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ABSTRACT

The transport of resonance radiation in argon has been studied over a
wide pressure range (0.002 to 600 torr). A line source of argon lPl states
was produced by a collimated, pulsed beam of protons traveling down the
axis of a cylinder filled with a pure grade of argon. The time dependence of
escaping resonance radiation was examined. The geometrical arrangement
and initial conditions are simple, and a detailed comparison can be made
between theory and experiment.

The basic assumptions of resonance transport theory have been
examined for the lPl state in argon, and it is found that revisions are
required at lower pressures where collisions between excited atoms and
ground state atoms are infrequent. Comparison between this experiment
and theory shows a discrepancy of as much as a factor of three. A newex
theory, which allows for coherent re-emission (in the rest frame of the
atom) when no collision occurs during the lifetime of an excited state, is
examined and found to be in reasonable agreement with the data. At higher
pressures, the two transport theories give the same results and are in
agreement with this experiment to within 10%.

The role of the transport of resonance radiation in the pathways
taken by the energy deposited by the proton beam is examined. Various
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effects are observed, and tentative explanations are presented for the
behavior of the radiation escaping from the lP1 state. An estimate is

made on the energy escaping near 1048 A and in the continuum around 1250 A

and is found to be consistent with the model of Hurst and Thonnaxd.
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SECTION 1

INTRODUCTION

1.1 Resonance Radiation

The transport of electromagnetic radiation in gaseous media has been
under study for many years. It is fundamental to astrophysics, atmospheric
physics, atomic physics, and other fields. An interesting and important
part of this broad topic is the study of resonance radiation. 1 Resonance
radiation occurs in a gas of identical atoms if these atoms have an excited
state with two important properties: the energy of the state is sharply
defined, and the transition to the ground state is both allowed and is the
preferred mode of de-excitation. When an atom decays from such a state,
the emitted photon will have that energy which enables another ground state
atom to absoxb it. Thus the photon will usually travel only a short distance
before being absorbed and reemitted. Indeed, this trapping mechanism is
often so efficient that a photon may be emitted and reabsorbed thousands of
times before escaping to the walls of a container. The containment time
and angular distribution of the escaping photons will depend in a detailed way
on the emission and absorption probabilities of these photons (as a function

of photon frequency). Measurements of the rate and intensity of escaping



resonance radiation will provide information on these probabilities and, in
addition, provide a crucial test for assumptions on the correlation between

absoyption and reemission by the individual atora.

1.2 Theoretical Treatment

The first successful treatment of the transport of resonance

b4

radiation was achieved by Holstein and Bieberrna:n.4 Earlier attempts,5
based on the existence of a photon mean free path, neglect the rapid
variation of the absorption coefficient with frequency in the neighborhood
of a resonance line. Rather than using diffusion techniques, Holstein intro-
duced an integrodifferential equation describing the time evolution of the
spatial distribution of excited atoms in the gas. In this work, he restricted
his analysis to the situation where there is no correlation between the
frequency of the emitted photon and the previously absoxbed photon (i.e., a
complete redistribution of the emitted photon frequency occurs so that the
emission probability and the absoxption profile are proportional). Holstein
examined the way in which this could occur in the case of Doppler and
pressure broadening, and was led to the conclusion that the redistribution
assumptiion was valid in both cases. He showed, if there is no correlation
between absorption and reemission, that the mean free path must

necessarily be infinite., This occurs because in the computation of the mean

free path, an average over photon erergy must be taken, and those photons



emitted far from the center of the resonance line give an unbounded contri~
bution to this average.

Recently, Payne6 and others ' *8 have examined the conditions
required to attain the redistribution in frequency. Payne found that in the
situation where 1) the probability of a decorrelating collision between an
excited argon atom and a ground state atom is substantially less than unity
and 2) there is sufficient trapping so that the frequency dependence of the
wings is dominant in determining the photon transport, the complete
redistribution in frequency assumption should fail. Careful attention must
then be given to the difference in the emission and absorption profiles, and
these differences could lead to a different trapping time than predicted by
Holstein., A wide pressure region exists for the decay of the 1Pl state in
argon in which this situation is realized. Observation of the time depen-
dence of the escaping photons which result from the decay of this state

(near 1048 A) provides a test for the complete redistribution assumption.

1.3 Experimental Implications

The transport of resonance radiation, aside from its intrinsic
interest and its value in understanding fundamental processes, plays an
important role in many aspects of the interaction of radiation with matter.
Resonance trapping is likely to enter into any experiment where 1) photons
are emitted into a narrow frequency interval by atoms on de-excitation to

to the ground state and 2) the gas is sufficiently dense that the emitted



photon has little chance of escaping to a wall of the container without
reabsoxption.

Several problems in astrophysics fall into this category. Radiation
escaping from a star must undergo many emissions and reabsorptions.
Light traveling through nebulae will be scattered many times before
emerging.

In the laboratory the study of gas discharges, microwave excitation,
and charged particle excitation must take into account the effect of
radiation imprisonment. This is most dramatically exhibited in the self -
reversal of a resonance line in which very little light is observed escaping
from the center of the line, while the wings of the emitted frequency
distribution are greatly enhanced. In gas lasers radiation trapping may aid
in attaining the desired inverted population.

In the study of the pathways taken by the energy deposited when a
charged particle passes through matter, it is found that resonance trapping
plays an important role, In experiments to exaraine these pathways, at the
University of Kentucky and Oak Ridge National Laboratory, the noble gases

have been selected as targets. An energetic beam of protons or electrons
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deposits a small amount of its energy in the gas. In helium9 and argon '

models have been developed which describe the pathways taken by this energy.
12
A similar model is being developed for neon by ILeichner. These models

are being constructed from an extensive series of experiments, which



provide information such as 1) W values of the pure gases and Jesse effects
‘s . . 13~15 .. . . . .

due to the addition of impurities, 2) intensity of the light emitted in
the vacuum ultraviolet (vuv) region as a function of wavelength and

16-18 . ; L . ... 9-11 .
pressure, the distribution in time of this radiation and quenching
due to the addition of impurities, 9 and 3) the fraction of energy lost by
the charged particle which appears as vuv radiation. 20 These experiments
thus reveal many aspects of the atomic excitation and ionization processes

which occur and provide valuable tests for the various energy pathway

models.

1.4 Objectives of this Work

The objectives of this work are to provide experimental information
on the transport of the 1048 A resonance radiation in argon, and to
critically test radiation transport theories.

In the experiment, argon is allowed to flow through a cylindrical cell
while bursts of protons traverse the cell along its axis. The argon 1Pl
resonance level is populated along the path of each proton. (According to
the optical approximation, fast charged particles will excite an atomic
level in proportion to its oscillator strength which is large for the lPl
level.) This provides a source of resonance photons distributed along the
axis of the cylinder, which in time will escape to the walls or be converted

to some other form of energy. The intensity and time dependence of the

escaping radiation are measured over a wide range of argon pressures.



At lower pressures, the case where collisions between excited atoms and
ground state atoms are negligible is studied. Here the escape of resonance
photons will be governed by the Voigt profile (the convolution of natural

and Doppler broadened profiles) so that the effects of radiation
imprisonment can be examined without other complicating factors. As

the argon pressure is increased, the line profile changes as pressure
broadening becomes important. Two- and three-body effects become
evident, opening up other pathways for the destruction of the 1Pl resonance
level. With an understanding of the transport phenomenon, more insight
should be obtained into these other effects.

Careful attention has been given to obtaining a simple geometrical
arrangement. The application of resonance transport theory in the past has
been hampered by either 1} the lack of information on the initial spatial
distribution of excited atoms (gas discharge work) or 2) the difficulty
involved in trying to realize experimental boundary conditions which are
theoretically tractable. The transport problem in cylindrical geometry
has been solved, 21 so by using proton beam excitation the present experi~
ment should overcome both of these difficulties.

In summary, this experiment undertakes to satisfy two goals.

One is to reveal the extent to which the transport theories of Holstein and
Payne are applicable to the 1048A° resonance radiation in argon and to

examine the basic implications of any differences. The other goal is to



understand the role of the transport of resonance radiation in the energy

pathways studies.



SECTION 2

EXPERIMENTAL METHOD

2.1 Introduction

The apparatus used in this experiment is shown in Figure 1. Arxrgon
gas flows continuously through the cylindrical reaction cell. Bursts of
protons from the ORNL 3-MeV Van de Graaflf accelerator pass through an
entrance foil, traverse the cell along its axis, then stop on striking the
back plate of the cell. The interaction between the protons and the gas
ionizes many argon atoms and excites the atomic levels in many others.
Occasionally a photon escapes from the gas, passes through a lithium
fluoride window, is dispersed by a monochromator and detected by a single
photon detector. The proton pulse passes through a timing pick ~off unit
before entering the cell. To measure the time behavior of the emitted
photons, the signal from this unit and the signal from the photon detector
are fed to a time -to-pulse-height converter (TPHC) which provides a signal
whose amplitude is proportional to the time between input signals. The out-
put signal from the TPHC is analyzed and stored in a multichannel analyzer.

This mini-experiment is repeated until many thousands of counts have been
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stored in the analyzer. The number of counts per unit time plotted against
channel number gives the time distribution of the emitted photons.

Vacuum ultraviolet ermissions from the noble gases have been
examined using various methods for the initial excitation of the gas atoms:
... 22-24 . .1 . . .

electric discharges, light absorption, and microwave excitation.

15,16,1
,16,18,26, 27 examined the use of

Recently, G. 5. Hurst and co-workers
fast charged particles for this purpose and found several advantages over
the other methods. 1) The emission spectra of the noble gases are quite
reproducible, whereas with discharge techniques the spectra depend on the
conditions in the discharge. When fast charged particles are used, the
amount of ionization and the relative population of the various excited
states are probably determined by the oscillator strengths of the states

Z8). Excitation by gas discharge produces many low-

(optical approximation
energy electrons which excite the atomic levels in a complex way. Some
simplification in interpretation of the emission spectra should then be
possible when fast charged particles are used. 2) Fast charged particle
excitation can produce a clearly defined initial spatial distribution of
excited states. The use of intense light sources to populate the desired
atomic levels suffers in this respect due to scattering of the incident beam.
In view of these favorable aspects, it is feasible to do experiments

(using fast charged particle excitation) on the transport of resonance

radiation which can be compared with transport theories. Collimated fast
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protons, passing along the axis of a cylindrical container of argon, can be
used to excite the lPl level of this atom. The subsequent decay of the
excited atoms then produces a nearly line source of 1048 A resonance

. . 21
photons whose transport properties can be analyzed theoretically.

2.2 The Experimental Apparatus

In the experiment, 2.02 MeV protons were used from the ORNL
3 MeV Van de Graaff accelerator. This energy was sufficiently high to
satisfy the requirements of the experiment, yet low enough to insure
stable operation of the accelerator.

The proton beam was pulsed before leaving the terminal by sweeping
the beam across an aperture, This produced a pulse whose duration was
less than 20 nsec FWHM and less than 50 nsec at the base. The repetition
rate of the pulses could be varied in discrete steps from 3.91 kHz
(1/256 usec) to 250 kHz (1/4 psec). In most of the experiments, a repe=-
tition period of 64 or 128 psec was used. At 64 psec, the time averaged
current through the reaction cell was about 0.06 pamp. This implies about
2 %107 protons per pulse. The proton pulses could be further bunched to a
FWHM of 2 nsec,

Before entering the reaction cell, the pulses were focussed by
magnetic quadrupole coils, and 75% to 90% of the beam passed through a

3 mm diameter collimator. The protons entered the cell through a
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0.0001 inch havar foil which covered an aperture of 6 mm diameter (see
Figure 1). The protons were stopped by the back plate of the cylinder.
Inspection of foil and back plate discoloration produced by the proton beam
indicated the beam was well collimated along the cylindrical axis.

The reaction cell was a stainless steel cylinder, 7.0 ¢ in length and
1.11 cm in radius. Resonance radiation, escaping to the walls of the con~
tainer, entered the dispersing monochromator via a 0.714 cm diameter
cylindrical aperture halfway down the length of the cell. The axis of this
aperture was perpendicular to the axis of the cell. To prevent argon from
flowing into the monochromator chamber, a lithium fluoride disc was
placed across the aperture flush with the wall of the reaction cell. The
lithium fluoride window had to be replaced every Lew weeks due to the
deterioration of its transmission efficiency at 1048 A. This deterioration
is probably due to formation of color centers when lithium fluoride is
exposed to radiation in the vuv. 29 The thickness of the discs used varied
from 1/2 to 1 mm; the diameters were 1/2 inch. Additional apertures were
present in the cell to facilitate gas flow and pressure measurements (see
Figure 1).

From stopping power data, 30 2.02 MeV protons lose 0.20 MeV on the
average in a nickel foil 0.0001 inch thick. The resulting 1.82 MeV protons

have a range in argon at 684 torr of 7.0 cm (the cell length). Below argon



13

pressures of 100 torr, the total energy deposited by a proton in traversing
the cell is given by AE =1.66 x 1073 p (torz) in MeV.

The cell was isolated electrically from the surrounding hardware; the
proton current was monitored by a contact from the back plate of the cell
leading to a current digitizer or micro~microammeter. To insure accurate
current measurements, electrons ejected from the havar foil after bom~
bardment must be prevented from permanently escaping the cell. An
electron repeller maintained at ~100V accomplished this.

Photons, on passing through the lithium fluoride window, were dis-
persed by a McPherson model 235 (1/2 meter) scanning monochromator
which employs a Seya-Namioka geometrical arrangement. 31 The Bausch -
Lomb diffraction grating had 600 grooves per millimeter and was blazed at
1500 A. The reflecting area of the exposed region of the grating was
2.54 cm across by 2.8 cm high. In this geometry, the entrance and exit
slits were located 50 cm f£rom the grating. Each slit had a fixed height of
1.0 cm; the width could be varied. The entrance slit was set at 50 microns
throughout the experiments. Exit slit widths from 40 to 350 microns were
used in various parts of the experiment. With 10 torr argon pressure in the
reaction cell, the width of the 1048 A resonance line ranged from 4.5 to
léfi as this exdt slit was opened Tfrom 50 to 350 microns. The mono~
chromator chamber was maintained at a pressure of less than 10—6 torr

during all experiments in which the lithium f{luoride window was used.
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A Bendix Spiraltron Electron Multiplier (SEM Model 4219X), 3
mounted directly behind the exit slit, was used to detect the photons. The
cone of the SEM had a base diameter of 1.0cm. To prevent "bore sighting,"
the SEM was mounted at an angle of 17° to the axis of the monochromator
exit arm.

Pressure measurements in the reaction cell were made with an MKS
Baratron capacitance manometer. Pressure heads of Type 7TH-10 and
Type 77H~-1000 wexre used in their respective pressure ranges.

Grade 5 argon (purity 99.999%) was used; a typical impurity analysis
gave (in parts per million) l-HZ, 4»—NZ, 1-0,, 1-CO + CO,, 1-THC, l—HZO.
Gas from the argon tank was reduced in pressure by an ultra-high purity
regulator, and {lowed through a short stainless steel line to the reaction
cell. 'The gas left the cell via a short teflon tube (needed for electrical
insulation) and was removed by either a diffusion pump or roughing pump
as required by the gas pressure. Valves before and after the reaction cell
allowed one to control the pressure and flow rate.

To insure gas purity during an experiment, the gas lines and beam
pipe plumbing were evacuated and maintained at low pressure for several
days before experimental data were acquired. A pressure of 3 x 10“6 torr
or less was obtained at the ion gauge on the beam pipe. Pressures would be
somewhat higher in the distant recesses of the system. To further insure

purity, the argon was allowed to flow at higher pressures for at least an
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hour before attempting a low pressure experiment. A few experiments at
the end of the series were performed without this latter precaution and

gave slightly higher results for photon escape rates.

2.3 The Electronics

A schematic diagram of the ;electronic apparatus is shown in
Figure 2.

The timing pick -off for the proton pulse, located above the analyzer
magnet, was a hollow cylinder 12 inches long and 1 inch inside diameter. A
pulse, on entering the cylinder induced a signal which was amplified and used
as an input to the time-to-pulse-height converter (TPHC). A signal of the
opposite polarity was induced as the pulse left the cylinder. A fast dis-
criminator (Disc No. 1) in this circuit eliminated extraneous signals, in
particular the signals generated by the slower singly ionized H, and Hs.
(These ions were later eliminated at the analyzer magnet.) An alternate
pick-off cylinder was available for use on the more sharply bunched pulses,
It was 3 cm long and 1.2 c¢m in diameter., The proton current which passed
through the reaction cell was monitored by either of two methods: directly
by a Keithley 410 micro-microammeter or by an Ortec current digitizer
plus Ortec timer-scaler (Scaler No. 1).

Photons, which escaped from the reaction cell into the proper solid
angle and with the selected wavelength, could trigger the Spiraltron Electron

Multiplier (SEM). As supplied by Bendix, the Model 4219X required some
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circuitry to apply the necessary voltages and obtain an ocutput signal. Figure
3 lustrates the SEM and circuitry. 33 To operate the SEM satisfactorily
in the pulse saturation mode, applied potentials of 800V (V) and 3700V (V)
were required. The potential drops along the preamplifier and spiraltron
sections were then calculated to be 805V and 2350V, respectively. (Test
data from Bendix on this particular SEM show a gain of 1.4 x 10° with these
potentials at 800V and 2200V, respectively.) To collect the amplified
electron pulses as they emerged from the high voltage end of the SEM, a
brass button (collector plate) was placed 1 mm behind the last section. To
insure collection of the electrons, the collector plate was maintained at
about 210 V above the SEM terminal by a bleeder circuit. The signal from
the SEM went to a Keithly 111 pulse amplifiexr for impedance matching (see
TFigure 2), then to another amplifier followed by a discriminator (Disc No. 2)

For direct intensity measurements, the positive output of Disc No.
2 was sent to either an Ortec timer-scaler (Sca].ér No. 2) or to a rate-
meter which then drove a Bristol recorder. The latter mode was used
together with the monochromator grating drive to obtain the intensity
versus wavelength data.

To measure the time distribution of photons, the negative output of
Disc No. 2 was fed through a delay generator to the TPHC. (In the later
experiments, the delay generator was not used as it was the limiting factor

for the time resolution.) The output signal from the TPHC was then
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analyzed and stored by a Nuclear Data 4410 single parameter data acquisition
system. This system included an analog-to-digital (ADC) module, an ND-812
computer, a control module, and a Tektronix oscilloscope. The data were
later recalled via a teletype and an X-Y plotter.

The digitized proton current (Scalexr No. 1) served as master in
controlling the accumulation of counts, both for the direct photon count
(intensity) and the time-dependent intensity measurements. In this way,

all data were normalized to the number of incident protons.

2.4 Experimental Techniques

To study the transport of resonance radiation, two entities were
measured as a function of pressure; 1) the distribution in time of 1048 A
photons escaping to the walls of the container (time-dependent intensity),
and 2) the net, time-integrated number of the escaping 1048 A photons which
are detected (relative intensity).

In the relative intensity measurements, the quantity obtained was
the number of 1048 A photons (per incident proton) which escaped from the
reaction cell into the appropriate solid angle, were transmitted by the
lithium fluoride window, dispexrsed by the grating, detected by the SEM, and
finally counted by the electronics. Considerable care must be taken to insure
that each one of these agents does not distort the data taken at different:

pressures and at different times. Some typical problems are discussed below.
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1. The transmission coefficient of lithium fluoride at 1048 A
decreases over a period of weeks when exposed to vuv radiation

and electron fluxes. 29,34

This problem is easily eliminated by
only comparing data taken over short time spans, then
normalizing the different data sets at overlapping pressures.

2. This transmission coefficient is temperature sensitive,
decreasing as the window is warmed. 35 There is some experi-
mental evidence that this effect is occurring at higher pressures
for high beam currents. (A rough calculation shows that at a
proton beam current of 0.6 pamp, the reaction cell temperature
may rise 4°C if most of the proton energy is lost at the back
plate of the cell.)

3. This transmission coefficient increases toward longer wave-
lengths. This becomes an important effect in the pressure
region 10 to 300 torr as the argon 1048 A line shifts to 1052 /§.15
Correction is made for this.

4. The slit settings on the monochromator and the grating angle
must be adjusted to insure that the shifting and broadening of
the 1048 A lines with pressure do not introduce error. The exit
slit was opened wide enough to collect all light from the 1048 A

region at the higher pressures (it was possible to do this with -

out admitting light from the 1067 A region). The shift in the
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peak was monitored and the grating then rotated to the mid-
point of the peak.

5, The SEM exhibits a drop in gain at higher counting rates; 36
this causes an increased fraction of the counts to be blocked
by the discriminator (Disc No. 2) even in the pulse saturated
mode. This effect was more severe in the SEM used in this
experiment than described in Reference 36; however, below
1000 counts per second, it was negligible.

In the time-dependent intensity measurements the above problems
were not important. A change in photon counting efficiency over times
which are long compared to microseconds (characteristic decay time of the
resonance radiation) will not be reflected in the rate measurements.

Two modes of operation for the time~to-pulse-height converter
(TPHC) were employed in determining the photon escape rates. In the
"forward time' mode, the proton timing pick-off signal started the TPHC
ramp; the first photon detected by the SEM terminated the ramp. The
"reverse time" mode used the photon signal to start the TPHC. The signal
from the proton pulse which occurred immediately before this photon was
suitably delayed in time and used to stop the ramp. In an experiment when
the "effect events" occur only infrequently in comparison to the '"cause
event, " the reverse time mode eliminates dead time at the TPHC. In the

present case, the ratio of photons detected to incident proton pulses ranged
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from 1/20 to 1/2000 and the reverse time mode was generally used. To
insure simple interpretation of the data, the number of photons detected
must be much less than the number of proton pulses. The delay time
selected for the proton pulse {on the Ortec 416A gate and delay generator)
was roughly e(iual to the full scale time setting on the TPHC. Ideally this
delay should be equal to this full scale setting, but fixed delays in the
electrons plus the desire to avoid use of the highest several channels of the
multichannel analyzer modified this.

In an experiment of this type, the precise moment (t = 0) when the
proton beam enters the cell is not directly useful. The quantity to be
determined 1s the conversion factor between a true time interval and the
channel width in the multichannel analyzer (MCA). To determine this
number for fixed TPHC and MCA settings, an ORNL mercury "Q" pulser
supplied a simultaneous signal (suitably shaped) to both discriminator
inputs (Disc No. | and Disc No. 2). Then fixed delays were introduced in
increments by either the Ortec or the Rutherford delay generators and the
size of the resulting TPHC pulse recorded in the MCA. A plot of induced
delay versus resulting channel nurmbex checked the linearity of the electronic
response and provided the desired conversion factor. There was no deviation
from linearity over the range of channels actually used in the MCA. The
conversion factor, checked several times a day, generally remained con-

stant over days or even weeks. The Rutherford and Ortec delay generators
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gave results which differed by less than 1%. The Rutherford generator was
originally placed in the experiment to provide accurate digital settings for
this calibration. The Ortec settings were made by a variable resistor., How~
ever, the Rutherford delay generator was found to be the limiting factor in
the time resolution, and as the settings on the Ortec delay generator could
be made in a repeatable way, the Rutherford generator was removed.

A rough attempt was made to determine the inherent time resolution
of the experiment. Nitrogen gas was flowed through the reaction cell. On
bombardment by protons, an atomic state was populated which then decays
by photon emission at 1200 A with a decay rate of about 2 nsec. 37 The
observed time-dependent intensity is shown in Figure 4 with and without the
Rutherford generator. The electronic arrangement shown in Figure 2 was
used. In a particular experiment, the actual resolution depends on the
TPHC and MCA settings.

For the single photon counting technique used in this experiment,
the probability that two or more photons arrive at the detector during one
beam repetition period must be negligibly small; otherwise, a bias would
exist favoring early photons., From Poisson statistics, an average rate of
1 photon for every 6.7 proton pulses yields a probability of 0.01 that more
than 1 photon is detected between proton pulses. As mentioned eaxlier, the

photon rate never exceeded 1 photon in 20 proton pulses.
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The time-dependent intensity data were analyzed by hand fitting
and by using the ND~812 computer. 38 There were no detectable differences

between the two methods.



SECTION 3
TRANSPORT OF RESONANCE RADIATION AT 1LOW PRESSURES

As mentioned in the Introduction, one primary objective of this
thesis is the study of the resonance trapping phenomenon over as wide an
argon pressure range as experimentally feasible. It is desirable to obtain
inforration at low pressures where complicating effects do not obscure the
transport process. For example, above 10 torr the recombination of
electrons with argon ions produce a source of 1048 A photons which extend
over a long period of time. Also, above 10 torr, collisions (mainly 3-body)
between lPl excited argon states and ground state argon atoms channel the
energy along additional pathways. 10 Further, a substantial shift is
observed in the wavelength of escaping photons as one increases the pressure
above 10 torr. 16 These effects are less important below 10 torr. It is
thus convenient to separate this study into two pressure regions:

1) 0.0015 torr < P < 10 torr which will be examined in this section and
allowing some overlap, 2) 1 torr < P < 600 torr to be examined in Section 4.

The 1048 A emission line of argon is an excellent resonance line for

this study for the following reasons: 1) the asscciated lPl atomic level 1s

easily excited by fast charged particles due to its large oscillator strength

26



(optical approximation); 2) the level has no complicating fine structure;
3) the level is isolated from other excited states; and 4) the emitted 1048[;
photons are transmitted by a lithium fluoride window so that differential

punmping is not required and one has a well~defined geometry.

3.1 The Low Pressure Data

Typical data curves for the pressure region 0.0015 torr < P < 10 torx
are shown in Figure 5. The relative photon count detected by the SEM is
plotted on a log scale versus time {(measured from the proton pﬁlse) as
resolved by a multichannel analyzer (MCA). The SEM background count has
been subtracted. The slope on the semi-log plot was observed to be nearly
linear at the lower pressures. At higher pressures (see 5.25 torr data in
Figure 5), a single exponential would not accurately describe the data as at
late times the photon escape was somewhat slower. This effect will be
discussed in more detail shortly. The early time slope was extracted by
observing a computer fit obtained by adding one later channel at a time until
the slope began to change. Figure 6 and Table 1 give the values of the early
time escape rate obtained in this way. The late time escape rate is only
measurably distinct from the early time rate above 0.5 torr. Extracting
this slope from the data, it is found to be nearly constant

6

-1
(ﬁL =0.32 x 10” sec ") over the pressure range 0.58 to 5,25 torr.
The proton current was monitored, enabling one to obtain the

relative time-integrated count (referred to as intensity in the following) as
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Figure 5. Decay Curves for Argon 1048 A Resonance Radiation at Several
Low Pressures.
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TABLE 1

EXPERIMENTAL EARLY TIME ESCAPE RATES FOR THE ARGON 1048 A

1
( Pl) RESONANCE EMISSION AT LLOW PRESSURES

Escape Rate

Pressure -
Run No. (torr) (psec )
103 9.35 0.377
217 5,25 0.358%
208 5.19 0.358
207 5,17 0.368
176 1.94 0.361
173 1.07 0.354
125 0. 86 0.339
175 0.57 0.345
129 0.56 0.337
244 0.50 0,3442
182 0.41 0.330
180 0.184 0.293
220 0.135 0.319%
194 0.093 0.283
224 0. 069 0.316°
197 0.042 0.310
238 0. 0206 0.382%
151 0.0147 0.468
242 0.0100 0.620°
249 0.0015 5,47

a
See text for comment on this later experiment.
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a function of argon pressure. This intensity was obtained simultaneously in
two ways: 1) a scaler monitored the photon count directly, and 2) the MCA
channels were summed. At these pressures, the count rate was low enough
that no coxrection was needed for MCA dead time. The SEM background was
significant (exceeding the true count rate at the lowest pressures), but one
could easily subtract it from the time-resolved data. The scaler photon
count rate (photons/sec) was monitored carefully during the relatively long
time periods required to accumulate the data as a check on the stability of
operating conditions; it remained remarkably constant in the experiments
reported here.

Figure 7 shows, on a log-log scale, the intensity versus argon
pressure for the 1048 A line. As pointed out in Section 2, intensity measure-
ments made at different times cannot be compared directly due to changes
in the lithium fluoride window transmission efficiency. However, the
various experiments below 10 torr were quite consistent with the least
square fit to obtain

1.31
I =constant x P , (3.1)

where the constant depends on the geometry of observation and on the
efficiencies of the window, grating, and SEM. The data shown in Figure 7
have been normalized by choosing the constant so that the intensities are
equal at 5.0 torr. This non~linear variation of the intensity with pressure

is examined immediately following Equation (3.19).
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3.2 Theory of the Transport of Resonance Radiation

Holstein? 3 has examined the transport of resonance radiation based
on the assumption of complete redistribution in frequency for each photon
absorption and re-emission. He demonstrated that at sufficiently high
pressures (so that a collision between an excited atom and a ground state
atom was very probable during the natural lifetime of the excited state) a

correct description of the transport process results if one assumes that
P(v) = k(v), (3.2)

where P(v) is the emission profile and k() is the absorption coefficient.
Holstein also demonstrated that at sufficiently low pressures so that
escape of resonance photons was determined by the Doppler profile alone,

9

the same assumption was quite reasonable. Walsh3 then attempted to
interpolate between these pressure regions by choosing an expression foxr the
escape rate which approached the Holstein values in the high and low
pressure limits.

Recently, Payn96 has attacked the transport problem by allowing for
a correlation between absorbed and then emitted photon frequencies in the
situation where there is no perturbation by another atom of the excited
state during its natural lifetime. As this approach is in better agreement

with the data than the Holstein formulation and since it is felt that the

interpretation of the data in terms of this picture leads to a fundamental
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understanding of the transport process, a brief discussion of Payne's work
is now given., The discussion will be limited to the situation where pure
argon is in a small container at a pressure less than 10 torr. The number
of excited P ; atoms at any time is only a small fraction of the total
number of axrgon atorus.
Define a distribution function N (;,x, t) such that
N(.i’,x, £)dVdx = the number of excited atoms in volume dV at rat
time t which will emit (in the future)} into the
frequency range x to x + dx.
In this definition, x = (v - vo) C/Vovo where € = speed of light, Ve T c/)\o =
frequency at the center of the resonance line, and V0 =/ m .
Define the angle averaged redistribution function R(x’, x) such that
R(x’,x)dx \/;r— kods = the probability that a photon of frequency x’
will be absorbed while traversing the distance

ds and re-emitted between x and x + dx,

3
o B2 N B . .
where k = — . — = relative statistical weights of the
© 8Tr3/Z &1 7 VO 1

excited and ground state, respectively; N =density of argon atoms; and
T =1/% = natural lifetime of the excited state.

The absorption coefficient can be written

~ k (ﬁ T (3.3)



35

A g, NA
where a = 4”\30 (v + v); Y - 0.904 y g’f (mo is a Jmeasure40 of the

collision rate between an excited argon atom and a ground state atom. For
the 1048 A line in argon at 293°K, assuming a natural lifetime
9 -1 41 : : . )
T=2.15%x10 “sec , one obtains the following values: gz/g1 =3,
VO = 3.49 x 104cm/sec, a = )\y/fhr\fo =0,0111, yc/y =1.737P,
k =34.0x 103 P, a-= a (1 + 'yc/'y) where P = pressure in torr.
)
One can then develop an equation in terms of R(x’,x) which describes

the time behavior of N(;,x, t). Assuming a source function of the form

F( ;, x)&(t), one obtains

~k(x) |z - 2’|

av’
at =y 2

ON(T, x, t) ey NE %) + ’)/A/-T:ko F ax’ | N(rix', t) R(x::x) e
Y/ 4m|r - x'|
(3.4)

where V is the volume of the gas container.

In studying this equation, Payne has confined himself to the experi-
mental situation where resonance photons are escaping from the region
between two infinite parallel planes separated by the distance Y, (slab
geometry) when a distribution of excited states initially (t = 0) is located
in the plane at the center of the slab. The present geometry is appreciably

different from this, but it will be shown presently that at sufficiently

early times after the proton pulse, the slab geometry is appropriate.
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Also, the theory requires that the pressure be sufficiently high that there
is strong trapping at the center of the resonance line.

The redistribution function can be written in the following way:
R(x',x) = P_ o(x") ofx) + (1 -P,) R(x",x) , (3.5)

when o(x) = k(x)/‘rk(x)dx is the absoxrption profile [i.e., k(x) = ko“/; w(x)]
and P = yc/(y+ yc) is the measure of the probability of a collision between
an excited state atom and a ground state atom during one natural lifetime.
A collision is defined as that interaction between the two atoms which
causes the excited state to lose memory of the absorbed frequency and
hence emit via the entire Voigt profile. RH(X',X) describes the situation
where, in the rest frame of the atom, the photon is re-emitted with the
same frequency at which it was absorbed. Accounting for the Dopplex
effect by averaging over the motion of the atoms, one obtains an expression
for Rn(x',x) which is valid in a laboratory coordinate system.

In the discussion of the escape of resonance radiation as determined
by R(x’,x), it is useful to introduce two frequency parameters, X and Xps

as in the following paragraphs.
For a sufficiently small value of a in the Voigt profile, there is a

frequency X such that for ]x] <X T 6., the gaussian associated with the

1 s
Doppler core completely dominates the absoxrption and for lx] >x_t 52 the

lorentzian tail is the only impértant contribution. 61 and § , are
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surprisingly small so there is a sharp change over from '"core" to "wing"
contribution to the absorption profile. Let X, be the frequency at which

the Doppler term in the asymptotic form of the profile is equal to the
2

wing term, i.e., e € = a/An xcz . The function RII(X',X) then has the
following important property. If the absorbed frequency |x’| is less than
X s then, to good approximation, the subsequent emission profile lacks the
characteristic wings of the emission profile. Photons are emitted with
almost equal probability for any |x|< |x’|, but the probability of emission
at |x|> |x’| drops off very sharply. A good approximation when |x’| is

sufficiently less than X is

RH(x’,x) = —;*erfc <max(|x] Y )) . (3.6)

On the other hand, if lx" =% absorption occurs almost independently of
the motion of the atom. The excited states will have approximately a
maxwellian velocity distribution and emission (which is coherent in the rest
frame of the atom) will be distributed about the absorbed frequency with a
near gaussian profile.

Now, define x_ by the condition

E

k(xE) yo/Z =1

This can be evaluated via the asymptotic form of the Voigt profile using

OO(e + _az\rl.
A/TTXE /
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Xy is the frequency at which the optical depth to the center of the slab is
unity. Photons with ]x\ < X will tend to be absorbed, photons with

lxl > x_, will tend to escape. The relative values of X and X then are a

E
useful guide to the frequency region of the profile (and the form of the
redistribution function) which governs escape of the resonance photons. X
and X are plotted versus pressure in Figure 8; values apply to the argon
104813‘1 line with yo =0.714cm and 1T =2.15 x 10_9 sec.

If Xp S X, 7 0.5, then light emitted from the Doppler core can
escape from the slab region \y\ < yO/Z. Further, the pressure is less than

0.007 torr (see Figure 8) so that the probability of a decorrelating collision,

PC, is negligible. Tu this situation, one can then write

’ - ’ 1 4 TR
R(x’,x) = RH(x ,X) == > erfe Kmax(]xl, | x |)/; , (3.7)

and Payne shows that the lower pressure assumption of complete redistri-
bution made by Holstein, while not correct in principle, leads to the correct
prediction for the escape rate of resonance photons.

For Xp > X" 0.5, escape from the slab is no longer dominated by the
Doppler core of the profile. Further, as the pressure increases, the
collision probability becomes appreciably different from zero. The redistyi-

bution function is then written by Payne in the form

- (% +x'?) - ,,

R(x',5) = Py glx") o(x) + (L=P )} im«;-w #{olx") - S >6(>< -x') L. (3.8)
- L. i ,\/‘IT S
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Note that 1 M‘“_m%e,,xf “/o(x') rises sharply from near zero to unity near
‘x'l =X and hence the second term, which is negligible for |x'| < X_s
dominates the expression in brackets for ]x'] > X . To obtain good
accuracy {rom this equation, two conditions should be met: X > X +3
and PC > 0.3. These are required so that the §-function of the last term
can be introduced. This §-function assumes that a photon emitted on the
far wings of the profile, even though it may undergo three or four
absorptions and re-emissions before escaping oxr before a decorrelating
collision sends it back to the core, does not "diffuse" much in Lrequency
space. Both conditions are satisfied above 0.28 torr for the argon 1048 A
emission in the slab geometry.

At higher pressures, P = 1 and one obtains
R(x’,x) = «(x’)w(x) (3.9)

which is in accord with the complete redistribution treatment of Holstein
where the pressure broadened profile governs the escape rate. Ilence, in
the low and high pressure limits, a theory based on the complete redistri~
bution in frequency assumption should yield correct results for the
transport process. However, at intermediale pressures, if the following
conditions are not met, one expects deviations from the coraplete redistri~

bution theory to occur.
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1. P, <« 0.7

3

the probability of a decorrelating collision during the
natural lifetime of the state should be small enough that an
appreciable fraction of emissions can occur without such a
collision.

2. koyoa >1; the pressure should be sufficiently high that escape
of resonance radiation based on the complete redistribution
theory is governed by the presence of the wings on the emission
profile. Recalling the definition of Xp, one can write this

condition as

2 2
0 - w0 e"‘x
J’(e__ +——§~5>dx>> | dx
XE A/Tf X XE ,\/TI'

that is, Xg is large enough so that the number of photons which
escape from the slab region if the wings are on the emission
profile is larger than the number of photons escaping when the
wings are absent. Neglecting the core term on the left of the
inequality, condition 2 is obtained.
Applying these conditions to the 1048 A line in argon with
y, = 0.714 cm, one obtains a pressure region 0.005 torr < P < 2 torr where
the complete redistribution assumption should fail. This wide pressure
region is a result of the short natural lifetime (~ 2 x 10_9 sec) of the argon

1 . . . .
P1 level. The much studied level in mercury which decays by emission at



42

2537 A has an appreciably longer lifetime (1 x 10—7 sec), accounting for the
lack of a similar pressure region.

Since Equation (3.8) is expected to give correct results at very low
pressures (><E <X, T 0.5, so that only the first term in the brackets is
important) and at pressures above 0.28 torr, it will be applied to the
entire pressure range. In the intermediate pressure region, one expects to
underestimate the escape rate (as will be discussed in the analysis of the
data). After inserting Equation (3.8) into Equation (3.4), Payne uses
several approximations in deriving an expression for N(;,x, t), which
becomes N(y, x, t) in slab geometry. Photons whose emission is determined
by the first two terms of Equation (3.8) (and hence emitted usually with
\x‘ < xc) are placed back at the center of the slab. This requires that
there be strong imprisonment. Those photons emitted with |x|> x  are
allowed to travel in space until they escape or are sent back to the core by
a decorrelating collision. Photons at the core serve as a (relatively) slowly
varying source function for wing photons; i.e., once a photon is emitted on
the wings, it will not remain there for very many absorption and
re-emissions, so that a "steady state' situation develops for "wing"
excited states, and their time behavior follows closely the time behaviox of

the "core" excited states. Restricting |x| to large values, one thenobtains
4!

N{y,x, t) =h(x) s(y)N(t) + X [ K(y,y,x)N(y’,x, t)dy’, (3.10)
=
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where

-1 -5
h(x) = PC px) +7 (1 - Pc)e

ol

xz(l-Pc)Q_-w“ e"xz/@pd>

El@wﬂy~yﬂ>

K(y,y',x) = P k(x)
»  ~tu
e dt
Ej) = [ ¢
1
v.,/2
N(t) = f dy j N(y,x, t)dx .
~y /2 e

In the above, N(t) is the total number of excited states in the slab region
(which will emit mainly with | x| =< xc), and y; is an arbitrary value of
y > yO/Z which allows for the gas outside the slab region (i.e., [y\ > yO/Z).

Defining $ by

aNE) s

T (3.11)
the following expression is derived by Payne (in the limit Y, - =) .
e ~ w 2 sin(Pr /2)
v 1-MA ¢ [R(P)] o 7
=y [dxhx) A+ (1-)N)E. 2y + Lz :
p 'y_j; xh(x)| A+ (1-NE, (1./2) - ;Jml—xR(P) s dPJ,

(3.12)



where
-1
rep) - ~2_(P)
P
and
'TO =k(x) Y, -

All theoretical values in this work (for pressures greater than 0,007 torr)
were computed from Egquation (3.12). Appendix 1 lists the computer code
which was used. The program is fairly general and can be applied to other

resonance lines, in other gases, and with different values of Y,

3.3 Interpretation of the Experiment

As discussed in Section 2, a time~to-pulse-height converter together
with a multichannel analyzer were used to determine the time distribution
of photons escaping to the SEM detector. After many proton pulses, the
number of counts stored in the jth channel of the analyzer (corresponding
to photons which escaped during the time tj - At/2 <t < tj + At/2
measured from the proton pulse, emitted into the appropriate solid angle,
transmitted by the lithium fluoride window, reflected by the grating, and
detected by the SEM) is given, quite generally, by

. aQ - -

Ht)At =N ent [dx [ AV == vy N(r,x, t.) T(r,x) , 3.13

(t) p €4 xij] 1. ¥ N( ;) Tl %) (3.13)
F
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'yN(;,x, tj)dde = rate of time t'j at which photons with frequencies
between x and x + dx are emitted from the volume clement dV at r.
T(r,x) = transmission factor: the probability that a photon of
frequency x will traverse the distance from dV to the window
(measured in the direction toward the detector) without being
absorbed.

A /4w = probability of this photon being emitted into the proper
solid angle to reach the detector. Isotropic emission is assumed
from each volume element. The SEM detector (1 cm high, 1 meter
away) subtends a very small solid angle at any volume element dV in
the cell. The entire detector (as seen through the monochromator
exit slit) is visible to each dV in VI:"’ enabling one to use the same
solid angle for each.

N _ = a number proportional to the number of excited atoms produced
per cm of track length during a given experiment.

€ = combination of transmission efficiency of window, reflection
efficiency of grating, and detection efficiency of the SEM detector,
evaluated at the line center.

Vi = the volume of the reaction cell "visible" to the SEM detector.
The spatial integral in Eqg. (3.13) is always carried out over VF; the

frequency integration is performed over the entire profile of the
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1048 A line. The volume of the reaction cell \/'F viewed by the SEM
detector is determined in the horizontal plane by the monochromator
entrance slit width z, and in the vertical plane by the diameter y  of
the cylindrical aperture to the reaction cell (see Figure 9a).

The fairly small value of v, (0. 714 cm) compared to the reaction cell
diameter (2R = 2. 22 cin) is important at early times (measured from the
proton pulse) for several reasons; 1) With yO/ZR << 1, the escape of
resonance photons Lrom VF is determined almost entirely by those photons
which escape across the boundary of a region between two infinite parallel
planes separated by the distance Y, 2) Escape from this "slab" region is
consistent with the assumptions used in the analysis to obtain Equations
(3.10) and (3.12). We now consider these points in more detail.

Tor a limited time after the proton pulse has traveled through the
cylinder, a dominant fraction of the lPl states is confined to a small
region near the axis. Most of the photons are emitted with a frequency near
the core of the resonance line and in the strong trapping limit (koyo/Z > 50)
are absorbed and re-emitted many times before traversing a distance
comparable with yO/Z. Photons which escape from VF generally, then, have
been emitted from near the axis with frequency such that ‘x\ > X Escape
from \/'P in the z direction (see Figure 9b) is not important due to the
cylindrical symmetry of N(;,x,t) about the proton beam. Further, there is

a much larger probability for photons to escape across the sides of V'F
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Figure 9. The Reaction Cell as Viewed by the Photon Detector. (a) Shaded

area is in view at SEM detector. (b) Cross section of slab used
in early time analysis.
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parallel to the xz plane than through the ends (partially indicated by shaded
area in Figuve 9b). For purxposes of calculating the number of excited
atoms that can be seen, the volume of V can thus be extended to infinity
in the positive and negative x and z directions with very little error intro-
duced in evaluating Equation (3.13). This error is estimated to be about
2% in the high and low pressure limits.

In deriving Equations (3.10) and (3. 12), photons emitted at
frequencies less than X, are treated as if they were emitted and reabsorbed
aty =0, In the analysis, it is assumed that the fraction of the number of
excited states which will emit photons with ]x] > X is small compared to
the fraction which will emit at \x\ <X Escape from the slab can occur
only for those photons with |x|:> ]xc |. Photons which are absorbed with
]x'\ >x_ are allowed to move from y =0, and, as there is (depending on
the pressure) an appreciable probability of being re-emitted with Ix\ > X,
the analysis treats escape by correlated jumps in a realistic way. However,
if after absorption at |x'] > X, the excited atom undergoes a decorrelating
collision so that emission will most probably occur with |x| <X this
latter emission will be treated as if it occurred at y =0. Hence, a sub-
sequent emission at lx\ > X will be assigned an iraproper spatial location.
This exrror is rninimized if one considers only short enough times after the
proton pulse that non-successive emissions at ‘xl >x_ are improbable

(early times).
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Thus, N(y,x, t) from Equation (3.10) with time dependence described
by Equation (3.12) can be used to approximate N(J?,x,t) in Equation (3.13).
Within the early time restriction, this substitution into Equation (3.13)
should give accurate values for the time dependence of I(t)At. To evaluate
the actual magnitude of I(t)At, one needs to redefine the transmission
factor T( 1?, x) in terms of a function Tl(R,x) which allows for escape to the
window from the axis by successive emissions with |x|> x,- The accuracy
of the time dependence obtained under these conditions will be discussed
further in the analysis of the data.

At early times, then, most of the light emitted from the cell comes
from near the cylinder axis, and one can consider the transport problem in
terms of resonance photons escaping from a slab geometry. At late times,
however, the population of each volume element of the cylinder is such that
the spatial profile remains constant (at least in the high and low pressure
limits where a complete redistribution in frequency theoxry is appropriate);
each volume element dV emits with the same frequency profile; the total
number of excited states in each dV is decreasing nearly exponentially. In
general, the early time and late time escape rates will differ measurably.
However, the ratio of -d (gn1)/dt at eaxly and late times, with I(t) defined
by Equation (3.13),is dependent on the parameter yO/ZR and one can, in

principle, choose this parameter so that at one pressure the ratio is unity.
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To obtain an estimate of the appropriate value of yo/ZR, consider
the low pressure limits. We have shown that the assumption of complete
redistribution in frequency gives nearly correct results. Only Doppler
broadening is important, and the early time value of ~d(gnl)/dt can be

equated to BE given by
/2)dx . (3.14)

The late time decay rate BL is determined by the fundamental mode of the

2

eigenfunction expansion developed by Holstein. We use the cylindrical

1 .
geometry results of Payne and Cook2 and find at 0.004 torr,

ps
B, 'y/fn?'xEk y
_E 2.2 = 0.34(2R/y ) . (3.15)

6L 1.575 'y/ko RJw@n(koR)

{low pressure)

In this experiment yO/ZR = 0,322, so the early time escape rate should be
only about 5% faster than the late time rate. One expects by interpolation
that the escape rate at intermediate times will join these two smoothly,
and one should be able over an extended period of time to examine the
escaping photons as an exponential decay with a single effective decay

constant.
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At pressures above 2 torr, Doppler broadening plays no part in the
transport process, and one calculates the ratio of early to late time escape

rates ﬁE/BL, using only the wing term of the profile. At higher pressures,
with Pe given by

BE = Z—y‘J‘ (a/wxz) Ez(koyo a/2/m x")dx, (3.16)
X

(o]

/ 1
Py (Z'}//:S)A/Za/ﬂ‘zkoy |
—= o °— = 0.624./2R/y = 1.1, (3.17)
L 1125y wiOR °

2

(high pressure)

where X =X, + 3 and kP ={y )\OZNgZ/gl)/(eryc). Thus, at high pressures
the ratio is again near unity with the early time escape rate approximately
10% faster than the late time rate. This effect is observable experi-
mentally (see Figure 5) at 5,25 torr, where ﬁE = 0,358 x 106 Sec—l and
BL =0.32 x 106 sec—l. (The late time escape rate is only measurably
distinct from the early time. rate above 0.5 torr. Extracting the late
time slope from the data, it is found to be constant over the pressure
range 0.58 to 5.25 torr.) One expects that {SE/ﬁL may not be greatly
different from these limiting cases in the intermediate pressure region.
We now examine the computation of I(t)At. Above 0.007 torr, as
discussed in Section 3.2, Equations (3.10) and (3.12) are used; below this

. . 6 o
pressure, an equation for  derived by Payne, using the redistribution



function in Equation (3.7), is used. In either situation, after a few natural
lifetimes from the proton pulse, the early time escape can be described by

writing
N(Tx, ) = e Pt EE x). (3.18)

As discussed previously, N(;,x, t) can be wriltten in this way only for
Ix] < xc (a similar restriction holds for the low pressures: P ~ 0,007 torr);
the assumption has been made that one can neglect the spatial spread of

excited states for photons of these frequencies, Thus, Equation (3.13)

becomes
20 %5 T
I(tj) At = Np € At o Ve ‘J dx iJ/ dVv £(x, x) Tl(R,x)
-pt. E
=C(P,y_,R)e Iat. (3.19)

The evaluation of C(P,yo, R) and hence the computation of the time~-
integrated count (intensity) has not yet been carried out due to the
theoretical difficulties of estimating the values at intermediate tires.

The theory has to account for the nonlinear rise in the observed intensity as
a function of pressure as given by Equation (3.1). The energy lost by the
protons in traversing the cell (as determined by stopping power data) is very
nearly linear up to 40 torz,and there is no reason at present to believe that
excitation of the lP1 state becomes more preferable as the pressure is

increased. The additional increase in intensity over a linear increase is
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believed to be due to a geometrical factor, inherent in the mode of obser-
vation. At the surface of the gas, photons are not emitted isotropically,
but the directional distribution depends on the distribution of excited
states in the gas. At lower pressures, where Doppler broadening is
important, the spatial spreading of excited states before an appreciable
number of photons escape to the walls is greater than at higher pressures,
where pressure broadening dominates the transport process. That is, at
higher pressures most of the escaping light comes from near the cylinder
axis, whereas at lower pressures the light "source'" is more diffuse. Then,
from solid angle considerations, a larger fraction of the radiation will
reach the detector at higher pressures. This effect should saturate when
pressure broadening makes the only important contribution to the transport
of resonance radiation. The high pressure data of Section 4 indicate that
this may occur around 30 torr.

Typical data curves, plotting I(t) At versus time on a logarithmic
scale, are shown in Figure 5. To compare the data with the theoretical
calculations, the early time slope was determined by a least squares fit
as discussed earlier, giving additional weight to the counts in earlier time
channels., Experimental and theoretical values of § are given in Table 1 and
in Figure 6. The natural lifetime 7 =1/y of the lPl argon state is some-
what uncertain. Two reasonable values are 2.15 x 10—9 sc—zc41 and

1.8 x 10"9 sec.40 Curves representing both values are shown in Figure b.
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A measurably different slope was obsexrved at late times at pressures above
0.5 torr. This slope is found to have a constant value of 0.32 x 106 sec “l.
Using the expression for BL implied from Egquation (3.17) (for the late time
escape rate from cylindrical geometztﬁyu), this value is in good agreement
with the 1.8 x 10’9 sec natural lifetime. In addition, the results obtained
by applying the Holstein-Biberman equation at early times with the complete
redistribution assumption is shown. [This is obtained from Equation (3.12)
with P set equal to unity.] The exrors on the slope measurerments are
estimated to be less than + 3% except for the data point at 0.0015 torr
which is + 20%.

The data points marked with an o in Figure 6 and indicated by an
small a in Table | were taken at a later time and under different vacuum
pumping conditions than the rest of the data. In this later set of experi-
ments, an impurity was present which would tend to increase the observed
escape rate of the resonance photons from the container. These later data
fall on a smooth curve which below 0.3 torr lie approximately 0,03 Hsec*
above the data determined in the earlier experiments where the impurity
was not present. At pressures above 0.3 torr, the earlier and later
experimental points are the same within experimental error, suggesting
that in the process of flowing the argon gas, viscous flow is sweeping out

this impurity. At lower pressures, Knudsen flow would not appreciably

effect the partial pressure of the impurity.
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As discussed earlier, one should expect good agreement between the

calculated values and the experimental values in two situations:
1. <x =-0.,5
Xp -

2. Xx_>x +3 and P >0,3.
E c C

Condition 1 is satisfied below 0.007 torr. Wings on the absorption profile
are not important at these pressures as most of the light is escaping with
frequency in the Doppler core; the probability of a collision is very small so
that photons are also never emitted on the wings. Ouly one data point has
been obtained in this region due to experimental limitations on photon
intensity and SEM background count. The early time escape rate of

5.4 x 106 sec-l, accurate to + 20%, is in agreement with both the Payne and
Holstein calculations (see Figure 6). Note that the strong trapping require-
ment is only marginally satisfied at 0.0015 torr where koyo/ 2 =18,

In the high pressure region above 2 torr, the probability of a
collision, Pc’ during an excited state lifetire is greater than 0.7. There
is no correlation between absorbed and re-emitted frequencies; the emission
and absorption profiles are the same and are determined from pressure
broadening theory; photons are escaping only from far on the wings of the
profile. Theoretically, the escape rate becomes constant, independent of
pressure (the absorption coefficient is proportional to pressure, but the

additional trapping which occurs is just cancelled by the increase in collision
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rate Y. which is also proportional to pressure). One expects the agreement
between experiment and theory to be quite good in this pressure region;
however, the data is 10% higher than theory using 7= 1.8 x 10’-9 sec and
20% higher using 7 =2.15 x lOmg sec (see Figure 6). Some possible contri-
butions to this difference are discussed in Section 3.4. Note that in the

10 torr region other processes are beginning to be observed which compete
with resonance radiation for the energy deposited by the proton beam; these
are examined in Section 4.

In the intermediate pressure region (0.007 torr < P < 2 torr) neither
simplifying assumption about the collision probability is appropriate.
Starting at 0.007 torr, as the pressure is increased, k(x)yo/Z increases
and the photons must be emitted out farther from the core to have the same
probability of escape. When Xp = X_» most photons emitted in the core,

]x\ <x_, are retrapped and "redistributed." Absorption on the wings of the

Voigt profile prevents escape; however, in the absence of a collision, there

is no corresponding emission on the wings. Thus, a longer containment fime

is obtained than that which is computed based on a complete redistribution
in frequency assumption. In this pressure region, photons with !xl <X
will be emitted and absorbed many times and not travel appreciably in space.
Eventually a rare collision occurs which enables emission with the entire

Voigt profile to occur (then escape of a photon emitted with |x| > X will be
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more rapid than that from the complete redistribution theory, as there may
not be another collision to send the photon back to the core).

Referring to Figure 6, the theory based on complete redistribution
in frequency predicts more than a factor of 3 faster decay than the
observed rate around 0.04 torr. The theory discussed in Section 3.2 pre-
dicts a slower decay at the pressure of about 30% to 50% (depending on the
choice of the natural lifetime). In Section 3.4 it is argued that almost all
differences between the theory and experiment should be in the direction of
a faster observed escape rate. Hence, it is believed that this latter theory
presents a fairly accurate picture of the escape of resonance radiation

from 0.0015 to 10 toxrr.

3.4 Theoretical and Experimental Differences

Several experimental and theoretical factors can cause difference
between calculated and observed escape rates. In general, all these factors
tend to produce effects which cause the measured escape rate to be faster

than that determined from the theory. Some of these effects (i.e., ones

such as 5 and 6 which can be reduced by considering sufficiently early times

after the proton pulse), however, are not as critical as they could be, due

to the selected value of yo/ 2R which tends to extend in time the early

time slope.
1. The initial source function is not confined rigorously to the

cylinder axis as the diameter of the proton beam is about 0.3cm.



In addition, delta rays produced in the proton-argon collisions
may cause further spreading. Delayed recombination of ionized
argon atoms (during ambipolar diffusion) could possibly serve as
a source function of 1Pl excited atoms spread out in time and
space, but experimental data taken indicate that this is an
unimportant effect below 10 torr.

The initial 1P1 excited states produced by the proton beam,
either divectly or by cascade, will have wings on the first
emission even at lower pressures. The emission spectrum will
not be quite a Voigt profile due to the impulse given the argon
atoms by the protons. Those photons emitted on the far wings
in this first emission should escape without further trapping.
However, no laxge initial burst of photons is observed in the
first few lifetimes (channel 1 of the analyzer), suggesting
that if these photons are indeed escaping, the direction of
observation in this experiment precludes detecting them, i.e.,
relatively few photons are initially emitted perpendicular to
the proton beam. The analysis at low pn::esa-wres6 shows that
small deviations initially present in the Doppler core of the pro-

file will not be retained for more than a few natural lifetimes.

The emission profile quickly approaches a guassian (f£alling off a
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bit more quickly than a gaussian on the wings where the effects
of finite boundaries become important).

The value given for Y, is obtained by measuring the aperture
diameter of the reaction cell. Several factors may give a
smaller effective Y, a) the intrinsic lack of focus in the
vertical plane of the Seya-Namioka geometry, b) the possibility
of a slight misalignment of the SEM detector with respect to
the exit slit, c) heating of the lithium fluoride window pre-
ferentially near its edge resulting in a decreasing transmission
coefficient from the center out to the edge. With a smaller
Yo the measured escape rate at early times would appear
faster.

At the low pressures, errors will be introduced due to the
assumption of isotropic emission in deriving Equation (3.4).

In the slab geometry treatment, those photons emitted with

| x| < x, are not allowed to contribute to the transport process,
but are immediately reabsorbed at y =0, Only thosephotons‘
with |x| > x, can escape from the slab, Thus, one obtains an
underestimate of escape rate from the slab at late enough times
where spreading due to lxl <% photons is on the order of yO/Ze
Putting the excited states back at the center has another effect.

There is a tendency for quanta which have moved a bit toward the
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window to escape faster due to the smaller distance in the trans-
mission factor. This should be cormpensated for to first order
by those photons escaping to the window more slowly from the
opposite side. At lower pressures, where Doppler broadening
dorainates the transport process, estimates based on the work
by Payne and Cook21 indicate this cancellation is good to 10% for
t<0.1 (kOR/'y ) [mon(koR)] ?. In the pressure broadening region,
this cancellation is even better. With the relatively small value
of yO/ZR used in this experiment, this effect is small compared
to that induced by escape across the slab boundary.

An appreciable exror at intermediate pressures arises when the
conditions associated with the use of Equation (3.8) are not met.
In particular, at pressures less than 0.3 torr, "diffusion in
fregquency space" can occur for photons emitted on the wing. This
tendency of photons emitted and absorbed many successive times
on the wings violates the strict coherence required by the
d-function in Equation (3.8). Due to the greater number of
photons emitted with frequency near the core, this "diffusion"
will carry the average photon frequency farther from the core
with each successive emission, hence increasing the actual
escape rate. Al pressures below 0.0l torw, this effect is not

important because the wings are not required for escape.
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8. The extension of the gas volume to infinity in evaluating
Equation (3. 12) will introduce a small error, again causing one to

underestimate the rate of escape.



SECTION 4

THE HIGH PRESSURE EXPERIMENT

4.1 Introduction

In this section the results of measurements made on argon in the
pressure region 1 to 600 torr are presented. Figure 10 shows some sample
scans of photon intensity versus wavelength., With the lithium fluoride
window in place, the several argon emission lines below 1040 A are not
transmitted to the SEM detector. The main feature of these scans, at the
lower pressures, is the resonance emission peaks at 1048 A and 1067A. At
higher pressures the spectrum is dominated by a continuum of light centered
at 12754 (12501—§ continuum). In addition, a continuum (1100& continuum)
secems to come off the 1067 A line whose peak has nearly dissappeared. The
1048 A peak shifts toward longer wavelength and at higher pressures its
intensity decreases. These features are the same as those observed in other
fast charged particle excitation experiments. 10,16,17

Figure 11 shows an energy level diagram for the argon atom, indi~
cating the excited states referred to in this work. The argon atom ground
6 (15

state configuration is 15225221363523@ The four lowest excited

O)'

states result from a coupling between one excited electron and the five
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.. . . . . 1
remaining electrons in a 3p54sl configuration and are designated by Pl’

3P 0,1, Z. (Russell~Saunders coupling is used which is only approximately
valid here.)

As a burst of relatively fast protons (initially at 1.8 MeV) passes
through the argon gas, it interacts with the atoms in many ways. Excited
levels which are coupled to the ground state with large oscillator strengths
will be excited directly (optical approximation); many atoms are ionized;
the secondary electrons may then excite other low-lying levels (we expect,
however, that excitation by secondary electrons is much less important here
than with discharge techniques); cascading from higher levels provides a
rapid relaxation to lower excited states such as the lP 1 and 3P 012"

> b
Recombination of electron—-ion pairs followed by cascading will provide an
additional contribution to the low-~lying states. Collisions between an
excited atom and a ground state atom or atoms may enable metastable
states to radiate or cause the formation of excited argon molecules. With
the proton beam intensities used in this experiment, the interaction
between the various excited states can be ignored (e.g., stimulated
emission).

10,11,16
7Y which

A model has been developed by Hurst and Thonnard
accounts for the main features of the observed spectrum over this wave-

length region of the vacuum ultraviolet (vuv). In this model, the 1250 A

continuum is produced by a dissociation transition by a radiating argon
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molecule (Ar ;:{a d). A large portion of the energy for this molecule is
supplied by the lP 1 excited atom (its effective lifetime extended several
orders of magnitude by resonance trapping) which undergoes a three-body
collision with two ground state argon atoms to form a metastable molecule
(Axr > et), which then interacts with another ground state atom to convert

(Ar Met) to (Ar?Rad). It 1s also suggested that the 3]?2 metastable atomic

2
state is converted by three-body collisions to a radiating molecule which
serves as an additional source for the continuum. The 1100A continuum has
as its precursor the 3P 1 (or possibly the 3P Z) state which radiates while
undergoing a two-body collision. This model will be examined in Section 4.5,
Figure 12 shows typical time-dependent intensity curves for the
1048 A emission in the high pressure region. These decay curves exhibit two
components whose time behavior and dependence on pressure are quite
different. There is an eaxly fast component followed by a second component
which is 15 to 30 times slower. This is in contrast to the low pressure
data where the decay is similar to the fast component alone. At 150 torr
and above, this slow component represents an appreciable fraction of the
total light emiktted near 1048 A. It usually appears to have a plateau before
decreasing in an exponential way (at very late times, the data fall off more
slowly than exponential). Below 150 torwx, this plateau is not usually
resolved. It is assumed that the two components are produced by separate

methods of populating the lP1 excited state. The fast component represents
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the escape of resonance radiation after direct population of the 1P 1 state
by the proton beam, secondary electrons, and by cascade. The slow
component indicates a delayed populating of the 1P 1 level, most probably
by recombination of argon ions with electrons.

In this woxrk, the two components will thus be treated as indepen~
dent; the second component is subtracted from those channels it shares
with the first. Without a specific model for the slow component, there is
some uncertainty in extrapolating for its time behavior at eaxly times.
The plateau at higher pressures suggests a process which builds up for a
few microseconds before decaying. However, for the experiments at and
above 150 torr, the plateau (slightly reduced to account for residual of fast
component) will be extended back to zero time for purposes of separating
the two components. At 85 torr and below, the second component decays
moxrxe slowly and is relatively insignificant so that negligible exrrox is intro-
duced by using a two-exponential fit directly to the data. The fast compo-
nent decay rates are consistent with the trend of the low pressure data of

Section 3 and will now be considered in detail,

4,2 The Fast Component Decay Rates

Aftexr removing the slow component by the methods discussed in the
previous section, the fast component tirme dependence can be examined. The
decay is not, in general, exponential; the very early time decay rate is

somewhat faster than the average rate. Figure 13 and Table 2 give values
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TABLE 2
EXPERIMENTAL FAST COMPONENT ESCAPE RATES FOR THE ARGON

(lPl) RESONANCE EMISSION AT HIGH PRESSURES

Pressure Very Early Rate Average Rate

Run No. (toxx) (psec Ml) (p.secw )
176 1.94 0.361 e
122 4. 70 0.357 e
104 6.25 0.368 0,335
103 9.35 0.382 0.334

99 20.4 0.415 0. 384
98 29.7 0.442 0.389
97 40,0 0.427 0.390
96 57.2 0.403 0.372
95 84.9 0. 378 0,350
94 147 s 0.303
93 147 mmmee 0.306
105 152 e 0. 305
92 297 e 0.418
91 297  mmmee 0.418
90 396 e 0,607
89 4998  =mmee 0,856

88 660 e 1.15
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for exponential fits to both., The very early decay rate joins smoothly with
the values obtained for the fast component in Section 3. The "late time"
slopes of Section 3 were not extracted here due to the uncertainty in the
removal of the second component. It is felt that the average decay rate is
more useful. The accuracy of each slope was determined individually and
depends, at higher pressures, on the success of accurately removing the
slow component. Error bars on the data in Figure 14 give my estimate on
accuracy after the second component has been removed (by subtracting a
constant amount). However, additional uncertainty is also present due to
the possibility of a different time behavior at early times for this second
component. For example, for an experiment at 147 torr, different
extrapolation procedures were performed (see Figure 15). The resulting
decay rate of the fast component is shown in Table 3.

An interesting effect is observed in the measured escape rates, both
early and average, below 150 torr. This rate increases to a maximum
around 30 or 40 torr, then drops off to a minimum near 150 torr, Further-
more, the average decay rate at 150 torr is the same as the "late time"
rate found in the low pressure experiments of Section 3. This same effect
was observed by Thonnardlo’ H (down to 25 torr), using a pulsed 250 keV
electron beam to excite the argon atoms. At present, the cause of this

effect is not known.
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TABLE 3
POSSIBLE FIRST COMPONENT ESCAPE RATES AT 147 TORR

(Run No. 94)

Escape Rate
-1

Method of Extrapolation at Early Times (usec )
Two exponential fit 0.324
Flat second component 0,303

Slowly rising second component 0,280
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Above 150 torr, the escape rate increases as the square of the
pressures (Figure 14), It is instructive to compare the results of this
experiment (radius of reaction cylinder, R1 = 1,11 cm) to those of

10,11

Thonnard (R, = 2.22 cm). Thonnard used the average decay rate in the

2
analysis of his data; Table 4 shows Thonnard's values, my values (or a

linear interpolation of my data to obtain values at the same pressures), and
the numerical differences between the two. The P2 dependence on pressure

of this escape rate above 150 torr is to be understood as due to a volume

process, independent of the gas container dimensions, so that the actual

escape rate f is
g (4.1)
B =B, +cP’, :

where (30 is the escape rate of resonance photons when no volume processes
are present. Pressure broadening theory then predicts that the difference

between data taken with the two cells (using the late time escape rate)

.21
is
8 -p = Lel2B 11 ”0‘197““0 cL 1
ol "o2~ — - ) T Lo .
kap " WRy JRZ JRl N/RZ
(4.2)
A N YA 3N g
& 41
where k :E'Q-"' £ X and40 v =0,904 OZ 2 . Using
P T % ¢ 6 1

7 =2.15x 107 sec, X =1.048 x 107 cm, Ry =1.11 em, and R, =2.22 em,

1
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TABLE 4
COMPARISCON OF ESCAPE RATES FOR CYLINDERS OF DIFFERENT RADII

(Rates in psecd)

Pressure Linear Interpolation Experimental
(torr) Thonnard” This Work of this Work Difference®
20.4 0. 384
25 0.3452 0.386 0.041
30 0.389
40 0.390
50 0. 2994 0.380 0.081
57 0.372
85 0. 350
100 0. 2565 0.342 0.086
147 0.315
200 0.2598 0. 349 0.089
300 0.418
400 0.5572 0.607 0.050
500 0. 856
600 1,015 1.15 0.135
800 1.624
1000 2.368

°R, =2.22 cm,

b

Rl =1.11 cm.

. 0 SRR
“The average value of these differences is 0.080 usec . This is in agree~-
ment with the value 0.083 Hsec'“l obtained fxom transport theory.
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one obtains

. 6 -1 _ 6 ~1
Bol - 502 =(0.282 - 0,199) x 10" sec = =0,083 x 10 sec ,

in good agreement with the average of the values (0.080 x 106 sec_l) of
Table 4.
Using Equation (4. 1) with [30 =0.282 x lO6 sec -1 and applying a least

squares fit to the measured rates from 150 torr to 600 torr, one obtains

-2 -1
C = 2.31 torr 2 sec (4. 3)

as the rate coefficient from the three-body collisions which deplete the

]E’1 state, in agreement with Thonnard. 1 It was noted in examining the
data from 300 to 600 torr that p plotted versus PZ falls on a straight line
which yields C = 2.69 ’co:rr”2 sec—1 and Bo =0.185 Hsecml; but due to the
uncertainty in the high pressure values, the previously mentioned value for
C is probably more significant, particularly since the low value of BO is
difficult to interpret.

Above 10 torr there is some doubt that the pressure broadening
theory based on two-body collisions is valid, and hence the long lorentzian
tail on the Voigt profile is suspect. This tail determines the resonance
photon escape rates in this pressure region (P > 10 torr), and thus there is

some doubt in the computed values of these escape rates. However, within

the limits of experimental accuracy of Thonnard's and this experiment, the
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o

R 7 dependence in the late time behavior appears to be corvect. The failure
of the measured escape rates to obtain the lowest value (0.282x 106 secm]'
here, 0.20x lO6 secM1 in Thonnard's geometry) given by the transport theory
may be due in part to 1) the geometrical effects discussed in Section 3.4,

. . 1. . .
2) a shorter natural lifetime of the "P. state than the value given in

1
Reference 41, 3) some phenomenon associated with the hump in the 3 versus
P curve around 30 torr. This last possibility seems quite reasonable in view
of the low value of § at 150 torr.

It should be mentioned at this point, in connection with data dis~-
cussed in the following sections, that the measured average escape rate for
the fast component decay, when examined at 70 torr, did not show any
measurable change in any of the following situations: 1) rate measured at
different wavelengths across the 1048 A line {up to iSPz at the exit slit of
the monochromator), 2) repetition period of the beam decreased so that
there was considerable buildup of the second component (which does not die
out completely between pulses), 3) application of an electric field trans-
verse to the beam. Howevexr, the field (200 V/cm) was too weak to remove

an appreciable fraction of the ion pairs produced by the proton beam.

Increasing the field strength resulted in light amplification.

4,3 The Fast Component Intensity

As the argon pressure in the reaction cell is increased from 10 to

. 1 .
300 torr, the wavelength at which most of the P | ¥esonance radiation
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escapes to the detector shifts gradually from 1048 to 1052.5 li, then
remains at 1052.5 A as the pressure is increased above 300 torr. This
effect was also observed by Hurst, ‘Bortner, and Strickler. 16 Figure 16
shows this peak wavelength value as a function of pressure taken with
various monochromator slit settings. The cause of this shift is not known
at present, but is probably related to the long wavelength half of the self-
reversed resonance line (perhaps it indicates the formation of an unresolved
red satellite). In this experiment, a lithium fluoride window prevented
argon gas from entering the monochromator chamber; thus, absorption of
the 1048 A photons over this one meter pathlength can be ruled out.

This phenomenon is introduced here due to its effect in the measured
intensity of the "1048 A" resonance line as follows. The lithium fluoride
window transmission efficiency is appreciably different at 1048 A and 1052 A
so that, as a result of the peak shift, more photons appear to escape at
higher pressures. Folding together the peak shift curve of Figure 16 and
with the transmission factor for the older lithium fluoride window42 shown
in Figure 17, one obtains a correction factor M(P) for this effect (Figure
18). One multiplies the observed intensity at pressure P by T{(P) to obtain
the true relative intensity. The intensity measurements reported in

Section 4 have been adjusted in this way.
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As the pressure is increased in the experiment, the grating is
rotated to maintain the peak wavelength at the exit slit of the monochro~
mator; the exit slit is open at 350 microns (entrance slit at 50 microns)
which allows all the light from the 1048 A line to pass to the detector, but
negligible light from the 1067 A emission.

The upper curve in Figure 19 shows the time integrated photon count
(net intensity) at 1048 A divided by pressure as a function of pressure. The
values were obtained directly from a scaler (operating in parallel with the
MCA) by correcting for the SEM background, divided by the proton current,
adjusting for the window-peak shift effect and dividing by the pressure. In
these experiments, the proton beam characteristics (average current,
repetition period) were held constant to avoid a small nonlinear effect which
will be discussed in Section 4.4. The repetition period of the beam was
128 psec.

The lower curve in Figure 19 shows the time-integrated photon count
for the fast component at 1048 A divided by the pressure as a function of
pressure. The values were obtained from the MCA in the following way.
First, the nuraber of counts in the fast component was computed from the

formula

N_.(3)
) N = N_(1) +N(2) +-——-:—-A;-

1 ~e

where NF(I) is the number of counts in channel I after removing the second
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component {and hence the background), ) _ is the average fast-time slope in

F
-] .

units of chanmel ~. The first several channels were generally treated

separately to avoid the fall-off effect often observed in the first channel.

Then, the number 3)N_, was scaled up to account for deadtime in the MCA

F
(as compared to the scaler). Finally, this value was divided by the proton
current, corrected for the window-peak shift, and divided by the pressure.
Note that in removing the second component, it was assumed to be nearly
constant under the first component; if the second component is actually
increasing during this time, the first component has been underestimated
in comparison to the total count.

The slope of the fast component intensity at the low pressure end of

these data is in agreement (i.e., well within experimental erroxr associated

with extracting the exponent from two data points) with

1,31
I =constant x P ’

as found at lower pressures. As the pressure is increased, one approaches
the region where the pressure-broadened profile alone governs photon escape;
the distribution of excited lP | States should become independent of
pressure, and hence the geometrical effect discussed in Section 3 should no
longer be important. One then expects the intensity of escaping resonance
radiation to be directly proportional to pressure., From Figure 19 this is

indeed true by 20 torr.
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Above 30 torr, the intensity/pressure begins to decrease (the

intensity itself decreases above approximately 120 torxr), indicating that

the energy associated with the lPl level is being diverted along some othex

pathway than escape of resonance radiation.

4.4 The Second Component

The second or late component in the time-resclved intensity

measurements is typically 15 to 30 times slower than the early component.

The following characteristics are observed:

1.

Above 150 torr, in the time region where both fast and slow
components give equal contribution to the intensity, a plateau
is observed suggesting a constant decay rate, at least over a
short time period,

The decay of this component is then nearly exponential, but
after several "half-lives" the decay becomes slower.

The decay rate increases with pressure. Figure 20 shows a'plot
of the second component decay rate as a function of pressure.
The values plotted are oblained by assuming an exponential decay.
Accuracy is estimated at + 10% above 150 torr and somewhat
worse at lower pressures due to the very slow decay rate, low
intensity, and 80 usec full scale limitation of the TPHC.

Roughly fitting the data via a linear pressure dependence,
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one obtains

B, ~1.5x10 P

where the pressure is in torr. However, this rate is very sensi-
tive to impurities (see Reference 11 and Ttem 7 below).

The second compornent intensity is obtained by subtracting the
MCA values for the fast component from the scaler values of the
net photon count (correcting for background). This method
insures that those photons which are emitted between the end of
the TPHC time ramp and the next proton pulse are included
(attempts o compute the number of these very late photons by
extending the second component slope result in a small under-
estimate due to the slowex decay rate al very late times).

Figure 21 shows the ratio of fast-component intensity to the net
intensity.

Using 2.0 MeV protons produces a much larger fraction for this
second component than using 250 keV electrons. Thonnard's data11
at 600 torr show that approximately 15% of the total light is
coming from the second component when the electrons are used.
Farly in the attempt to measure the relative photon count (as
monitored by the SEM detector) as a function of pressure, it was
discovered that this count depended in a non-linear way on the

photon current. Figure 22 shows the typical photon count per
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proton plotted versus the reciprocal of the time required to
accumulate a fixed amount of charge from the proton beam (this
is essentially the proton current) at 70 torr. The average beam
current was varied by changing the repetition period of the beam
without changing the number of protons in an individual pulse.
Similar results were obtained by reducing the number of protons
per pulse at a fixed repetition period, but this method was not
pursued in detail. In effect, one finds that, as the average beam
current is increased, moxe photons escape per proton introduced
into the cylinder. Some additional time-resolved experiments
indicate in a tentative way that the second component alone is
responsible for this effect. The analysis is made quite difficult
here by the problems of 1) separating the first and second
components accurately and 2) the unfolding of the buildup in the
second component due to be overlapping by consecutive beam
pulses. A more recent time=-resolved experiment by Hurst and
Wagner,43 performed by maintaining a fixed repetition period
and varying the number of protons per pulse, shows quite clearly
that the second component intensity depends on beam current.
Additional experiments by Hurst and Wagner,43 performed by
introducing small amounts of impurity to the argon gas, show

that the second component intensity and decay rate depend
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strongly on impurities, where (for these small amounts of
impurity) the fast component is not appreciably effected.

8. The ratio of second component to first component intensity does
not change when one examines the escaping photons at + 5A from
the peak (i.e., the grating is rotated so that the peak wave-~
length reaching the SEM detector is changed; lack of resolution
permits some overlap). As mentioned earlier, escape rates for
the two components are also independent of wavelength.

Associating this second component with the peak shift (since both
become noticeable around 10 torr and saturate at 300 torr) appears to be
ruled out by the last observation (Item 8). 'The presence of an impurity
which radiates at 1048 A also does not explain ltem 7 or Item 8.

A good candidate for the source of these photons is the population of
the 1Pl state via recombination of argon ions with electrons (via ambipolar
diffusion), followed by a cascade to the lPl state. An attempt was made to
examine this by placing a grid in the emission cell to collect the charge and
prevent radiative recombination. A small effect was observed in the indi-
cated direction (i.e., increased grid voltage, decreased ratio of secend to
first component), but difficulties associated with light amplification
caused by the grid, coupled with problems in monitoring the proton current

with the grid in operation, limit the interpretation of the experirnent.
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4,5 The Argon Model

One of the motivating reasons for studying the resonance trapping of

. 1 . .
the photons emitted from the "P. state in argon is to understand the role

1

played by these photons in the pathways taken by the energy deposited by the
] . 17,27 . .

fast charged particles. Stewart defines de/dx as the energy radiated

in the vacuum ultraviolet emission spectra (from 1048 A - 1400 A in the case

of argon) per unit length of proton path; if dE/dx is the stopping power,

then

_de/dx

Fe = IE/dx

is a measure of the fraction of the deposited proton energy which appears
as ultraviolet radiation. Stewart finds this fraction to be .23 to .29 in
the 100 to 400 torr pressure region in argon. Hence, an understanding of the
processes involved which lead to photon emission in this region of the
spectrum gives an important part of the story of the interaction of protons
with argon.

Figure 23 shows a schematic representation of a model developed by

10,11

1 3. . .
Thonnard and Hurst. The Pl and P1 levels have appreciable oscillator

. 41 .
strength (0.228 and 0.050, respectively ) and are populated directly by the
fast charged particles. Secondary electron excitation and cascading from
higher excited states will increase the population of these levels and also the

3 : .
P0 and 3P2 metastable states. Work by Lassettre44 shows that cascading

. 1
from a set of states between 13 and 13.5 eV will populate the Pl’ 3Pl’
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3 3 .
and P 5 levels. (The P metastable state does not appear to contribute

0
appreciably to thé emission spectrum in this wavelength region. There is
no evidence, at present, that this state is populated to the extent of the
other three.)

Recombination of electrons with ion pairs will provide an
additional source for these levels which may continue to contribute over
an extended time period. Due to the repetitive nature of the pulsed elec~
tron or proton beam, a positive space charge should build up in the reaction
cell which supplies the appropriate electric field to allow for equal escape
rates to the walls for both electrons and ions (ambipolar diffusion). These
positive charges then recombine with the diffusing electrons.

In examining the time dependent intensity at 1048 Zi, 1067 A, and in
the 1250 A continuum taken by Thonnard and in this work, a fast component
and a distinctly different slow component are observed in each wavelength
region. The fast component is interpreted as being derived from excitation
of the atomic states by those processes which populate the levels within the
first few nanosecond (i.e., t < 50 nsec) from the proton pulse. This
includes direct excitation by the charged particle pulse, secondary electrons,
cascading, gemini pair recombination along the fast charged particle track.
The slow component is tentatively identified here as being derived from the

recombination due to ambipolar diffusion.
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The argon emission spectra shown in Figure 10 can be described in

. . . . 1
terms of processes which begin with the excited states P 3Pl, and 3PZ.

1’
The peaks at 1048 A and 1067 A are atomic emissions from the lPl and
3P 1 states.

Based on an examination of the time dependent intensities of the
1048 A peak and 1250 A continuum, Thonnard and Hurst have concluded that
the model shown in Figure 23 describes the atomic processes leading to this
continuum. The lP 1 state, which has a natural lifetime of approximately
2 x 10“9 sec, has its effective lifetime extended several oxrders of magni~
tude by resonance trapping. Collisions occur between a 1]? state and two

1

ground state atoms which result in a metastable argon molecule

B 1
Ar (lpl) +2Ar(lSO) o (Ar )™ 4 oar('s

. e d
This metastable molecule is converted to a radiating molecule (Ax‘Z)ra by a

two-body collision with another ground state atom. Experiments by othex
45-48 , .. 3. . .
researchers indicate that the PZ state is also being depleted by a
three-body collision process; Hurst and Thonnard found that the time
dependent intensity of the 1250A continuum can be described accurately over
. 1 3 .
a wide pressure range if the states Pl and "P 5 contribute about equally to

the formation of the molecules which radiate into this continuum. They

point out that there is no strong evidence for two distinct radiating
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molecules, but that the processes starting with the 1]? and 3)P > levels

1
could both lead to the same molecule.

Thonnard and Hurst find that the 1100 A continuum has a more com-
plex time dependence. The depletion rate of the 3P | state increases
linearly with pressure above 25 torr, suggesting that a portion of the 1100 A
continuum is produced during a collision between an atom in the 3Pl state
and a ground state atom (i.e., a Franck-Condon process). The complicated
decay rate suggests that the 3P‘2 state also contributes to this continuum.

The present work has examined the depletion rate of the lP ) state
in detail, but provides no new data on other states involved in the model.
From Section 4. 2, one obtains 2.3 ]?Zsecu1 (P in torr) for the three-body
conversion rate from the "P | state to the metastable molecule, in agree-~
ment with Thonnard. Also, in that section, it is pointed out that the
difference in decay rate between Thonnard's and these data up through
several hundred torr can be explained in terms of the resonance transport
theory.

An estimate has been obtained on the relative energy escaping from
the resonance peak at 1048 A plus the 1250 A continuum at two different
pressures to see if this is consistent with the Thonnard-Hurst model. This
estimate was made in the following way. )

1, Scans of the vuv spectrum were obtained at 2.9 torr and 203 torr

via the Bristol recorder (peak values were verified with a scaler).
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The total areas in the '"1048" resonance peak (actually at 1052 A
at 203 torxrr) and the 1250 A continuum were obtained from the
spectrum scans. (The 1250 A continuum intensity is almost
negligible at 2.9 torr; an estimate was obtained for this value
from a scaler measurement at the peak). These values were then
normalized to the proton current,

The transmission efficiency of the lithium fluoride window

from the lower curve of Figure 17 was folded together with
estimates of the grating and SEM detector efficiencies taken
from Reference 17, The normalized areas in Step 2 were then
corrected for this difference in detection efficiency at the
different wavelengths (see Figure 24).

The fraction of the intensity due to divect excitation (i.e., area
undexr the fast component in time dependent data)} was obtained
from Figure 21 for the 1048 A emission. This fraction was 0,95
at 2.9 torr and 0.48 at 203 torr. An estimate of this fraction
for the continuum made from a time dependent experiment at
1260A is 0.4. The values obtained in Step 3 are multiplied by
these factors to eliminate intensity due to the second component.
Denote these values by I() ,P). This is an important step as the
second component is interpreted as an additional sourxce fox the

lPl state so that the net intensity in both the 1048 A peak and the
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1250 A continuum will increase faster with pressure than the

stopping power,

_ I(1048A, P) + I(1250 A, P)
5. The expression is evaluated, where
(d}?./dx)l_3

(élE/dx)p is the energy deposited by the proton beam per unit
length of the proton path, evaluated at the mean energy of the
protons at the entrance slit to the monochromator and at
pressure P. Stopping power data were obtained from Janni.

One obtains, at 2.9 torr, in relative numbers (the order in the above

expression is maintained)

3.4 +0.1

101 x 2.9 ~ 0-012

and at 203 torr,

66 + 1030
108 x 209 ~ 0+0%-
Then, define

0,049
FB ©0.012 4.1

One thus finds that the energy appearing in the 1048 A peak plus 1250 A
continuum, after normalizing to the energy deposited by the proton beam,
increases by roughly a factor of 4 as the pressure is increased from 2.9 torr

to 203 torr. If one takes into account various errors which may enter, FB
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is in reasonable agreement with the model of Thonnard and Hurst. This
experiment is intended as only a rough estimate of the factor FB'

From the analysis of the data and procedures used to obtain the
factor ]E‘B, the value is probably an upper bound. A detailed examination of
the energy balance should perhaps be carried out in the following way.

1. An accurate calibrationof the transmission efficiency of the

lithium fluoride window, the reflection efficiency of the grating,
and detection efficiency of the SEM should be obtained as a
function of wavelength.

2. Careful thought should be given to the angular distribution of
escaping photons which may change as a function of pressure
(geometrical effect). Also, at lower pressures, the metastable
argon molecule (Ara)met of Figure 23 exists for an appreciable
time before being converted to the radiating molecule. H This
allows time for diffusion of the excited molecules so that the
escaping 1048 A and 1250 A radiation may not have the same
angular distribution. A similar effect exists for the metastable
3PZ atomic state.

3. The shape of the 1250 A continuum is independent of pressure.
(This was observed by Hurst, Bortner, and Strickler, 16) The

FWHM is approximately 90 A. One can examine this shape care~

fully (it is nearly gaussian with the intensity falling off more



102

slowly than gaussian at longer wavelength), correlate the area to
the peak value, then measure the intensity at the peak via a
scaler. Thus, one can accumulate enough counts for good
stalistics and accurately normalize to the proton current.

The fraction of the 1250 A continuum which arises from the slow
component needs to be examined in moxre detail as a function of
pressure.

The work of Thonnard andﬁHursth shows that it is reasonable to
assume that roughly equal contributions are made to the 1250 A
continuum by the lP 1 and 3P > states, but that this rate perhaps
changes with pressure. This should be included in the energy
balance study. Making this correction alone would reduce FB by
about a factor of 2.

It would be instructive to examine the energy balance in this way
over a wide pressure range, beginning as low as 1 torr where the
continuum is negligible and few other complicating factors are

present.



SECTION 5

SUMMARY

The transport of resonance radiation in argon has been studied in
detail over a wide pressure range (0.002 to 600 torr), A collimated,
pulsed beam of protons, traveling down the axis of an argon filled cylinder,
produced an almost line source of argon 1P 1 excited states. The time
dependence of escaping resonance photons was determined. The simple
geometrical arrangement in this experiment made possible an accurate
comparison between theory and experiment.

In examining the basic assumptions of resonance transport theory
in terms of the photon escape rates obtained in this experiment, it is
found that the assumption of complete redistribution in frequency for the
trapped photons in each re-emission cannot be made at lower pressures
(0.02 to 0.5 torr). When the collision rate between excited argon atoms
and ground state atoms approaches the reciprocal of the natural lifetime,
a correct theory must allow for coherent emission (in the rest frame of
the atom) in the absence of a decorrelating collision. The results of this

experiment show that the trapping time of resonance photons can be

extended by as much as a factor of three due to this effect. At higher

103
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pressures (1 to 10 torr), where at least one collision almost always cccurs
before emission from the lPl state, the theory based on coraplete
redistribution is in good agreement (within 10%) with this experiment.

Additional experiments to test the resonance transport theoxry
should be undertaken using various values of experimental parameters such
as the argon temperature, the cylinder radius, and the exit aperture
value Yo The argon emission frorm the 3P1 level provides a different
natural lifetime; the use of other noble gases should yield additional
information. Further experiments with the argon lPl level below 10
microns would test the low pressure transport theory where collisions can
be neglected.

It was found in this experiment that many complicated effects
become important at argon pressures above 10 torr. The resonance photon
escape rate increases, then drops to a minimum near 150 torr, whereas
the transport theory predicts a constant rate in this pressure region. At
the higher pressures, a transport theory based on two-body interactions
is in doubt as there is compelling evidence for interactions between an
excited atom with two other atorns; however, comparison of the decay
rates between this experiment and a similar experiment with a cylinder of
different radius indicates that the transport theory correctly describes
the effect of the boundary. As the pressure is increased from 10 to

300 tory, there is a 43 A shift in the wavelength at which the photons
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emitted from the 1P i level escape from the reaction cell. This is not
understood. A delayed emission from the 1]E’l state produces a second com-
ponent in the exponential decay curve which contributes as much as 55% of
the escaping photons at 600 torr. Although it is believed at present that
this second component is due to recombination of electrons with argon

atomic or molecular ions followed by cascade to the lp state, further

1
experiments are needed to clarify the time behavior. It is also important
to observe the effect of an electric field on this component in an experi~
ment where the ion pair density is very low.

The energy pathways model of Hurst and Thonnardm for the inter~-
action of fast charged particles with argon has been found in this
experiment to be consistent with the relative energy escaping from the
gas near 1048 A and around 1250 A. Further experiments, similar to the
absolute intensity measurements of Stewart, 17 need to be performed over
a wide pressure range in argon which includes both the region where escape
of 1048 A radiation is the only important process and the region where the
1250 & continuum dominates.

Current studies in the ongoing program at ORNL are examining the
effects of quenching and changes in escape rate by an impurity gas of the
lPl and 3P1 states. A detailed examination of the time dependence of the

photon enexgy escaping at 1067 A is underway. These are important steps

in understanding the interaction of fast charged particles with argon.
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For example, it is found that the second component which is obsexrved in the
1P 1 emission is eliminated by the addition of small amounts of impurity.
This effect may enable a more detailed study of the transport of resonance

radiation at higher pressures.



APPENDIX 1
A COMPUTER CODE

In this appendix, a brief description and listing of the computer
program BETAT are given. BETAF computes the value of (3 using Equation
(3.12) for an arbitrary resonance line in our geometry.

All units are cgs except for the pressure which is in torr,

The asymptotic form of the Voigt profile
2 .2
®(X) =exp(-X7) +a/mr*X

is used for X > 1. Except at very low pressures (koyo/z < 25}, most of the
contribution from the integral for 3 comes from X > 2.

The following may help in the notation:
CNP: N =P(cgs)/kT =1.013 x 106P (torx)/(760 kT) = CNP x PRESS.

1
XC: frequency at which exp (—XZC) =a/m*® XCZ , obtained by iteration

1 X
2

. z .
of X (n+1)=|om %«m(ﬁ-awxc(n)‘Z)H .

L

nj-

XE: frequency at which koyO@(XE)/Z = TE, obtained from
FUNCTION XTEST which will not give a value of X less than

unity.
107
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The integration is carried out in the following way:

X1 Xp -
B/y = 2‘!’ flx)dx + 2 f fx)dx + ZJ‘ £{x)dx ,
o XI XF

The first integral is always neglected; XI = max (1.0, XMIN) where XMIN
is computed from XTEST using koyocp(XMIN)/Z = TMIN. The second integral
is done by two point Gauss-Legendre quadrature using FUNCTION

SUM(NI, NF, DX); XF = QX =max(XC + 2, XMAX) + DX, where XMAX is
computed from koyc,a/ZTr%(XIV_IAX)2 = TMAX,., This integration is carried
out with intervals of 0.1 from XMIN to XC + 2 + §, then, if needed, in
intervals of 0.5 from XC +2 + § to XMAX + DX (§1s determined in each
case by the integer arithmetic). The third integral is computed from an
approximate analytic function valid for X > XMAX using FUNCTION

REMAIN (XFE).
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EEFTNyL 4GoEsAs
PROGRAM BETAF
REAL KO
COMMON TNA,PC,XC

C ATOMIC TRANSITICN CATA
WAVEL=1.048E-05
GRATIO=3,

L GAS AND CONTAINER CATA
YO0=0,714
TEMP=293,

WT=39,94
PRINT 103 ,GAMMA, Y0, TEMP

C CONSTANTYS
PI=3.1415%9265
SPI=1,7T7245385
R=B8.,3143E+07
BK=1,38054E-16

C SOME USEFUL INTERMEDIATE PARAMETERS
Vo= SQRT{2 ,#RETEMP/UT)
AD=WAVEL®GAMMA/ (4, %PI3Y0])
CNP=21.013E+406/(T60.,%BK*TEMP)
XINT=WAVEL#&3EGRAT I ORCNP
ALPHA=0.904%X INT/ {6.%P1%%2)
BXINT/{B ., #PI3VO)&GAMNA
PRINT 100 ,¥0,A0.CNP,ALPHA, R

C PRESSURE IN TCRR
INDEX=0
DO 90 MX=1,14
PRESS=.,001%2,¢%¥X/2,

C PRESSURE DEPENDENY PARAMETERS
RGAM=AL PH A%PRESS
GAMC=GAMM ARG AM
PC=1.

A=AQ%{1,+RGAM)
KO=B*PRESS/SP I
TN=KO*Y0/ 2,
SPIA=SPI/A

PRINT 101 ,PRESSyRGAMyGAMC 4 KO4TN,PC,A

C EVALUATION OF XC,XE
TFUINDEX) 20,20,421
20 XC=2.5
INDEX=1

21 XCT=SQRT{ALOGISPIASALOG{SPIA®XLC**2)))

U=ABS{XCT -XC)

XC=XCY

IF{U-.001122,22,21
22 XC2=XC42.0

TE=1.0

XEsXTEST{TE/TNXC,A)

PRINT 23,4 XCoXE

L SELECTION OF INTERVALS AND INTEGRATION

IF{XE-XC#,.5)30,30,40
30 OX=.1

Niz=l./0X

NF=XC2/0X

QX=DX*FLOAT(NF+1)
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BOG=2, FSUFINI AF,OX ) +REMAT N( OX)
GO Ta 70
%0 THMIN=10,
THAX=,05
KMAY=SORY (TN/{THAXESPTA})
XAIN=YXTEST{THMINITNGXCyA)
PRINMT 41, XMIN,XMAX
ITF{ZMIN-XC2)50443,43
43 DX=,5
NI=XHIN/DX
NF=H8aXS0X
QX=DXEFLOAT(NF+1}
BOG=2 FSUMINT JNF, DX 1 +REMATN(OX)
GO 7O TO
50 DXji=,1
IF{AMAR.GT.XC2) GN TO &2
NI=XKIN/DX1
NF=3C2/7DX 1
PXi=DXLAFLOAT (NF¢1)
BOG=24 #SUM{NI 4y NF,DX1) ¢REMA IN(QX1Y
Gd 70 70
62 DXZ2=,5
NIl=XMIN/TX]
NFil=s{DX2#FLOAT(IFIX{XT2/DX2))eDX2~-DX1)/0X1
NIZ={NFl+1}#DX1/DX2
NFZ2= XM AX/ TX2
QX2=DR2%F L DAT{NF2+41)
BOG=24 BSUMINT LyNF1,DX1D)e2, 8SUMINI2 ,NF2,DX 21 +REMAIN(IX2)
70 REVA=BOL® GAMMA
PRINY 102 ,80G,BETA
30 CONTINUE
23 FORMAY LAY j3MXC=4F6ha3 43Xy 3HXE=,F6.3)
41 FORMAT{LX ;SHXEYIN= sFT7e293X95HXMAX=3FT421)
100 FORMATILX ;3HVO=,E1l.4,5H, AQ=;Fb,.4,6H, CNP=,EL]l.%,8MH, ALPHA=,F6.3,
CéHp 3?51 l.#g
101 FORMATE// 41X IHPRESSURE=,F 844, 15H; GAMMAC/GAMMA=,FT,.4,94y GAMMACS=,
CEll.(@sﬁH' KO"@EI{.#’SHQ TN='F600'5H9 pC:'Fba¢e4H' A:A;Féa‘t’
102 FORMAVELX LIHBETA/GAMMA= ELLa%04X%s SHBETA=EL1L1.4)
103 FORMAT{IM L, 1IX 6HGAMMA=,E1]1 44,5H, YO=;F5,3,14H; TEMPERATURE=,F5,.1)
sTae
T ND

FUNCTION ERFC{Xi
SuM=X
T=X
DO 1 N=1, 1000
U=2.4FLDATI{N}+].
I=£2, 77U )sX%E2
SUM=SUMNT
1 CONTINUE

PRINT 33

33 FORMAT{LX #3MCUT)

3 ERFC=1o-(2/1 717245385 )%EXP(~X%%2 ) ESUM
RETURN
END
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FUNCTION XTEST{C.XC,A)
IF{C.GT.0.4)GC TO 7
ASPI1=A/). 772453285
U2 . %ASPT /XCx%2
IF(C~U31,6,2

1 P=,05
GO TO 3

2 P=—,05

3 XT=XC
DO 4 I=1,20
XT=XT+P
V=EXP{-XT #22 ¢+ ASP I/ (XT%%2)-(
IF(P*V)S, 8,4

4 CONTINUE
IF(P1T,+7,9

S XTEST=XT~P/2.
IFI(XTEST.LT,.1.) GO 7O 7
RETURN

&6 XTEST=XC
RETURN

T XTEST=1.0
RETURN

8 XTEST=XY
RETURN

9 XTEST=SQRT(ASPI/C)
RETURN
END

FUNCTION REMAIN(X)
COMMON TN ,A,PC
PI=3,14159265
SPI=1.77245385
WPC=1,~-PC
ETA=SORT{ TN®A/SPT }
V=ETA/X
TPR=,01
REMAIN=2, $AXPC/(PIRETAIS{WPCHV4PCESP I /3, #{ 1 ,~ERFCIVII+PL RV /3, ¢E2(Y
Cee2) VR #PCEG{TPR,WPLC I/ (3.0%TPR))
PRINT 49,REMAIN
49 FORMAT{1X (L OHREMAINDER=,E12,5)
RETURN
END

FUNCTION SUM{NI,NF,CX)
PX=DX%,571735027/2.
SUM=0,0
DO L I=NI ,NF
X={FLOAT{[)+.5)%DX

1 SUM=SUM+F {X+P X} +F{X~-PX}
SUM=SUMED X/ 2,
PRINT 2,NI,NF,SUM

2 FORMAT‘lX ,3HNI=.I#, 3)(, BHNsz tlty BX'QHSU”‘Q Ell.4)
RETURN
END
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FUNCTION GiT,AL)
[F(AL-1.E-Til, 1,4
1 50,0
RETURN
4 IF(TeLELL1G.IGO TO 3
G=AL/{1.~-AL)
RETURN
3 PI=3.14159265
2=0.57T735C27
PHIN=0,
PHRAX=Z25.
DPsg L
Ni=l.¢PHRIN/DP
NF=PMAX/DP
A={1.-2)%CP/2.
B=(1.+2)%CF/2.
SUM=0,
DO 2 1=NI NF
PX=FLOAT{ I~1)%DP
PA=P K+ A
PE=PY+B
RA=ATANI{PA)/PA
RB=ATANIPR) /PP
2 SUM=SUM+RARRZ2/{1,~ALSRAIASIN(PAST ) /PAMRBEE2/7( 1. ~ALERB)I&SIN{PBETI/P
ca
G=AL/PI&DPESUNM
RETURN
cND

FUNCTION E2(X)
SUM=-~,5TT7 2156865-AL0G{ X)
IF{X.GV.5.} GC TO 2
U=-1,
00 1 U=1,50
Al=1}
U=-X2U/sA1l
v=UsAal
SUM=SUM+V
Y=A85(V)
IF{Y.LTo1.,5~-08)GN TO 3
1 CONTINUE
GO0 70 23
2 E2 2EAP (X1 (1a/{X42.192 J/{X$2. V5834, /(X424 )%%45)
RETURN
3 E2 sEXP (—X) - K&ESUM
RETURN
END
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FUNCTION F(X)

COMMON TN A,PC,XC
XCM=XC~1,

Pi=3,1415626%
SPI=1,T77245385

XS= X2

IFIX.GT.XCMIGO TD ]
PHI=EXP{-XS)/5P]

Al=0.

G0 TO 2
BR=1.4(SPIZAY®XS*EXP{~-XS)
PHI=ASBX/ (PIeXSH
Al={1l.-PC)}/BX

T=TN*5P1 #PHI

WAL =1,~AL

FaWALSPHI #{ AL4WAL®E2{T)-WALRG{T,AL )}
RETURN

END



APPENDIX 2
DATA LISTING

The unreduced data used in the final analysis are listed in this
appendix. All runs were at 1048 A ox adjusted to follow the lP1 peak above
10 torr. The SEM background in counts per channel can be estimated from
the channel width and repetition period of the proton pulse (recalling that
the TPHC ramp terminates before the next proton pulse). The first

column lists the channel number of values in the second colurmn.
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Run No. 88. Pressuxre; 600 torr. Chammel Width; 0.3295 psec. Pulse

Period: 128 psec. Proton Count: 2 x 107" coul, Time: 102.0 sec.

Photon Background: 1.7 counts/sec.

1 i ¥ 84 44 54 53 43 54
@ 47 50 36 54 33 46 68 43
17 63 59 50 65 57 56 60 58
25 g2 66 81 76 87 85 g5 79
33 75 B9 79 109 81 a5 103 85
41 98 104 101 114 99 122 125 121
49 124 124 144 163 129 148 159 172
57 145 174 ig1 176 189 i90 177 230
65 187 216 218 226 210 211 218 216
73 208 213 220 215 269 253 343 416
81 599 169 999 1390 1963 2654 2519 10
89 7 2 5 4 4 5 4 6
7 3 3 5 0

Run No. 89, Pressure: 498 torr. Chamnel Width: 0.3295 usec. Pulse

Period: 128 psec. Proton Count: 4 x 1077 coul. Time: 219.7 sec.

Photon Background: 1.7 counts/ sec.

1 1 0 200 117 g8 113 104 107

9 112 126 120 127 111 120 124 133
17 i21 i53 132 147 139 149 140 135
25 i56 169 159 161 157 141 164 164
33 184 171 iga 184 187 208 230 223
41 229 219 245 225 253 239 239 268
49 269 251 265 279 265 276 319 299
57 3i2 320 332 323 368 335 363 393
&5 380 366 380 399 378 367 412 400
73 38z 482 526 584 656 861 1024 1185
g1 1477 1976 2359 3149 4075 5069 3283 i9
g9 i1 7 14 7 13 ] 8 14
27 10 18 10 0
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Run No. 90. Pressure: 396 torr. Channel Width: 0.3295 usec. Pulse
Period: 128 psec. Proton Count: 4 x 107 coul. Time: 223.2 sec.

Photon Background: 1.4 counts/ sec,

1 o 0 223 145 126 110 141 139
9 125 147 122 135 146 169 138 148
17 123 161 152 137 171 180 163 150
25 193 161 176 173 172 195 204 188
33 123 201 196 201 21i 223 195 225
41 251 244 238 255 259 275 267 265
49 282 287 301 263 283 274 296 291
87 286 319 327 296 330 30% 334 338
65 341 387 324 350 401 437 489 505
73 536 636 670 804 983 1085 1258 1438
g1 1716 2137 2469 3095 3587 4351 2831 14
692 18 7 12 11 12 13 6 13
97 15 16 11 0

Run No. 91. Pressure; 297 torr. Charmnel Width: 0.3295 psec., Pulse
Period: 128 psec. Proton Count: 2 x 10_7 coul, Time: 121.4 sec.

Photon Background: 1.4 counts/sec,

1 2 0 144 69 72 67 65 73
9 77 83 87 90 62 87 817 70
17 75 88 85 59 97 83 101 83
25 91 792 113 84 122 104 112 110
33 120 130 125 105 110 120 106 112
41 110 103 103 124 129 117 178 154
49 165 126 144 162 142 168 147 159
57 148 172 165 183 146 209 198 247
65 211 2e4 256 271 290 275 346 377
73 409 459 503 591 615 714 152 ast
81 992 1131 1307 1403 1684 1850 1120 11
89 7 10 2 7 4 11 6 9

27 14 6 10 0
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Run No. 92. Pressure: 297 torr. Channel Width: 0.3295 usec. Pulse
Period; 128 psec. Proton Count: 4 x 1077 coul. Time: 214.3 sec.

Photon Background; 1,4 counts/sec.

1 1 0 269 210 161 171 157 148
9 157 184 172 167 154 149 191 17}
17 175 182 190 189 177 187 161 173
25 206 ig2 202 235 225 ige 224 235
33 233 243 231 244 239 246 246 229
41 243 231 256 263 262 284 278 270
49 311 303 310 325 331 339 351 344
57 334 362 356 366 357 393 452 421
65 430 513 512 502 559 667 676 719
73 829 915 973 1138 1194 1392 1632 1775
8i 2008 2260 2485 2892 3250 3819 2225 24
89 13 25 14 16 13 18 i0 14
97 21 15 > 0

Run No. 93. Pressure: 147 torr. Channel Width: 0.3295 usec. Pulse
Period: 128 psec. Proton Count: 4 x 1077 coul. Time: 230.3 sec.

Photon Background: 1.4 counts/ sec.

i 1 0 320 192 164 191 ig2 180
9 166 199 158 171 170 179 178 igg
17 205 189 191 182 185 175 212 208
25 188 1929 203 i94 210 214 231 207
a3 202 225 249 225 233 246 227 268
4% 257 264 256 291 273 264 296 316
49 294 3iz 291 335% 335 375 375 442
57 416 439 458 a4 528 560 5714 607
&5 634 680 787 841 967 963 1073 1185
73 1295 1376 1506 1591 1836 1885 2115 2254
81 2533 2808 3129 3a44 3852 4262 2610 31
59 37 27 33 28 36 29 38 23

27 32 41 25 0
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Run No. 94. Pressure: 147 torr. Chamnel Width: 0,6596 psec. Pulse
Period: 128 psec. Proton Count: 4 x 1077 coul. Time:; 215.1 sec.

Photon Background: 1.4 counts/ sec.

1 0 0 320 206 182 172 155 159
] 168 166 163 179 171 149 179 123
17 192 213 192 192 234 207 192 213
25 190 226 206 218 219 244 267 259
33 259 243 271 298 270 261 270 271
43 276 285 306 267 ege 284 265 335
49 £89 380 309 30¢ 344 356 365 355
57 354 395 378 363 426 380 418 434
65 422 438 465 460 495 484 5i8 ag 7
73 552 545 615 652 685 €89 796 852
81 958 1110 1303 1543 1685 2030 2345 2634
39 3253 3838 4641 5562 7058 8015 584 70
97 64 45 63 0

Run No. 95. Pressure: 84,9 torr, Channel Width: 0.6596 psec. Pulse
Period: 128 pusec. Proton Count: 4 x 1077 coul. Time: 205.5 sec.

Photon Background: 1.4 counts/ sec.

1 1 0 151 20 81 &% 91 9¢
9 81 104 88 98 85 106 g1 21
17 106 117 92 103 101 86 101 112
25 125 25 126 125 122 135 116 101
33 125 117 148 150 137 160 112 150
41 143 145 147 148 143 166 165 151
49 137 160 164 153 165 177 141 193
57 164 197 170 191 168 174 178 210
65 187 200 181 228 194 215 188 211
73 245 221 268 290 348 351 406 441
81 579 668 748 g§92 1034 1216 1553 1844
g9 2254 265) 3320 4097 5270 6776 1144 41

o7 30 30 35 o
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Run No. 96, Pressure: 57.2 torr., Channel Width 0.6596 psec. Pulse
Period: 128 usec. Proton Count: 4 x 10~7 coul. Time: 210.6 sec.

Photon Background: 1.4 counts/ sec.

1 1 0 86 43 44 53 38 53
9 48 49 46 64 56 46 52 44
17 72 53 59 59 51 61 44 73
25 51 44 68 59 62 71 61 69
a3 68 66 g2 66 53 65 81 4
41 70 75 77 72 65 77 65 80
49 86 86 108 92 69 88 88 100
57 75 98 79 73 89 61 104 91
65 86 83 8& 89 91 110 89 115
73 i32 117 134 i56 155 195 228 244
81 299 3e3 451 536 646 769 953 1237
89 1484 i856 2409 3081 3857 5206 g7e 19
97 29 19 i6 0

Run No. 97. Pressure: 40.0 tory. Channel Width; 0.6596 psec. Pulse
Period: 128 psec. Proton Count: 4 x 1077 coul. Time: 205.4 sec.

Photon Background: 1.4 counts/ sec.

i 2 0 62 36 24 23 28 33
g 30 24 27 30 35 29 23 29
17 30 48 31 33 36 27 25 38
25 26 33 37 41 28 29 38 36
33 34 46 43 35 39 42 29 29
41 38 29 38 32 37 34 43 52
49 42 49 44 40 54 35 49 29
57 51 52 40 857 36 44 65 62
65 53 49 51 a5 68 63 51 66
73 66 57 72 83 9z 94 144 165
81 163 1986 297 362 422 538 702 778
89 1074 1318 1736 2262 2984 3231 741 14

97 8 16 12 0
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Run No. 98. Pressure: 29.7 torr. Channel Width: 0,6596 psec. Pulse
Period: 128 psec. Proton Count: 4 x 10™7 coul. Time: 202.4 sec.

Photon Background: 1.4 counts/ sec.

1 1 ¢ 27 19 25 17 24 27
L 18 18 13 13 21 16 14 20
17 18 23 21 26 14 24 20 20
23 21 21 15 20 17 21 17 14
33 12 17 26 18 13 17 15 20
41 20 25 22 25 26 26 25 28
49 25 25 27 13 22 26 32 26
57 23 22 34 23 42 33 22 30
&5 30 36 28 31 31 37 29 39
73 33 38 55 57 63 63 B4 gz
81 114 142 216 228 335 389 484 627
89 793 1034 1184 1621 2228 3011 538 5
27 13 10 & O

Run No. 99. Pressure: 20,4 torr. Channel Width: 0.6596 sec. Pulse
Period: 128 psec. Proton Count: 8 x 10~7 coul. Time: 472.2 sec.

Photon Background: 1.1 counts/ sec,

1 0 0 34 18 16 18 16 17
9 1% 1o 23 22 15 15 19 19
17 12 14 27 23 25 21 24 18
25 16 22 19 30 22 16 17 15
33 16 24 28 17 27 12 24 21
41 21 14 26 27 19 26 26 29
49 24 23 21 23 22 23 21 23
57 42 24 23 24 22 21 22 30
65 38 24 28 34 38 32 41 a4z
73 59 55 58 63 &3 76 113 149
81 176 211 250 344 425 538 622 834
g2 998 1300 1710 2255 2951 3912 601 20

97 11 15 22 0
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Run No. 103, Pzressure: 9.35 torr. Channel Width; 0,6596 ysec. Pulse
Period: 128 psec. Proton Count: 2.4 x 1070 coul. Time: 1710,8 sec,

Photon Background: 1.0 counts/sec.

i ] 0 37 20 14 22 19 21
9 24 23 19 20 25 19 25 a7
17 24 17 23 23 28 19 2g i6
25 25 ig 23 24 30 17 24 2g
az 13 24 28 26 21 33 19 19
41 22 14 21 20 23 a2 20 i3
49 20 23 i9 25 20 28 23 22
57 26 27 26 28 25 23 18 26
&5 30 38 45 48 30 46 43 58
73 71 67 96 93 109 140 167 221
81 256 308 380 417 503 685 826 io012
B9 1291 1516 2053 24178 3200 4121 534 23
97 15 15 17 0

Run No. 104. Pressure: 6,25 torr. Chamnel Width: 0,6596 psec. Pulse
Period: 128 psec. Proton Count: 2 x 100 coul. Time; 1927.7 sec,

Photon Background: 1.0 counts/sec.

1 2 0 35 22 20 9 11 i8
9 15 19 11 i6 11 12 18 14
17 19 20 14 12 i3 21 16 21
25 17 15 7 12 10 13 15 21
33 19 15 22 10 16 21 15 i4
41 11 14 17 16 a1 15 i7 13
49 15 14 14 13 13 21 14 16
57 16 13 16 17 26 19 3e 23
65 24 25 23 20 26 44 40 33
73 38 40 64 55 58 75 104 102
81 132 176 175 245 276 339 435 515
89 606 761 981 1217 1537 2043 3173 21

97 17 13 18 0
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Run No. 105. Pressure: 152 torr. Channel Width: 0.6596 ysec, Pulse
Period: 128 psec. Proton Count; 2.15 x 1077 coul. Time: 143.2 sec.

Photon Background: 1.0 counts/sec.

1 2 O 168 g3 89 g2 94 104
9 101 986 95 110 24 97 114 105
17 926 102 110 110 110 26 109 111
25 110 121 122 141 129 116 121 132
33 122 128 116 122 120 154 121 137
41 139 151 130 135 164 160 146 170
43 144 150 174 141 154 170 196 171
57 160 178 178 183 211 129 200 2086
65 190 207 253 235 218 259 233 264
73 264 249 296 334 321 360 394 466
g1 aBe 532 643 750 gas 1086 1132 1347
g9 1635 1867 2162 2679 3241 3943 928 43
27 27 30 26 0

Run No. 122. DPressure: 4,7 torr., Chamnel Width: 0.3279 usec. Pulse
Period: 64 pysec. Proton Count: 1 x 107 coul. Time: 253.7 sec.

Photon Background: 2.5 counts/sec.,

1 O O 59 37 36 38 23 28

9 29 33 41 30 34 21 38 29
17 35 31 31 28 32 2e 30 36
25 35 33 35 28 43 31 H 51
33 33 37 36 35 3¢ 490 24 47
41 31 31 37 40 27 35 3i 36
49 38 43 31 43 48 44 a4 55
57 42 41 50 58 55 53 63 62
65 53 47 63 69 59 923 76 123
73 79 95 92 118 141 137 135 145
81 157 179 176 215 258 253 279 298
89 371 350 389 420 455 502 562 643
o7 738 T41 770 920 io12 1089 1205 1328
105 1503 1583 1762 1913 2189 2430 2718 2994
113 3197 3779 4045 4670 5386 5897 3584 22

121 17 26 20 e 16 22 25 0
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Run No. 125. Pressure: 0.86 torr. Channel Width: 0.3279 usec. Pulse
Period: 64 psec. Proton Count: 7 x 1075 coul. Time: 1724.5 sec.

Photon Background: 1.2 counts/sec.

1 3 o 38 36 25 24 17 29

9 24 29 27 19 23 25 25 22
17 14 31 24 20 27 16 22 31
25 27 20 26 a3 21 i8 27 29
33 26 19 20 24 18 19 g 17
41 35 27 20 28 34 26 31 25
49 29 32 22 27 18 21 34 35
57 40 35 35 37 42 39 33 29
65 48 49 52 46 49 57 56 63
73 55 g2 80 95 90 106 113 126
81 116 129 173 151 182 179 191 260
89 257 292 323 349 363 441 463 543
97 575 658 702 770 863 208 1144 1201
105 1313 1498 1636 1842 2017 2377 2617 2881
113 3286 3528 4055 4556 5021 5587 3041 27
121 17 26 20 24 18 20 30 0

Run No. 129. Pressure: 0.56 torr. Channel Width: 0.3289 psec. Pulse
Period: 64 psec. Proton Count: 1.3 x 107 coul. Time: 3419.7 sec.
Photon Background: 0.83 counts/sec.

1 5 0 33 16 13 18 22 20

9 18 23 21 22 14 22 20 30
17 28 16 22 22 16 18 21 33
25 16 18 14 11 15 17 27 23
33 13 18 19 18 i9 33 22 27
41 18 20 17 20 28 17 21 36
49 25 23 28 21 24 29 23 3z
57 22 35 30 34 31 36 40 35
65 42 39 56 46 40 56 55 75
73 71 58 g3 i11 88 96 107 107
g1 107 140 168 138 152 182 194 240
&g 252 agé 291 349 369 418 443 550
97 571 649 761 734 813 946 1083 1189
105 1261 1431 1657 1892 1996 2243 2435 2685
113 3095 3402 3925 4415 4847 5405 3063 15

121 16 15 18 20 18 15 13 0



Run No. 151.

Period: 32 psec.

124

Pressure: 0,0147 torr,

Proton Count: 7.2 x 10~% coul.

Photon Background: 0.53 counts/sec.

Run No. 173,
Period: 32 psec.

10
48
53
66
61
66
51
64
80
180

4527

67
70

0
56
73
63
63
56
51
70

104
186
192
57
47

115
18
58
54
58
67
60
83
80

123
T4
49

0

Pressure: 1,07 torwy,

83
55
50
59
44
50
65
70
112
230
61
39

Photon Background: 0.55 counts/sec.

17
25
33
41
a9
57
65
73
8i
g9
97
105
113
121

16
14
24
49
75
196
413
236
2301

—
oo & s

0

12
21
14
28
50
96
169
455
1024
2544
13
13

0

8}

0

12
10
18
12
29
55
114
222
500
1097
28 64

[=NoNeNole:]

14
21
17
25
25
50
106
227
523
1248
3072

. -
[oNoNeNoRe

77
72
75
60
63
63
72
7e
99
245
52
75

Proton Count: 8 x 1072 coul.

8
11
12
18
40
58
113
290
6C7
1452
613
11

OO0 0O

59
60
63
61
69
47
73
71
C 124
296
55
73

15
14
17
22
40
70
127
281
653
1579

OO0CO &N

Channel Width: 0,3289 usec.

59

54
56
63
62
£&9
82
141
313
63
44

Channel Width: 0.3313 usec.

Time: 1151.2 sec.

Pulse

Time: 1.08 x 104 sec.

13
69
60
76
65
55
65
75
154
376
67
73

Pulse

15
14
18
490
76
186
361
803
2096

-
OO OO U e



Run No. 175,
Period; 32 psec.

Pressure: 0,57 torr.

Photon Background: 0,60 counts/sec.

1 2

9 22
17 29
25 46
33 75
41 127
49 239
57 527
65 1303
T3 3124
g1 29
89 40
o7 18
105 0
113 0
121 0
Run No. 176.

Period: 32 usec.

44
44
40
74

164
303
699

1463

3474
22
23
21

57
31
31
46
g1
152
304
701
1644
3877
25
25

DOOQ

Pressure: 1,94 torr.

32
32
42
49
95
180
362
114
1789
4238
27
28

[sNoleRe)

Photon Background: 0.60 counts/sec.

i7
25
33
41
49
57
65
73
B1
g9
97
105
i13
i2i

15
20
43
100
206
407
964
2292

DO OWR

i5
19
24
63
g1
172
493
1056
2649

lo Ren Bl e JRcx RSN

14
16
11
26
38
i20
214
496
1193
2074

QOO Wm

13

6

16
29
53
127
249
618
1287
3241
i2

SOOoOO0OWwm

Proton Count: 4 x 10'5 coul,

12
io
18

67
147
264
636

1396
2603

Charnel Width: 0.3313 usec,
Proton Count: 2.4 x 104 coul.

Time: 3545 sec.

18
20
44
58
133
309
669
1754

s
COoO0ODOVWXRO

37

54
76
153
216
490
1029
2473
41
21

[
Cooom

Channel Width: 0.3313 usec.
Time: 584, 2 sec.

2e

23
38

130
334
717
1798
i2
10

Yo
SODON

Pulse

34
24
48

116
262
561
1110
2769
26
32

(o3
OVOCOdL

Pulse

18
10
i5
44

192
368
839
2074

DO = R



Runi No. 180.

Period: 32 psec.

126

Pressure: 0,184 torr.

Photon Background; 0,60 counts/sec.

17
25
33
41
49
57
65
73
81
&9
97
105
113
121

Run No. 182.

Period: 32 usec.

14
100
105
127
127
216
317
573

1191
2425

70

89
100

0
0
0

107
101
126
137
208
346
596
1288
2644
80

90
\
0
0

211
101
117
125
139
201
423
698
1372
2991
86
84
0

0

0

0

Pressure: 0,406 torr.

110
114
91
126
136
243
386
739
1448
3145
g2
111

[eNoRwRo]

86
106
104
144
173
266
437
838
1627
2528
@7
101

[e e el

Proton Count: 2.4 x 1074 coul.

Photon Background: 0.60 counts/sec,

17
25

41
49
5%
65
73
81
g2
27
105
113
121

34
36
27
58
76
186
371
806
1859
15
26
23

24
35
a4
61
87
173
401
g42
2119
38

27

D00

a5
17
34
39
50
94
206
453
2178
2321
29

34
258
36
48
86
109
251
522
1216
2012
26
28

[oRaNele)

102
101
130
134
168
288
438
304
1824
98
92
88

Q000D

36
36
49
42
67
129
297
621
1328
29
33

OO0

Channel Width: 0.3306 psec,

Proton Count: 9.6 x 1074 coul,

85
107
98
126
162
288
504
982
2006
85
86
98

[aReNoRa]

Chamnel Width: 0.3306 usec.

33
29
40
55
86
138
298
675
1560
23
37

[eNeRoNe]

Pulse
Time: 1.477 x 104 sec.

Pulse

Time: 3.91 x 10° sec.
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Run No. 194. Pressure: 0,093 torr. Chamel Width: 0.3289 usec, Pulse
Period: 32 pusec. Proton Count: 2.64 x 1073 coul. Time: 2.97 x 10% sec.

Photon Background; 0,50 counts/sec.

1 16 0 292 169 150 139 148 125
9 158 160 154 135 151 i51 154 160
17 140 156 155 168 150 179 183 162
25 137 154 144 207 179 165 164 180
33 168 172 188 185 185 205 213 243
41 198 222 200 248 251 238 303 277
49 289 333 329 338 367 392 448 480
57 438 509 494 541} 550 636 722 770
65 800 841 9196 974 1114 1207 1328 1408
73 1529 1709 1823 1995 2055 213 161 131
81 141 165 167 144 135 152 144 150
g9 151 i3e6 147 152 170 165 140 145
97 151 139 0 0 0

Run No, 197. Pressure: 0,042 torr. Channel Width: 0.3289 ysec. Pulse
Period: 32 pusec, Proton Count: 3.2 x 1073 coul. Time: 3.56 x 10% sec,

Photon Background: 0,50 counts/sec.

1 14 0 345 192 196 182 188 202

9 166 202 195 i84 155 171 198 160
17 191 176 184 150 165 203 178 180
a5 179 166 197 179 148 187 180 195
33 185 195 181 172 190 200 i92 187
41 81 216 204 2158 203 203 230 220
49 zz2 242 231 25 243 245 286 273
57 274 314 338 333 337 372 381 375
65 390 445 463 519 570 592 600 715
73 759 831 907 Q48 1002 i9s 188 178
81 173 192 169 173 179 175 165 145
89 15% i%6 181 171 160 193 iRA i59
97 i61 163 0 G 0 0 0 0
105 0 ¢ 0 0 0 0 0 0
113 0 0 0 0 0 0 0 O
121 0 0 0 0 0 0 0 0



Run No. 207,

Period: 32 psec.

Pressure: 5,17 torr.

128

Proton Count: 4 x 1072 coul,

Photon Background: 0.50 counts/sec.

9 101
17 115
25 107
33 122
41 182
49 323
57 607
65 1310
73 3019
81 S3
89 28
a7 g6

105 0

113 0

121 0
Run No. 208,

Period: 32 nsec.

g8

102
135
201
379
727
1426
3487
23
88
43

184
108
102
24
139
236
379
775
16914
4016
97
111
0

0
0
0

Pressure: 5.19 torr.

116
105
107
92
153
224
486
176
1843
4309
76
20

s RoleNo]

Photon Background: 0.5 counts/sec.

17
25
33
41
43
57
65
73
g1
89
7
105
113
121

0
53
1195
564
255
159
83
61
48
5%
51
43
59

1422
589

0
1553
1131
490
278
155
68
59
58
62
58
48
43
39
1312
575

65
2432
1022

449
218
115

19

60

63

51

55

38

50
1369
1118

493

49
2211
B57
440
197
121
67
56
56
59
42
5%
33
2405
1090
450

91
111
118

29
156
264

470
22
1966
4926
96
28

2000

Proton Count: 4 x 10~5 coul.

43
1922
gi9
372
169
112
65
56

50
43
46
57
2134
902
414

41
1731
692
365
181
114
13
36
54
A8
52
59
57
1918
809
376

Channel Width: 0.3317 usec.

Time: ~—~ gec.
112 99
101 g7
113 102
105 105
185 170
255 267
S04 519
981 1109

2154 2404
3868 104
104 117
97 g7

0 0

0 0

0 0

0 0

Channel Width. 0.3293 usec.

Tirme: 382.2 sec,

50
1525
622
337
164
101
T
490
49
57
52
52
54
1750
790
382

Pulse

101
g1
110
126
192
327
572
1197
2768
87
213
114

¢

Pulse

56
1410
600
312
170
g1
55
52
37
48
53
50
60
1603
691
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Run No. 217. Pressure; 5.25 torr. Channel Width: 0,1650 usec. Pulse
Period: 32 psec. Proton Count: 3 x 10 coul, Time: 360.0 sec.

Photon Background: 0.4 counts/sec.

1 98 86 115 110 117 92 Sl 113

9 131 115 113 130 122 136 13¢ 143
17 155 162 133 168 163 i81 189 190
25 191 201 204 205 239 229 270 259
33 268 280 265 286 309 310 325 350
41 355 385 402 403 432 415 469 499
49 509 541 538 583 591 659 632 631
57 680 683 94 831 770 879 954 959
65 1017 1079 1133 1167 1141 1226 1328 1430
73 1427 1577 1659 1659 1806 1840 1920 2097
g1 2220 2331 2370 2508 2641 2727 2943 3093
89 3336 3369 3616 3787 4056 4208 4433 4737
97 5012 5396 5557 5798 6166 6519 6923 7329
105 7805 8201 B707 2398 9690 10396 11018 11883
113 12452 13237 14059 11489 53 42 38 46
121 39 46 48 32 62 44 41 0

Run No. 220. Pressure; 0.135 torr. Channel Width: 0.1650 psec. Pulse
Period; 64 usec. Proton Count: 2.8 x 10~% coul. Time: 4.32 x 103 sec.

Photon Background; 0,4 counts/sec.

1 11 10 16 8 17 11 19 16

2 11 17 18 19 9 ié6 14 19
17 21 13 20 1€ 19 17 23 9
25 20 13 20 18 25 15 28 20
33 24 19 28 23 27 29 36 30
41 35 28 32 43 44 37 44 51
49 52 54 42 o1 49 47 49 &3
57 55 76 82 588 86 €3 i 16
65 104 109 83 101 124 119 122 17
73 153 128 133 149 i76 ig2 193 195
a1 203 223 194 ege 231 236 262 282
B9 300 220 310 382 394 381 416 421
97 4217 452 499 501 543 592 644 616
105 646 711 803 746 846 gi2 921 979
113 1056 1088 1080 337 10 2 3 &

121 4 10 5 7 6 7 4 0
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Run No., 224. Pressure; 0,009 torr. Channel Width: 0,1650 psec. Pulse
Period; 64 psec. Proton Count: 6.4 x 10~% coul. Time: 1.12 x 104 sec.

Photon Background: 0.43 counts/sec.

1 38 20 11 17 27 26 25 23

9 21 23 19 14 26 27 26 24
17 30 26 22 28 23 26 30 31
25 22 34 33 28 38 37 30 33
33 36 37 34 26 31 40 44 53
41 49 49 49 52 59 64 T4 69
49 65 &8 68 81 71 85 94 86
57 82 37 4 80 120 103 132 133
65 136 156 120 153 152 152 167 175
73 201 184 214 188 206 253 234 241
81 270 2717 284 290 351 343 372 341
89 385 412 411 400 511 483 547 612
97 593 648 647 670 738 788 797 836
105 937 ge3 30 12 24 18 13 6
113 13 14 11 21 13 10 11 18
121 10 7 13 18 17 18 14 0

Run No. 238. Pressure: 0,206 torr. Channel Width: 0.1650 psec. Pulse
Period; 64 psec. Proton Count: 1,92 x 1073 coul. Time: 3.11 x 104 5€C,

Photon Background: 0.5 counts/sec.

1 €1 32 49 43 37 41 35 33

9 43 34 50 48 42 46 51 37
17 36 34 34 45 53 39 41 28
25 30 35 47 38 34 46 33 44
33 51 47 48 45 54 40 36 60
41 56 50 37 54 37 59 48 52
49 58 59 6z 57 16 T4 66 69
57 89 70 82 B4 70 81 91 9¢
&5 104 91 112 106 139 124 116 133
73 127 138 148 129 140 156 150 168
81 196 197 185 228 232 250 272 286
g3 275 288 329 354 354 377 422 A26
917 461 509 498 564 664 632 719 731
105 210 651 38 41 39 25 28 a4
113 35 50 41 44 42 40 40 A2

121 36 40 29 25 42 37 35 0
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Run No. 242. Pressure: 0,0100 torr. Channel Width: 0.1650 usec. Pulse
Period: 64 usec. Proton Count: 1.04 x 1073 coul. Time: 1.85 x 104 sec.
Photon Background: 0.48 counts/sec.

1 33 7 ez 25 26 28 24 28

9 24 25 15 27 19 22 27 21
i7 24 26 26 21 20 29 22 30
25 12 23 28 13 28 18 27 25
33 20 28 18 i6 20 27 20 26
41 35 24 20 29 14 25 i6 28
49 23 23 2z 22 22 24 22 22
57 26 a5 20 32 27 25 31 27
65 24 35 24 15 27 31 30 47
73 28 42 32 29 33 Pe 3¢ 37
81 be 56 A6 5€¢ e£C 56 66 62
89 77 79 84 96 101 119 135 117
7 132 146 166 198 201 223 239 266
105 285 259 27 16 25 26 21 18
113 29 22 i9 20 24 19 13 26
i21 33 22 22 24 25 18 25 0

Run No, 244. Pressure; 0.50 torr. Channel Width; 0,1650 psec. Pulse
Period: 64 pusec. Proton Count: 1.2 x 104 coul. Time: 2.01 % 103 sec.

Photon Background: 0,48 counts/sec.

1 24 10 13 9 15 12 20 18

9 15 21 17 17 21 10 18 12
17 26 28 20 34 25 27 36 25
25 38 41 50 53 50 41 39 59
33 48 45 51 57 62 62 69 69
41 g2 85 87 89 105 116 102 97
49 107 101 128 1405 134 160 155 145
57 190 182 154 221 223 243 208 250
65 266 297 275 294 320 352 383 425
73 370 430 462 465 508 538 524 584
g1 591 676 682 740 751 849 858 873
g9 264 1048 1133 1211 1223 1321 1298 1464
a7 1503 1629 1733 1645 1931 2065 2290 2245
105 2370 1359 5 8 1 3 4 5
113 2 5 5 3 1 2 4 24
121 5 4 3 8 6 5 5 0



Run No. 249.
Period: 16 usec.

Proton Count: 3.52 x 1073 coul,

132

Pressure: 0,0015 torr.

Photon Background: 0.48 counts/sec.

a5
42
34
31
34
23
31
es
35
35
33
30
28
26
g
30

25
25
317
31
31
36
26
26
32
32
33
23
29
41
1€1
21

24
33
31
34
29
31
26
27
32
26
43
35
35
a1
214
38

36
29
44
37
21
44
33
25
30
30
30
37
°7
50
223
e

29
23
27
36
2¢
27
27
31
28
21
34
33
27
50
30
31

21
34
26
16
31
33
32
217
19
26
20
31
33
49
30
29

Channel Width: 0,0814 ysec.

Time: 1.28 x 104 sec.

31
33
28
a4
20
27
36
28
21
37
35
28

(ol e

[ape]

&6C
37
35

Pulse

32
35
29
35
31
19
26
25
27
32
36
33
39
71
e8
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