluorescent x-ray
or by the Auger effect,

For the lighter elements eg carbon, with which we are concerned in
the study of hydrocarbon molecules, the Auger effect is the most probable.
In the Auger effect the excess energy is carried away by one or more outer
shell electrons being ejected,with their total kinetic energy plus their binding
energy being equal to the energy of the fluorescent x-ray which otherwise
would have been emitted.

11



Thus it is expected that, when molecules of a hydrocarbon gas are
ionized by x-ray photon impact, a very large fraction of the ions produced
will be multiply charged. Since multiply charged hydrocarbon ions tend to
be unstable, the probability of very rapid dissociation is quite large. For
these reasons it is expected that the degree of fragmentation will be larger

when ionization is due to x-ray photon impact rather than to an equivalent
electron impact,

When dense samples of a material {even a gas at atmospheric pres-
sure)areirradiated with x-rays the primary interactions of the x-ray with
the atomic electron is obscured by the action of the secondary electrons.
Since the cross section for ionization by electrons is many orders of mag-
nitude larger than for ionization by x-rays of the same energy, most of the
ionization, and, hence,most of the chemical changes produced in an irradi-
ation of a dense sample with x-rays,are caused by the secondary electrons.
Thus irradiation experiments of this kind give very little information con-
cerning the primary interaction of the x-ray photon with the primary atom
or molecule.

The experimental difficulties which have prevented the previous direct
measurement in the conventional mass spectrometer of the fragmentation
patterns of hydrocarbon molecules due to tonization by x-rays include the
following:

{1) The cross section for lonization by x-rays decreases as 1/E*
as the energy, E, of the x-ray increases,

(2) The intensity available from an x-ray tube decreases as the
energy of the x-ray decreases due to the rapid increase of the
absorption coefficient in window materials with decrease in energy.

These factors make the production ot sufficient ion intensity to be meas-
urable above random background noise by conventional mass spectrometry
extremely difficult or impractical. The coincidence mass gpectrometer has
a sufficient sensitivity to overcome this obstacle.

By use of the coincidence principle, the ion counting circuit is turned
on for only a few microseconds after a secondary electron has been detected.
Thus, at a counting rate of one ion per second, the ion detector is sensitive
for only about 10 microseconds out of each second of operation. The ratio of
sensitive time to dead time for random background signals is thus about 10~ 3
at this counting rate, while this ratio for the desired ions is essentially unity.
This is the primary feature of the coincidence mass spectrometer which makes
the measurement of x-ray induced ionization and fragmentation feasible,

C. ION OPTICS

To make sure that the highest energy secondary electrons will impinge
on the first dynode of the electron detector, the voltages of the separation
grids must be sufficiently high (5000 volts). The positive ions in turn are ac-
celerated in the opposite direction. Their time-of-flight ia given by
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where
m = mass number
a = half distance between grids no. 1 and no, 2
s = distance no. 2 and no. 3
d = length of drift tube
E; = electric field in regionI
Ezz= electric field in region II
B = EVE:
q = charge

Taking the appropriate values for the parameter in the above equation, T is
easentially determined by the last expression in the bracket. In other words,
the time spent in the acceleration regions is negligible compared to the drift
time. If the electrical fields are replaced by the voltages U; = aE; and U,=sE,,
the number of parameters is reduced to three, excluding m and q. Two para-
meters may be chosen according to considerations which are mentioned below.
The third parameter  is then determined by the Wiley {5) condition for space

resolution,
Ya I ¢
d: 2 ak 6" W -i- (4)
where
-1
k:.'l + -Ja-.- B

In the case of ionizing under x-ray bombardment one has to make sure
that the highest energy secondary electrons will impinge on the first dynode
of the electron detector.. The x-rays used correspond to an energy up to 5000
volts. Thus, one can expect a number of secondary electrons which have en-
ergy slightly below 5000V. To deflect those electrons into the detector, at
least 5000 volts across the ionization region are necessary; U, is then deter-
mined, The transit time T for a given mass m is chosen in such a way that
the time scale is compatible with the resolution of the electronic circuits and
the dimensions of the spectrometer.

The choice of these parameters are listed in Fig. 5. It should be pointed
out that the absolute value of these voltages can be varied without changing the
resolution provided that the ratio E,/E, remains constant. In general, low vol-
tages produce long transit times.

Any intial energy distribution of the ions will not influence the overall
resolution provided the voltages across the first region is sufficiently high.
The time-to-mass correlation of equation (3) indicates that the maximum
resolvable mass is around mass 80 and is determined by the succeeding
electronic circuitry, particularly, by the frequency response of the electron

13
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multiplier tubes and the svbsequent pre-amplifiers. The calculated space
resolution from Equation (4)is much better.

I1V. DESIGN MODIFICATIONS AND CONSTRUCTION OF
EXPERIMENTAL SYSTEMS

A. INTRODUCTION

The experimental system consists chiefly of the source of radiation,
the ionization chamber and grid structures, the ion drift tube, the electron
and ion detectors, the pumping and sample systems, the data handling sys-
tems, and the associated electronics. These components, many of which
are special in design, are described in the following sections,

This system was constructed of stainless steel for mechanical strength,
chemical inertness, and freedom from magnetic fields. Provisions were
made for easy assembly and exchange of essential parts., By the use of high-
vacuum tight flanges the various parts of the system are separately detach-
able. The considerable number of flanges which were required made it ad-
visable to rely on a dependable and flexible type of flange and gasket. It was
decided, therefore, to use complementary step flanges with gaskets of hy-
drogen-annealed copper rings, The complexity of the spectrometer and the
tight specifications concerning alignment, tolerances, and insulation required
considerable effort in the machining work., An overall view of the system is
shown in Figure 6.

Figure 6 Overall View of Experimental System.
15



B. SPECIAL X-RAY TUBE

The special x-ray tube developed for studying the inner shell ionization
of molecules by x-rays has been described in Part I. This x-ray tube was re-
quired, in addition to the extremely high sensitivity of the coincidence mass
spectrometer, to surmount the principle obstacle to these studies posed by
the extremely small cross-sections for x-ray ionization as compared to the
cross-sections for ionization by electrons, An x-ray tube meeting these re-
quirements was not available commercially. Therefore, a completely new
x-ray tube was designed and constructed.

This special x-ray tube incorporates the following unique features:

1, Long wavelength cut-off

The tube uses a very thin beryllium window together with an alumi-
num target. This results in an x-ray spectrum dominated by the alumi-
num Ka line at 8, 32 A with approximately a 10 A window cut-off. This
may be compared with the lowest energy x-ray tube commercially avail-
able which uses an iron target for which the Ka line is at 1.93 A and
which has a window cut-off at about 2 A,

2. DBeam definition

The aluminum target and electron gun in the x~ray tube were specially
designed to give a rectangular x-ray beam less than 2 mm. wide at 10 cm
from the target. The narrow, well-defined x-ray beam is required to ob-
tain usable resolution in the mass spectrometer. This improved focus of
the electron beam, which is better than that of any known x-ray tube, is
made possible by a single wire filament which runs at low voltage (1.5
volts} and at high current (30 amperes.)

3. Demountable

The x-ray tube is easily demounted from the ionization chamber for
repairs, adjustments, or substitution of a different target. The vacuum
system is completely independent of other components and consists of a
small titanium ion pump. The beryllium window easily withstands ex-
posure to atmospheric pressure for long periods with the x-ray tube evac-
uated.

This special x-ray tube has been successfully built and tested., It has
been used in this research as an integral part of a modified Coincidence Mass
Spectrometer performing basic studies on x-ray ionization and fragmentation
of molecules.

C. THE IONIZATION CHAMBER

The ionization chamber consisted of a stainless steel cylinder, 15 inches

16



in diameter and 9 inches high, with removable top and bottom plates and 5
side ports. A photograph of this unit is shown in Figure 7. Top and side
views are represented schematically in Figures 8 and 9 respectively, A
sectional view is shown in Figure 10.

The large size of this chamber was desirable to provide unobstructed
mounting for various devices which must be arranged around the ionization
region, The most important of these are the complex grid structures, which
are shown schematically in Figure 9.

Three slits were located on top of the x-ray port to obtain a well-defined
beam; and also to extract and separate the electrons and ions formed by the x-
ray beam outside of the primary ionization region. This region was defined
by two plates, each 3.5 inches square. Additional plates were provided to re-
accelerate and to focus the desired ions and electrons, Field penetration
through the holes was prevented by the use of fine nickel mesh of 90 per cent
transparency. All structures inside the ionization chamber were most care-
fully aligned with both the x-ray beam and the centerline of the drift tube.
These alignments were necessary to prevent loss of ions by wall collision
in the drift tube, or loss of resolution by uncertainty of the geometric loca-
tion of ionization in the chamber.

Figure 7 Ionization Chamber Showing, Left to Right, Ion Drift
Tube, Electrical Feedthrough Port, and Access Port
to Electron Gun,

17
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For the calibrations and the electron studies an electron gun was also
incorporated in the ionization chamber. A National Union Model 1-DP com-
mercial electron gun was used for this purpose. This gun gives a nominal
1 mm. cylindrical beam at an energy of 600 electron volts. A reaccellerator
region was provided in front of this gun to obtain higher energy electrons
when desired. This gun was faced by an electron trap for monitoring the
electron current with a sensitive electrometer.

D. THE GRID STRUCTURES

The grid structures, a wvital part of the instrument, are shown sche-
matically in Figure 9. These structures enclose the ionization area in which
the ions and their corresponding electrons are produced. They are shown
photographically in Figures 1land I2.

Each grid plate was constructed of two pieces of . 031 stainless steel
spot-welded together with a 50 lines per inch Buckbee-Mears etched mesh
in between. This mesh stretched across the apertures in the plates through
which the ion and secondary electron beams pass. These plates were clamped
together with four stainless steel screws. The spacing between grid plates
and electrical insulator was provided by precision-ground pyrex glass spacer.

It is imperative that the plates be aligned with the drift tube and with
the x-ray tube. The tolerances of these alignments were calculated as fol-
lows:

The maximum angle tolerance between the center lines of the drift tube
and the grid structures is very nearly

o~

where @ is the angle between the center lines of the grid structures and

drift tubes, D is the distance between the ion detector and the point of in-
tersection of the center lines, and AS is the radial deviation of the ion from
the drift tube center line at the ion collector.

If, for example, D is 300 cm. and the angle is 5 seconds, the impact
point of an ion on the target will be off center by A5 = 0.4 cm.

The travel time of an ion is approximately

l 02.1/— ' zvm— (6)

Notations are the same as on page l3.

During the time Ty, the ion reaches the point (x,y) where x is the co-
ordinate axis coincident with the center line of the drift tube and y is the
coordinate axis radial to this center line.
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Figure 12 Grid Structures, Side View.
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The deviation of the ion from the x-axis is due to the presence of a trans-
verse field component, U/y, in the acceleration region.

Y=T-x '&{%LI'_— (N

If the ion is to hit the target, or detector,_ the maxirmum allowable y is
+ 2.0 cm., thus determining U. Introducing y=Y/U;, one obtains

| + D/a - Y/a
2,-17_06*'__ U, 2YY

Under usual operating conditions and geometry (D=300 cm., a= 6 cm.) 1 can
be neglected on the left-hand-side with little error. Hence,

e UnB“J; X ];: E .ll-_a%lu_x 44510 (9

The tolerances of the spacers between the plates are determined if y
is interpreted as the angle between the two plates bordering the ionization
region, which in turn causes the transverse field component,

(8)

with U,=10,000V, U,=7U,
y will be y=3,56 x 107 or 1,5 sec.

The allowable value of the transverse component is

U=3.56V at U;= 10,000V and
U=356 mV at U;= 1000 V

which is greater than the thermal energy of the ions and any energy that is
transferred to an ion by impact,

The spacers between the plates, that are 6 crm apart, have been ma-
chined to 2.1 x 1073 ¢cm , or approximately to 1 mil accuracy, and permit
alignment, with y well within tolerance. The plates are aligned on four cap-
illary tubes of 9 mm O.D, and 3 mm I.D., the exact position being de-
termined by precision ground spacers of 12 mm glass tubes. Stainless
steel rods are inserted through the capillary tubes and bolted at both ends.

The glass insulators provide insulation to voltages up to 15, 000V,
The last grid, which is at the samme potential as the drift tube, is mounted
directly to the drift tube., This arrangement eliminates any direct short
path along insulator surfaces to the parts at low or ground potential. Brack-
ets tie the structure to a flat-bottom steel plate. Vertical adjustment is ac-
complished by two sets of screws in the bottom plate; horizontal adjustment
by sliding brackets on the bottom plate.
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To obtain a well defined beam and to extract the extraneous electrons
and ions generated in the region between the x-ray port and the ionization
chamber, three slits are located horizontally on the top of the x-ray port
beneath the ionization region.

The electron gun is enclosed in a tight fitting cylinder. A one mm
hole in the disc at one end of the cylinder defines the cross-section of the
electron beam; a second disc in front of the gun allows additional accelera-
tion of the electrons., This device is insulated from the bottom plate and
is adjustable with respect to the ionization region.

E. THE DRIFT TUBE AND ION DETECTOR

The drift tube actually consists of two concentric stainless steel pipes.
The minimum diameter of the inside tube is determined by the useful area of
the ion detector., The outer tube is 3 inches in diameter. Pyroceram spacer
rings with narrow tolerances in their dimensions hold the inner tube in posi-
tion and provide safe electrical insulation. The walls of both tubes which face
each other are polished to avoid field emission,

The physical arrangement of the ion drift tube in relationship to the
ionization chamber is shown in Figure 13. The modified support structure
for holding this system is clearly shown.,

Figure 13 Photograph Showing Drift Tube, Ionization
Chamber, and Pumping System of Coincidence
Mass Spectrometer,
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The detection of the ion necessitates an elahorate device, considering
the fact that the ions have a high kinetic energy (§). The approach is briefly
described as follows. The ion impinges on a polished aluminum plate releas-
ing secondary electrons from the surface. The electrons, (on the average 10
electrons per ion), are deflected to a disc of plastic scintillator which is pro-
tected by a thin metal window. The resulting scintillation is detected by a
photomultiplier tube, thus producing a voltage pulse. The complexity of the
ion detector device and the necessity of using differential pumping required
the construction of a vacuum can of the same principal design as the ioniza-
tion chamber, but much smaller and simpler, A special high voltage feed-
through connector is mounted on one of the four existing ports of this can,

F., THE PUMPING SYSTEM AND SAMPLE HANDLING SYSTEM

The use of titanium vacuum ion pumps simplifies the entire vacuum
system considerably. Thus, liquid nitrogen cold traps, vacuum gauges,
and valves are eliminated or reduced to a minimum. One single forepump
works as a roughing pump and operates the sample handling system.

Two separate titanium vacuum ion pumps are used, one for the main
chamber and one for the differential pumping of the can at the end of the drift
tube. This arrangement insures that the pressure inside the drift tube will
be lower than in the ionization chamber by about one order of magnitude. This
is important to minimize the number of collisions between the drifting ions
and gas molecules,

The sample gas under investigation is placed in a reservoir flask
following simple purification by a cold trap. The gas is then allowed to flow
through a 0. 005 in. diameter capillary about 3 feet long, and is injected di-
rectly above the ionization region. The pressure is measured by an ioniza-
tion gauge near the ionization chamber. An alternate method is also provided.
The pressure in the reservoir is accurately and absolutely determined by a
Dubrovin gauge. Knowing the pressure drop in the capillary, the actual pres-
sure at the end of the capillary, and thus in the {onization region,is calculated.
Photographs of the pumping system and the sample handling system are shown
in Figures 14 and 15, respectively.

G. TIME ANALYZER AND RELATED CIRCUITS

The most important system of the electron circuitry is certainly the
time-to-pulse height converter and multi-channel pulse height analyzer.
Many approaches to time conversion were investigated. Three circuits were
emphasized.

In the first method both the electron and ion signals generate a rectan-
gular pulse each of definite length and the same or opposite polarity. The
overlapping part is integrated and the resulting pulse, which is approximately
triangular, is analyzed in the memory core pulse height analyzer. One major
disadvantage of this approach is the change of pulse length with the change of
amplitude. Shaping of the pulses without losing the pulse height information
establishes a fairly difficult problem.
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In the second method the electron pulse generates a sawtooth which is
cut or clamped at the very moment an ion pulse arrives. If the sawtooth is
clamped, the base length of the pulses is independent of the pulse height.
Furthermore, no problem is involved in obtaining output pulses of identical
waveform by cutting off the first (ramp) part of the pulse in a gate circuit.

The third method involves a very elegant and appealing method first
suggested by Waters (7) which avoids the double conversion from time-to-
pulse height and pulse-height-to-time, the latter being done by the pulse
height analyzer. In principle, the delay time between the arrival of an elec-
tron and ion is counted by a train of pulses supplied from a crystal-stabilized
oscillator. The pulses are fed directly into the address scaler of the memory
core. The standard address scalers are, however, unable to accept pulses
shorter than 0.5 microseconds., That makes them useless for measuring
short time intervals, If a fast scaler is used, however, to count a train of
10 nanosecond pulses and the address scaler toc count the complement to a
predetermined number, i.e. 200, using subsequent 2 megacycle pulses, the
resolution can be considerably improved, in this particular case to almost
10 nanoseconds.

A number of test circuits have been developed based upon these princi-
ples. However, reliability, testing timme, and costs had to be considered. Thus
the second method was emphasized in our work,

In this approach the electron pulse triggers a flip-flop gate, which in
turn, triggers an adjustable sawtooth of 1 to 4 microseconds in length after a
present delay time variable in the range from zero to 12 microseconds. FEach
ion pulse, shaped in a flip-flop, is fed into a gate and holding circuit together
with the sawtooth. The sawtooth is clamped whenever the ion pulse arrives
during the duration of the sawtooth., The tail of the sawtooth starts a rectan-
gular pulse of 20 microseconds in length. This pulse has two functions:
firstly, to cut off the output pulse of the holding circuit, so that all pulses
have the same length and secondly, to reset the flip-flops and thus determine
the dead time of the entire circuit. After appropriate amplification, the pulses
are analyzed and displayed in the 256 channel memory core analyzer. Also pro-
vision has been made to adjust all pulses to constant length and shape by adding
a univibrator and an additional gate.

Making use of the latter circuit the whole spectrum can be analyzed in
one single operation, In this case, the resolution is calculated to be 60 nano-
seconds taking a maximum drift timne of 15 microseconds and breaking it into
250 channels, In designing this device, special attention has been given to
the hold-on circuit. The tests of an experimental setup have given an excel-
lent result. This approach is shown schematically in Figures l6and 17, It
was used in the present investigations.
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V. RESULTS AND DISCUSSIONS
A, CALIBRATIONS

The first calibrations were the tests on the vacuum in the ionization
chamber and drift tube. After repeated leakage checks and baking-out pro-
cedures, the system showed a final vacuum of better than 10™% mm. Hg.
However, the titanium Vac-Ion-Pumps used in the system have the property
of releasing previously pumped atmospheric argon in this pressure range;

this is manifested by cyclical fluctuations of the pressure between 4 x 1077
and 4 x 10~° mm. Hg.

In operation, the pressure of the gas sample was determined in sev-
eral ways. The most accurate method was reading the pressure in the sam-
ple handling system from the Dubrovin Gauge and calculating the pressure in
the ionization region by the use of Knudsen’s Law for molecular gas flow
through a capillary tube, The experimental calibration of two different gases
is shown in Figure 18. The experimental calibration for nitrous oxide coin-
cides with the theoretical calculation which is indicated by the dotted line.
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in Sample Flask (Dubrovin Gauge) and Pres-
sure in Ionization Chamber (lonization Gauge).

The alignment of the grid structure with respect to the drift tube has
been accomplished by optical techniques. Two discs, each with a one mm
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hole in the center were introduced into the grid structure from both ends. The
image of the well collimated light beam through these holes was observed on a
fine mesh at the end of the drift tube., This procedure resulted in an angular
alignment between the center lines of the grid structure and the drift tube to an
accuracy of better than 5 seconds,

The adjustment of the grid structure with respect to the electron gun and
x-ray tube was accomplished by mechanical means. The electron gun and x-ray
tube were tested separately by monitoring the beams in corresponding measur-
ing devices. An ionization chamber with a thin aluminized Mylar window pro-
duced a current of 3 x 10" amperes., Considering the geometry of the cham-
ber, window thickness and nature and pressure of the gas, this current cor-
responds to approximately 10° photons per second.

The calibration of the data handling system, essentially the time ana-
lyzer, has been accomplished in two different ways. The first method simu-
lates the electron and ion pulses. While the base is triggered by a train of
subsequent pulses, the ion pulses are represented by another train of pulses
with adjustable phase shift towards the "electron' pulses., The calibration of
the pulse-height analyzer for.a given sawtooth length is shown in Figure 19.

It can be seen from Figure 19, that the linearity of the time analyzer is very
satisfactory except for the last channels. Another linearity test consisted of
feeding uncorrelated ion and electron pulses into the time-to-pulse-height con-
verter. In this case the accumulation in any particular channel is equally prob-
able for a linear circuit. The result is then a flat top distribution.
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The second method is an internal calibration and consists essentially
of the display of the mass spectrum of a well known simple gas such as heli-
um, nitrogen or carbon dioxide. Knowledge of the mass number and the de-
lay time of two or more peaks determines the entire time-to-mass scale,

B. PERFORMANCES TESTS

The performance tests were conducted on the various units both sep-
arately and as a complete system.

The most critical information is the collection efficiency of ions and
secondary electrons. The number of ionization events can be calculated
when the geometry, gas pressure, intensity of the primary beam, and the
ionization cross-section of the gas is known. Several tests proved that the
ion collection efficiency is better than 60% and the electron efficiency is 100%.

The secondary electron collection has been carefully determined under
x-ray bombardment, This was done to separate real secondary electrons of
the gas phase from electrons that are scattered and ejected from metal sur-
faces, The dependence of the secondary electron count rate on the gas pres-
sure has been measured. The extrapolation of the curve to zero pressure still
indicated a high number of detected electrons. This part of the total count was
interpreted as electrons that were not generated in the gas phase. To reduce
this number, the x-ray trap and shielding were improved. This modification
resulted in a considerable decrease of scattered and metal surface electrons.

In the first performance tests of the entire system residual gas and ni-
trous oxide were bombarded with high energy electrons. One section of the
experimental spectrum is represented in Figure 20. The procedure of analy-
sis and identification of the peaks is indicated in this figure. The notations
in this recorded graph are as follows: number of counts - channel number -
delay time - mass number. The print-out sheet shows the low background
in those regions were no mass peak was expected, This can be seen by com-
paring the number of counts in channels 7 to 12. The location of the mass
peaks particularly the mass numbers 28 and 40 (from residual argon) allowed
the experimental establishment of the time-to-mass scale and a comparison
with the calculated scale. Thus, according to equation (3) the calculated re-
lation is T = 3,55N m in p sec., while the experimentally obtained scale
is T=3.45N m in p sec. for m in amu.

C. REAGENT MATERIALS AND ENERGY DISTRIBUTION OF BOMBARDING
PARTICLES

Fragmentation patterns following ionization by high energy electrons and
by x-rays have been measured for nitrous oxide, butadiene, and propane. In
addition nitrogen was used in calibration measurements. The minimum puri-
ties of these gases as furnished by the manufacturers are as follows:
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Nitrous oxide 98.0 per cent

Nitrogen 99.6 per cent
Propane 99.99 per cent
1, 3-Butadiene 99.4 per cent

To avoid introduction of any impurities, the sample handling system
was evacuated to a pressure of 0.1 microns and then flushed with the sam-
ple gas. The sample gas was then introduced at a pressure of from 2 to 20
mm, of Hg. in the sample handling system.,

The energy of the primary electron is variable over the range from
100 to 6000 electron volts with an accuracy of 0.5 per cent at any setting,

The energy spectrumn of the x-ray tube depends on the high voltage,
with the Bremsstrahlung x-rays ranging in energy from the window cut-off
at about 1000 ev up to the energy corresponding to the high voltage on the
x~ray tube. The high voltage from all the measurements to date was set
at 7000 volts. In addition to the Bremsstrahlung x-radiation there is super-
imposed the characteristic radiation of aluminum. Thus it is expected that
the x~-ray spectrum is dominated by the aluminum K, line at about 1.5 kev
with a secondary maximum due to the Bremsstrahlung at about 2.5 kev.

D. ION DISTRIBUTION FROM BOMBARDMENTS WITH HIGH ENERGY
ELECTRONS

A knowledge of the fragmentation patterns of a molecule under high
energy electron bombardment allows important correlations and compari-
sons with the fragmentation following ionization by x-rays. Due to the much
larger cross-sections for electron ionization it is difficult to avoid a small
amount of ionization in the x-ray spectrum being generated by high energy
secondary electrons. Comparing the measured x-ray spectrum with the elec-
tron spectrum of similar energies assures that differences between the x-ray
and electron spectra will be observed.

Butadiene, propane, and nitrous oxide have been bombarded with elec-
trons of 1200 ev energy. The spectrum of butadiene is shown in Figure 21.
The spectrum of propane is shown in Figure 22. The spectrum of butadiene
contains nitrous oxide, which is used as ''calibration' gas in a ratio of 4:1, .
the total pressure being 1.6 x 107* mm. Hg. The great abundance of the H,
peak is difficult to understand. Purifications of the sample gas indicated that
the H; is not contained in the sample. The background analysis also shows
an H, peak, however to a smaller extent. Also here the doubly charged peaks
and peaks of low mass number are pronounced.

This enhancement of the lower mass peaks was previously observed
using 600 ev primary electrons. As the primary energy increases, these
effects become more pronounced, This effect is probably due to the in-
creased amount of multiple ionization either by direct outer shell ionization
of more than one electron or alternatively the inner-shell ionization of an
electron followed by an Auger transition in which the excess energy is dis-
sipated by the ejection of one or more outer shell electrons. Since multiple
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charged large molecules tend to be unstable, the fragmentation probably pro-
ceeds rapidly along one of the paths indicated by the following reactions for a
doubly charged ion.

MNQ + ¢, —) (MN(;:Q* + 3e Reaction (10}
MNQ T e (MNTH 1 g —MT Nt 4 W (11)
— Nt M —INT 1ot + M no (12)
—IMTiN+Q o (13)

—IM+N+Q mo (15)

These data show the type of reactions which may result from formation of
a large multiple charged ion and show the resulting larger abundances of smal-
ler mass and multiple charged ion which cause the observed enhancement of the
low voltage electron spectrum.

E. INNER-SHELL IONIZATION AND ION FRAGMENTATION UNDER X-RAY
BOMBARDMENT

A series of measurements were made of the ionization and fragmentation
patterns of gaseous nitrous oxide and of a simple gas phase hydrocarbon, pro-
pane, under x-ray bombardment. The procedures of each run involved sev-
eral steps,

The first step consisted of the adjustment of the coincidence mass spec-
trometer for maximum resolution using high energy electrons as bombarding
particles. This procedure was required, in principle, only once for proper
performance of the spectrometer. However, repetition of this procedure be-
fore each run provided, also a reliable and fast method for determining the re-
sidual gas in the ionization chamber.

The second step was the measurement of the number of noise pulses per
unit time in the electron and ion detectors in the absence of an icnizing source,
This information allowed the calculation of the rate of chance coincidence from
the random noise,

The third step of each run consisted of a long measurement of the spec-
tra of the residual gas in the ionization chamber, prior to the introduction of
the sample gas. These background measurements were used to correct the
data for the small contributions of the residual gases, The time-converter
data system made possible semi-automatic data reduction in this step. The
background spectrum was stored in one half of the analyzer memory and the
sample spectrum was accumulated in remaining memory of the analyzer, By
partial complementing and by memory transfer, the corrected spectrum of
each sample was printed directly.

During each run, the x-ray tube was operated at 7000 volts and 50 ma;
these conditions introduced 10® photons per second of x-radiaticn into the
ionization region. Also the guard plates around the x-ray trap were elevated
to a sufficient potential to minimize the ejection of stray electrons.

36



A series of runs were made on the simple molecule, nitrous oxide, at
various pressures. The final measurements are summarized in Figure 23
which shows the measured spectrum of ionic fragmentation produced by x-
radiation on N;O at a pressure of 2.2 x 10°% mm. Hg.
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Figure 23 Spectrum of N,0 under X-ray Bombardment.

The measurements on propane are summarized in Figure 24 which
shows the spectrum of ionic fragmentation produced by x-radiation on
CsHg at 2.8 x 10" mm, Hg. At this pressure ion-molecule reactions were
negligible.

Since inner shell ionization is much more probable from x-ray im-
pact than from electron impact, the sequence of reactions leading to the ob-
served fragmentation patterns may be quite different. Thus for electron
impact on propane a sequence of reactions which accounts for about 98 per
cent of the fragments observed in the mass spectrum may be written as fol-
lows:

Cilly ——— Ciy' Reaction (16)
CyHg?t —> C3H;T ——3 C;HE =) CoH3t " (17)
C3Hyt ~——3 C3Hgt ——) C3Hy "o (18)
CHgt —— C,I5+ —3 C,H,* " (19)
CyHgt —) CHt — ¥ C,H, 1 I (20)
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In these equations the electrons and the neutral species are not shown.
The quasi-equilibrium theory of mass spectra, based on this reaction scheme,
predicts rather well the experimental mass spectra produced by ordinary elec-
tron impacts,

In the case of ionization by x-radiation the fragmentation of propane may
proceed along quite different reaction paths. The probable interaction between
a photon of x-radiation and a molecule of propane is the photoelectric ejection
of an inner shell electron. This reaction may be represented as

CoHs + hy~—3CHg™ + e~ Reaction (21)

Since the ejected electron came from an inner shell, the resulting ion is
left in an extremely excited state. This excitation energy will probably be dis-
sipated by an Auger transition in which the vacancy in the inner shell is filled by
an outer shell electron and the excess energy ejects one or more electrons from
the outer shells.

On the basis of this theory we expect that the fragmentation reactions of
propane following x-ray impact start from an excited multiple charged ion
rather than a singly charged ion. Thus, the reaction scheme for single ioni-
zation is no longer valid and must be replaced by a scheme of reactions which
takes into account the multiplicity of charge of the primary ion. From the
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great many additional possible reactions which may be contributing to the
observed fragmentation patterns, we consider only those involving doubly
charged propane. The corresponding mass numbers are also given in the
following table.

Table 1
Mass Numbers from Primary and Secondary Reactions

Primary Reactions Observed Masses
CHe' [ ———CaH, T + 1 21.5
—>CH,t + gt 43 and 1
———>CHett + Hy 21
——> C,H. + H; 42 and 2
———>» C,H5" " + CH,4 14. 5
~———3 C,Hst + CH3t 29 and 15
———> C,H; + CH Tt 7.5
—> C,Htt + CHy 14
—3 C,H,t + C 28 and 16
——>3 C,H, + CH,*t 8

Secondary Reactions

CoHy T ——3C.Hs T+ 1, 20, 5
++ _"'__,C3I'I5+ + Hz+ 4] and 2
CsHg —>C H, Tt + H_ﬁ 20
14 —>CHT +H, 40 and 2
C,Hs & =——3>C,H, T + Hy 13.5
4> CHT + 1, 27 and 2
c,H, ——>»C,H,"t+H 13
—>C,H, T + szﬁ 26 and 2

The interpretation of the observed spectra is complicated by this large
number of reactions which must be considered. The relatively high experi-
mental abundances of the HY and H,t fragments together with the relatively
small difference in the abundance of the large parts of the x-ray spectrum
relative to the electron spectrum seem to indicate that the reactions in which
the charge is divided between the two fragments are favored over those in
which both charges remain with a single fragment. The relatively high abun-
dance of CH;t and CH4+ appear to be consistent with this hypothesis. Although
it is impossible at this time to assess accurately the effects of all the possible
reactions on the observed fragmentation patterns, the following reactions ap-
pear to be the most reasonable dominant primary reactions,

CHs W —3 CH,t + 1 Reaction (22)
CoHlsl} ——>C3HeT + H¥ " (23)
CsHg' |~ C,Hs' + CH; " (24)
CHstt — 1T + cHt n (25)

These reactions together with the secondary and tertiary reactions shown
in the single charge scheme are sufficient to account for almost all of the abun-
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dant peaks observed in the experimental x-ray ionization spectrum summa-
rized in Figure 24.

Further theoretical interpretation is planned in the future program as
soon as enough additional data are obtained. The present program has ac-
complished the x-ray fragmentation measurements on propane and on nitrous
oxide and has shown feasibility. The spectra are consistent with a reasonable
theoretical description., The next program will concentrate on (1) obtaining
much more data on a number of molecules, particularly an iso-electronics
series, and {2) on doing the detailed theoretical treatment which will then be
warranted.
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Section II. SECONDARY ELECTRON SPECTRA FROM BOMBARDMENT
OF GASES WITH ELECTRONS

I. INTRODUCTION

The energy distribution of the secondary electrons emitted when mole-
cules are ionized by electron impact are of fundamental importance to radi-
ation effects on materials in at least two ways. The first of these is con-
nected with theoretical calculations of the products of radiation-induced reac-
tions, These calculations are based on the assumptions that ion-molecule
reactions are the primary reaction mechanism, and that the steady state dis-
tribution of ions can be inferred from mass spectra of the material irradiated,
Some successful calculations of this kind have been reported in which the 50 or
70 volt mass spectrum was arbitrarily chosen as representative of the ion dis-
tribution. The question of the validity of such calculation hinges on a know-
ledge of the steady state energy distribution of the ionizing particles. Since it
is now well established that in an irradiation by high energy particles most of
the ionization is produced by the secondary electrons and electrons of succeed-
ing generations, the composite steady state electron energy distribution is suf-
ficlent. However, any attermnpt to calculate this composite distribution depends
upon a detailed knowledge of the secondary electron energy distribution over a
wide range of primary electron energies, For this reason, secondary electron
energy distribution is a necessary step to a basic understanding of the complex
problems of radiation chemistry and physics.

The other important application of the secondary electron energy distri-
bution is that of the kinetics of unimolecular dissociations of polyatomic mole-
cule-ions in the mass spectrometer. In this connection, we must know the ex-
citation energy distribution of dissociating molecule-ions. A knowledge of the
energy and angular distributions of the secondary electrons, together with the
known energy of the primary electron producing the ionization, allows an ac-
curate determination of the excitation distributions.

In the present studies emphasis was placed on measuring the secondary
electron energy distribution of those secondary electrons ejected nearly per-
pendicularly to the primary beams using primary ionizing electrons in the
energy range of 320 to 1000 ev, This measurement was done in the coinci-
dence mass spectrometer by detecting the electrons which are sufficiently
energetic to surmount a potential '"hill"', whose height may be varied to ob-
tain the spectrum. In this way the integral electron energy spectrum may
be measured. The electrons are not counted directly. By using the coinci-
dence principle, the number of ions are counted that are in the correct de-
layed coincidence with the detected electrons. This technique removes the
common error of incorrectly including in the spectrum electrons which origi-
nate from sources other than the ionization process under consideration,

II. THEORY OF THE IONIZING COLLISIONS OF ELECTRONS ON
MOLECULES

At present an extensive theoretical treatment of the ionizing collisions
of electrons with complex molecules is not feasible. Although the first Born

41



approximation provides an adequate tool, provided the energy of the impact-
ing electrons is sufficiently large, the wave functions required for its appli-
cation are known with sufficient accuracy only for some simple cases, i.e.
atomic hydrogen and helium., Therefore, the fundamental experimental ap-
proach of the current program is necessary to provide the quantitative in-
formation needed for understanding the effects of ionizing collisions on mole-
cules,

However, approximate calculations for more complex atoms and mole-~
cules indicate that the distributions of energy and angle of the scattered pri-
mary electrons and the ejected secondary electrons are qualitatively simi-
lar. Those similarities may be summarized as follows:

(1) For small velocities of the ejected electrons, the angular distri-
bution of the scattered electrons fall rapidly with an increasing
angle of scattering.

(2} For high velocities of the ejected electron, the angular distribu-
tions of both the ejected electron and the scattered electron show
relatively sharp maxima corresponding to conservation of momen-
tum between electrons.

(3) The probability of energy transfer from the incident electron to the
ion and secondary electron rises rapidly to a maximum at a rela-
tively low energy of ejection, and falls off quite rapidly with in-
creasing energy.

Since it is expected that the distributions for more complex atoms and
molecules should be qualitatively similar for those for atomic hydrogen, some
calculated distributions of this particularly simple case provide a basis for
comparison and interpretation of the experimental data obtained from the more
complex situations.

An ionizing collision may be represented by a vector diagram as shown
in Figure 245. The incident electron with momentum B, collides with a mole-
cule and ionizes it by causing a bound electron to be ejected with momentum
P;. The scattered primary leaves with momentum P,. Pjis the change in
momentum of the incident electron and Py is the momentum transferred to the
ion. It can easily be shown that the kinetic energy transferred to the ion is
always very small although the momentum transferred may be quite appreci-
able., In the extreme case of a ""head-on' collision, the maximum momentum
and energy are transferred to the ion. In this case,

PHS ZPo (10)
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and the kinetic energy of the ion is

_.P - 4M,
T o < S = A

where Ty is the kinetic energy of the incident electron and Mg and My are the
masses of the electron and ion respectively. Thus, even for the extreme case
of atomic hydrogen the maximum possible transfer of kinetic energy is only

0. 2 per cent of the energy of the incident electron.

Further consideration of the geometry of the collision shown in Figure (26)
also yields the relation

P:=P:+P:"' QRP,_ %5 (12)

where © is the angle between the initial and final directions of the scattered
electron. The direction of the change in momentum of the scattered electron
is given by the angle & where

Cod el =

PL— B‘Pm 9 _— (13)
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Further analysis of an ionizing collision requires the application of quan-
tum-mechanical collision theory, (8). The first Born approximation is valid
provided the energy of the incident electron is sufficiently large compared to
the ionization potential. Under this a.pproxirna.tion the differential cross-section
for the 1omz1ng collision illustrated in Figure 30 is gwen b

I- 2,0. Ckiky e [F(K,) one Fam (m-n‘e-—J
KoKy (- F R )(vkT 4K - 2K, K, coa 5)*

L-(K kms)1+,l (14)
P.0. l+k3 Kt)z‘*‘fk

where kL-T

is the dimensionless wave number in units of reciprocal Bohr radii for an
electron with momentum Py, and s is the angle between the direction of the
ejected electron and the change in momentum of the scattered electron. It

can easily be shown from equation (14) that a relative maximum in the cross-
section I occurs for§={, corresponding to conservation of momentum between
electrons.
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Some calculations of the differential cross-sections for ionization of
hydrogen by 1000 ev electrons have been completed. The calculated differ-
ential secondary electron spectrum for electrons ejected perpendicularly to
the primary beam is shown in Figure 26. This result provides a basis for
semi-quantitative comparisons with the experimental data obtained for more
complex molecules.

II. EXPERIMENTAL PROCEDURE

A number of difficulties have to be overcome to measure reliably the
energy spectra of the secondary electron emitted due to an ionizing collision
occurring in the gas phase. These difficulties include the following: (1} Elec-
trons from the primary beam may be scattered into the collector. (2) Second-
ary electrons may be collected from metal surfaces. (3) Secondary electrons
may be collected from molecules other than the one being studied.

When applied to measurements in the gas phase, attempts to overcome
these difficulties have been unsuccessful when conventional methods, similar
to those used in measuring secondary electron spectra from solids, were used,

The use of the Coincidence Mass Spectrometer surmounts those difficul-
ties by accepting only those electrons which are properly correlated w1th the
ion formed.

A schematic representation of the Coincidence Mass Spectrometer as
modified for the measurement of secondary electron spectra is shown in
Figure 27. To measure the secondary electron spectra for a given molecule,
a high purity sample of the gas is injected into the ionization chamber through
the narrow capillary connecting the sample handling system to the ionization
chamber. The pressure of the gas in the sample handling system is adjusted
so that the pressure of the sample gas in the ionization chamber is maintained
at one to two orders of magnitude above the residual gas pressure. Since the
residual gas pressure is normally about 5 x 107 7mm. of Hg. or less, the nor-
mal range of operating pressures is from 5 x 10-%to 5 x 10-° mm. of Hg. To
further improve the purity of the gas studied, the ionization chamber may be
flushed several times with the sample gas to further reduce the partial pres-
sure of the residual gas.

During a measurement, the electron gun emits a narrow, collimated beam
of electrons which are accelerated down the center of the region of the ionization
chamber bounded by the grids G2 and G3. Grid G2 is maintained at a positive
potential relative to the electron beam while G3 is negative. Thus, when an ion-
ization occurs in the region in front of the fine mesh windows in G2 and G3, the
secondary electron is accelerated toward the electron detector while the ion is
accelerated down the drift tube toward the ion detector., The region between G3
and G4 provides an additional ion accelerating field which may be used te reduce
the variation in travel time of ions of the same mass. The variation may result
from the finite width of the primary electron beam, or from the initial kinetic
energy of the ions.

In this manner, the time interval between the detection of the secondary
electron and the corresponding ion provides a measure of the mass of the ton.
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Figure 27 Schematic Representation of the Coincidence Mass
Spectrometer as Modified for Secondary Electron
Energy Measurements.,

When an ion or electron collides with the first dynode of the detector, a pulse
is produced which is fed through a discriminator to the data handling system.

When the Coincidence Mass Spectrometer is used to measure second-
ary electron spectra, an additional grid Gl is placed between the ionization
region and the electron detector. Energy analysis of the ejected secondary
electrons is performed by varying the potential of grid Gl. When the potential
of grid Gl is negative with respect to the primary beam by a voltage V, only
those electrons which are ejected by the ionization process with energy ex-
ceeding V electron volts can pass Gl and reach the electron detector. Only
those ions resulting from an ionization in which the energy of the ejected
electron exceeded V are detected in the proper time correlation with a detected
secondary electron. Thus, the number of ions of a particular mass (or delay
time) is measured as a function of the negative potential V on grid G 1. The
use of this method not only allows positive determination of the molecule ionized,
but also prevents the improper inclusion of electrons scattered from the pri-
mary beam or ejected from metal surface, since in these cases no ion is de-
tected.

IV. RESULTS

A series of measurements of secondary electron energy spectra from
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320 to 1000 electron volts have been completed, A list of the materials stud-
ied together with their minimum purities as provided by the manufacturer is
given in Table 2. To further insure purity of the samples measured, the sam-
ple handling system and the ionization chamber were flushed several times with
the sample gas immediately prior to final injection of the sample to be meas-
ured, Also the pressure of sample gas for all of the measurements reported
was maintained in the ionization chamber at 20 to 100 times the residual gas
pressure in the system which during the time of these measurements was con-
sistently less than 10~° mm, Hg.

Table 2
Materials Used in Secondary Electron Spectra
Measurements
Material Minimum Purity {%)
Nitrogen 99.9
Argon 99.9
n-Butane 99.99
1, 3~-Butadiene 99.4
n-Pentane 99.0
Cyclohexane 99.0
Propane 99.99

The results of these measurements are summarized in Tables 3 through
13. The first two columns present the raw data corrected only for fluctuations
in total ionization, The retarding potential is the measured negative potential
of the grid Gl (see Figure 27) relative toground. The second column gives
the measured number of electrons, corresponding to a particular ion, which
were sufficiently energetic to surmount the potential barrier imposed by the
retarding potential on Gl. The potentials on grids G2 and G3 were adjusted
so that the potential of the point where the ionization occurred was at ground,
Thus, the minimum electron energy, as given in the third column of the tables
corresponds to the measured retarding potential. The relative number of elec-
trons with energy greater than the given energy, tabulated in the fourth column
of the tables, is obtained from the raw data by multiplying the raw counts by a
suitable constant multiplier so that the number with energy greater than zero is
normalized to 100 per cent.

The measured secondary electron spectra for several molecules are
plotted in Figures 28 through 41. The data plotted in Figures 32 through 41
correspond to the normalized data of Tables 3 through 13 respectively.

The data shown in Figures 28 through 31 are for some preliminary meas-
urements which were made without employing the coincidence principle. These
data show a considerable enhancement of the low energy portion of the spectrum
relative to the coincidence data. For example, for propane with 800 ev primary
electron energy, a comparison of Figure 31, a non-coincidence measurement,
with Figure 35, the same measurement using the coincidence principle, shows
thie quite clearly, For the non-coincidence measurement less than 10 per cent
of the secondary electrons show energies in excess of 10 ev, while for the coin-
cidence measurement more than 30 per cent of the secondary electrons have en-
ergies larger than 10 ev. 47



Table 3

Secondary Electron Energy Spectrum for N, Using
320 ev Primary Electron Energy

Raw Data Normalized Data
Retarding Secondary Per Cent

Potential {1} Counts/Min. (2) Electron Energy (3) with Greater Energy(4)

0 1001 0 100

967 1 97

2 953 2 95

3 995 3 99

4 915 4 92

5 903 5 90

6 875 6 87

10 623 10 62

15 404 15 40

20 254 20 25

25 136 25 14

30 115 30 12

40 109 40 11

50 87 50 9

60 62 60 6

70 63 70 6

(1) Measured Relative to Potential at Primary Electron Beam.
{2) One Minute Counts,

(3) Units of Electron Volts, :
{4) In Per Cent of Raw Counts for Zero Retarding Potentl.a.l
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Table 4

Secondary Electron Spectrum for N, Using
800 ev Primary Electron Energy

Raw Data Normalized Data
Retarding Secondary Per Cent
Potential (1) Counts/Min, (2) Electron Energy{3) with Greater Energy(4)
0 658 0 100
1 640 1 97
2 671 2 102
3 544 3 82
4 540 4 82
5 557 5 85
) 489 6 74
8 476 8 73
10 401 10 61
12 338 12 52
15 312 15 47
20 226 20 35
25 169 25 26
30 163 30 24
40 127 40 20
50 ) 135 50 20
60 149 60 23

{1} Measured Relative to Potential at Primary Electron Beam.
{2) One Minute Counts,

(3) Units of Electron Volts.

(4) In Per Cent of Raw Counts for Zero Retarding Potential.
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Table 5

Secondary Electron Energy Spectrum for Propane
Using 320 ev Primary Electron Energy

Raw Data Normalized Data
Retarding Secondary Per Cent
Potential (1) Counts/Min, (2) Electron Energy(3) with Greater Energy(4)
¢ 261 0 100
i 268 1 103
2 245 2 94
3 233 3 89
4 241 4 92
5 230 5 88
6 235 6 20
8 204 8 78
10 194 10 74
12 166 12 64
15 130 15 50
20 104 20 40
30 35 30 13
40 26 40 10
50 21 50 8
60 15 60 6
70 14 70 _ 5

{1) Measured Relative to Potential at Primary Electron Beam.,
{2) One Minute Counts.

(3} Units of Electron Volts,

(4) In Per Cent of Raw Counts for Zero Retarding Potential.
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Table 6

Secondary Electron Energy Spectrum for Propane
Using 800 ev Primary Electron Energy

Raw Data Normalized Data
Retarding Secondary Relative
Potential (1) Counts/Min. (2) Electron Energy (3) Number (4)
0 287 0 100
1 276 1 26
2 252 2 88
3 209 3 73
4 159 4 55
5 157 5 55
6 121 6 42
8 122 8 42
10 126 10 44
12 98 12 34
15 59 15 21
20 54 20 19
30 40 30 14
40 47 40 16
50 37 50 13
60 37 60 13
70 39 ‘ 70 14

(1} Measured in Volts Negative Relative to Electron Beam.
{(2) One Minute Counts.

{3) Units of Electron Volts.

(4) In Per Cent of Raw Counts for Zero Retarding Potential.
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Table 7

Secondary Electron Energy Spectrum for N, Using
1000 ev Primary Electron Energy

Raw Data Normalized Data
Retarding Secondary Per Cent
Potential (1) Counts/Min. {(2) Electron Energy (3) with Greater Energy (4
0 1065 0 100
2 1000 2 93
4 935 4 89
6 940 6 90
10 837 10 79
15 712 15 69
20 532 20 50
30 362 30 35
40 305 40 29

{1) Measured in Volts Negative Relative to Electron Beam.
(2) One Minute Counts,

{3) Units of Electron Volts.

{4} In Per Cent of Raw Counts for Zero Retarding Potential.

Table &

Secondary Electron Energy Spectrum for Argon Using
1000 ev Primary Electron Energy

Raw Data Normalized Data
Retarding Secondary Per Cent
Potential (1) Counts/Min, (2) Electron Energy {3) with Greater Energy (4)
0 765 0 100
2 786 2 103
4 774 4 101
6 714 6 93
8 753 8 98
10 662 10 87
12 657 12 86
15 598 15 78
20 483 20 63
30 361 30 47
40 271 40 35

(1) Measured in Volts Negative Relative to Electron Beam.
(2) One Minute Counts.

{( 3) Units of Electron Volts.

(4) In Per Cent of Raw Counts for Zero Retarding Potential.
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Table 9

Secondary Electron Energy Spectrum for Propane
Using 1000 ev Primary Electron Energy

Raw Data Normalized Data
Retarding Secondary Per Cent
Potential {1} Counts/Min. (2) Electron Energy (3) with Greater Energy (4)
0 527 0 100
2 473 2 90
4 484 4 92
6 465 6 88
8 498 8 94
10 419 10 79
12 331 12 63
15 334 15 63
20 187 20 35
30 116 30 22
40 103 40 19

(1} Measured in Volts Negative to Electron Beam.

(2} One Minute Counts.

(3) Units of Electron Volts.

(4) In Per Cent of Raw Counts for Zero Retarding Potential.

Table 10

Secondary Electron Energy Spectrum for n-Butane
Using 1000 ev Primary Electron Energy

Raw Data : Normalized Data
Retarding Secondary Per Cent
Potential(l} Counts/Min.(2) Electron Energy (3) with Greater Energy (4)
0 630 0 100
2 611 2 97
4 700 7 111
6 592 ) 94
10 508 10 81
15 283 15 45
20 280 20 45
30 131 30 21
40 62 40 10

(1) Measured in Volts Negative to Electron Beam.,

(2) One Minute Counts,

{3) Units of Electron Volts.

(4) In Per Cent of Raw Counts for Zero Retarding Potential,
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Table 11

Secondary Electron Energy Spectrum for n-Pentane
Using 1000 ev Primary Electron Energy

Normalized Data

Secondary
Electron Energy (3)

Per Cent
with Greater Energy (4)

Raw Data
Retarding
Potential (1} Counts/Min, (2)
0 349
2 330
4 273
6 184
8 183
10 141
12 98
15 72
20 36
30 28
40 20

(1)
(2)
(3)
(4)

Measured in Volts Negative to Electron Beam.
One Minute Counts. ‘
Units of Electron Volts,
In Per Cent of Raw Counts for Zero Retarding Potential.

Table 12

100
95
78
53
52
40
28
21
10

8
6

Secondary Electron Energy Spectrumn for 1, 3-Butadiene
Using 1000 ev Primary Electron Energy

Normalized Data

Secondary

Electron Energy-(3)

Per Cent
with Greater Energy (4)

Raw Data
Retarding
Potential (1) Counts/Min., (2)
0 620
2 580
4 600
6 330
10 280
15 270
20 130
30 110
40 80

{1)
(2)
(3)
(4)

Measured in Volts Negative to Electron Beam.
One Minute Counts. :

Units of Electron Volts, _
In Per Cent of Raw Counts for Zero Retarding Potential,
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Table 13

Secondary Electron Energy Spectrum for Cyclohexane
Using 1000 ev Primary Electron Energy

Raw Data Normalized Data
Retarding Secondary Per Cent
Potential (1) Counts/Min. (2) Electron Energy (3) with Greater Energy {4)
0 547 0 100
2 564 2 103
4 519 4 95
6 459 ) 84
8 420 8 77
10 386 10 71
12 420 12 77
15 354 15 65
20 328 20 60
30 221 30 40
40 149 40 27

(1) Measured in Volts Negative to Electron Beam,

(2} One Minute Counts,

(3} Units of Electron Volts.

{4) In Per Cent of Raw Counts for Zero Retarding Potential.

This enhancement of the low energy portion of the spectrum in the non-
coincidence measurements is very probably due to the predominately low-
energy electrons which are emitted from a metal surface when bombarded
with electrons. These results illustrate again the necessity for using the
coincidence principle to obtain reliable measurements from materials in

the gas phase.
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Figure 28 Integral Secondary Electron Spectra for N,
' Using 500 Electron Volt Primary Electrons.
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Figure 29 Integral Secondary Electron Spectra for N, Using 600
Electron Volt Primary Electrons. Results of Two
Separate Runs. 56
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Figure 30 Integral Secondary Electron Spectra of Propane Using
400 Electron Volt Primary Electrons.
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Figure 31 Integral Secondary Electron Spectra of Propane
Using 800 Electron Volt Primary Electrons.
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Figure 32 Secondary Electron Spectrum of N, Using 800 ev Primary
Electron Energy
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Figure 33 Secondary Electron Spectrum of N, Using 320 ev
Primary Electron Enerpgy.
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Figure 34 Secondary Electron Spectrum of Propane Using 320 ev
Primary Electron Energy.
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‘Figure 35 Secondary Electron Spectrum of Propane Using 1000 ev
Primary Electron Energy.
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Figure 36 Secondary Electron Spectra of N, for
Primary Electron Energy of 1000 ev,
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Figure 37 Secondary Eleciron Spectra of n-Butane
for Primary Electron Energy of 1000 ev.
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Figure 38 Secondary Electron Spectra of 1, 3-Butadiene
‘es for Prtmgry Electron Energy of 1000 ev.
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i 3 Secondary Electron Spectra of n-Pentane
Figure 39 for Primgry Electron Energy of 1000 ev.
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Figure 40 Secondary Electron Spectra of Argon for
Primary Electron Energy of 1000 ev,
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Figure 41 Secondary Electron Spectra of Cyclohexane
for Primary Electron Energy of 1000 ev.
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W INTERPRETATION AND EVALUATION OF THE DATA

A knowledge of the fraction of secondary electrons with sufficient energy
to produce further ionization together with a detailed knowledge of their energy
spectrum is of very basic importance to an understanding of the fundamental
processes of radiation chemistry and radiation effects in materials.

The fraction of the secondary electrons with sufficient energy to produce
further ionization for the several molecules studied with 1000 ev primary elec-
trons is given in Table 14. It may be observed from the table that these frac-
tions vary over a considerable range of values for the molecules studied.

An important independent experimental result with which the secondary
electron energy measurements should be correlated is the measurement of the
average energy, W, expended by an intermediate or high energy electron per
ion pair formed in the gas. Since the quantity W depends on several parameters
other than the fraction of secondary electrons which can cause further ioniza-
tion, a simple linear correlation between W and the fraction of secondary elec-
trons which can produce ionization is not to be expected. However, it seems
probable that molecules which have large values of W relative to the ioniza-
tion potential should tend to display relatively small values of the fraction of
secondary electrons capable of ionization.

Table 14

Fraction of Secondary Electrons Exceeding the Ionization Potential of the Mole-
cule for 1000 ev Primary Electron Energy.

Fraction of

Secondaries
Tonization Capable of
Molecule Potential (1) lonization WZZ(-Z)
Nz 15.6 0. 60 2.24
Argon 15.75 0. 78 1.68
Propane 11. 3 0,72 -
n-Butane 10.5 0. 79 -
n-Pentane 10. 5 0, 36 -
1, 3-Butadiene 8.8 0, 48 -
Cyclohexane 9.5 0. 75 -
Hydrogen 13.6 0. 57(3) -

(1} Units of Electron Volts.
(2) Section 2. 16 of reference (9).
(3) Calculated using Born app:oximation for atomic hydrogen.

Unfortunately, the value of the mean energy loss per ion pair formed, W,
has been measured only for N, and argon of the molecules for which secondary
electron energy spectra have been measured. The value of W/1 as reported by
Platzman (9) for these two molecules are also given in Table 14. From these
results the conclusion that W/I strongly reflects the effects of the fraction of
secondary electrons capable of ionization seems to be valid. Additional meas-
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urements of secondary electron spectra for molecules for which the W-values
have been measured are necessary before this conclusion can be definitely sub-
stantiated.

Rigorous calculation of the secondary electron spectra of complex mole-
cules is presently not feasible from basic quantum theory. Nevertheless, it is
expected that the secondary electron spectra should be qualitatively similar to
those calculable for atomic hydrogen. The differential spectrum for secondary
electrons ejected perpendicularly to the primary electron beam for 1000 ev prim-
ary electrons was calculated in Section II of this report and is shown in Figure 26
The corresponding calculated integral spectrum is shown in Figure 42, The con-
ditions for this calculation are essentially the same as the experimental condi-
tions under which the secondary electron energy spectra were measured.

Comparisons of the secondary electron spectra measured for several
molecules using 1000 ev primary electron energy (Figures 36 through 41) with
the calculated spectrum for atomic hydrogen reveal that all of the measured

spectra show the qualitative similarity with atomic hydrogen that was expected
on theoretical grounds.
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Figure 42 Calculated Integral Secondary Electron
Spectrum for Atomic Hydrogen at a
P};lma.ry Electron Energy of 1000 ev,

Due to the lack of independent experimental data and rigorous theoretical
results with which these data might be correlated, more detailed interpretations
and evaluations of these results are withheld until we have even more extensive
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data. Some general conclusions are evident regarding the overall character
of these measured spectra. The features of the secondary electron spectra
which appear significant are the following:

(1) The mean secondary electron energy of N, is higher than that for
propane at similar primary electron energies, In propane the mole-
cule has a much larger number of energetically low-lying electronic
states and hence it is to be expected that propane have a higher prob-
ability for ejection of low energy secondary electrons than does the
nitrogen molecule.

(2) For both N, and propane the spectra show only a small shift with the
change in primary electron energy in the energy range investigated.
In both cases the small shift which is observed consits of a slight
increase in the number of higher energy secondaries with an increase
in primary electron energy. Since the primary energies used in
these measurements were many times the ionization potentials, the
rather slow increase in primary electron energy is consistant with
theoretical treatments of ionizing collisions based on the Born ap-
proximation.

VI. CONCLUSION AND FUTURE WORK

The successful modification of the coincidence mass spectrometer and
the construction of the special x-ray tube for studies of x-ray ionization and
fragmentation have been completed. Studies on x-ray ionization and fragmen-
tations for several molecules have been presented. In addition, a number of
secondary electron energy spectra for electron impact ionization have been
measured.

Future work should extend these measurements to additional molecules
of importance to radiation effects in materials. Also, the secondary electron
energy spectra for x-ray ionization should be measured. In particular, em-
phasis should be placed on measurements of one or more groups of isoelec-
tronic molecules, This emphasis should provide the necessary experimental
information to allow important theoretical correlations and interpretations.

An important isocelectronic group for study is the series: ethanol, ethyla-
mine, and propane. Each of these molecules contain 26 electrons. Although
these are arranged so that there is an octet of outer shell electrons about each of
the heavier atoms, there are varying numbers of non-bonding electron pairs.
Theoretical correlations and interpretations of the experimental results should
be made.

The present program represents the first study of x-ray ionization of
gases in which mass analysis of the product ions has been conducted. For the
first time, the fragmentation patterns resulting from inner shell ionization by
xX-rays have been measured. An important extension of this work could be
achieved by employing a source of nearly monochromatic x-rays., This refine-
ment would allow studies of x-ray ionization and fragmentation resulting from
the impact of an x-ray photon with a well-defined energy. As a result, the the-
oretical interpretations would be greatly simplified, and the application of the
data to the gross effects of radiation on materials would be direct.
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However, obtaining a sufficiently intense source of nearly monochro-
matic, "soft'", x-rays is a difficult experimental problem. Even with the
extremely high sensitivity of the Coincidence Mass Spectrometer, the spec-
fal x-ray tube was required in the present studies to obtain the neceasary
intensity of low energy x-rays for sufficient ionization in gases at pressures
useable in a mass spectrometer., Any attempt to select a narrow band width
from the x-ray spectrum by the techniques of x-ray crystal spectroscopy would
considerably decrease the intensity. Nevertheless, the fundamental impor-
tance of the results which could be obtained by mono-energetic x-rays gives
strong impetus to a search for an experimental solution.
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