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Following a first year devoted to constructing the high-pressure sampling
system, mass spectrometer and testing the effect of cold orifices on hot gases, the
second year was devoted to testing and debugging the system. Equilibrium carbon
species up to C; were observed from pyrolytic graphite Knudsen cells. The third year
involved seeking a graphite cell design and heating arrangement to minimize arcing
and vapor loss. The use of slotted pyrolytic graphite cells with various inserts
appears to provide sufficient shielding to permit attainment of inner temperatures in
the 3500°K range. Arcing could not be prevented with the RF work coil inside the
vacuum system, even with the use of a step-down transformer. Hence, we have returned
to the use of a current concentrator inside a Pyrex tube, with the high voltage coil
outside the vacuum, This arrangement appears successful. A second task involved
implementation of the data acquisition schemes--particularly time-of-arrival velocity
analysis of carbon species using ion counting. It was found that both the original
Nuclide ion source and a variation of it suffered from severe ion trapping, causing
delayed and distorted time-of-arrival curves., A third ion source had adequate time
response but substantially lower sensitivity. The behavior of several ion source
configurations is described in detail as is a fast peak-switching scheme.
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ABSTRACT

Following a first year devoted to constructing the high-pressure
sampling system, mass spectrometer and testing the effect of cold orifices
on hot gases, the second year was devoted to testing and debugging the
system, Equilibrium carbon species up to C; were observed from pyrolytic
graphite Knudsen cells, The third year involved seeking a graphite cell
design and heating arrangement to minimize arcing and vapor loss. The use
of slotted pyrolytic graphite cells with various inserts appears to provide
sufficient shielding to permit attainment of inner temperatures in the
3500°K range. Arcing could not be prevented with the RF work coil inside
the vacuum system, even with the use of a step-down transformer., Hence, we
have returned to the use of a current concentrator inside a Pyrex tube,
with the high voltage coil outside the vacuum, This arrangement appears
successful, A second task involved implementation of the data acquisition
scheme--particularly time-of -arrival velocity analysis of carbon species
using ion counting. It was found that both the original Nuclide ion source
and a variation of it suffered from severe ion trapping, causing delayed
and distorted time-of-arrival curves, A third ion source had adequate time
response but substantially lower sensitivity. The behavior of several ion
source configurations is described in detail as is a fast peak-switching

scheme,
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SUMMARY OF THE 3-YEAR PROGRAM

We initially approached the laboratory study . the vaporization of
carbon by considering three main types of experiments. Two involved heat-
ing in vacuum with direct expansion of the carbon vapor into the mass spec=-
trometer via a molecular beam, The third involved vaporization into a
surrounding high pressure gas in a transpiration experiment with subsequent
expansion of the carbon-saturated gas through a cold probe into a high-
pressure, molecular-beam, mass-spectrometric sampling system, One of the
vacuum experiments was to involve laser-assisted vaporization using con-
tinuous laser heating together with velocity and mass analysis of the re-
sulting neutral species to better define the evaporation conditions. This
approach, while unquestionably offering the highest 'temperature" and gen-
erating the largest clusters, has not been pursued because of the ambiguity
of the process of vaporization with such heating.

The high pressure gas transpiration experiment has likewise not been
attempted, beyond early experiments with permanent gases which gave encourage-
ment that cold orifices could be used without compromising adiabatic sampling
of hot gases. The chief deterrents to this approach to observing carbon
vaporization are the practical problems of the very short expected sampling
time before physical plugging of the orifice occurs and the possible clus-
tering of the carbon species during initial expansion due to the high pres-
sure of the carrier gas. Nevertheless, we may well return to this method
to obtain both equilibrium and evaporation data when practical temperature
and pressure limits on heating carbon in vacuum are encountered due to mass
transport problems,

Most of the emphasis in this phase of our studies has been on observing
equilibrium carbon species from graphite Knudsen cells and freely evaporat-
ing hot graphite surfaces. The major determinant factor in the direction
taken by our current vaporization studies has been the realization of the
anisotropic properties of pyrolytic graphite. Following early work by
Ubbelohde, et al., we have carried out experimental heatings of several
configurations of Knudsen cells made from pyrolytic graphite (PG). The
large electrical and thermal resistivity perpendicular to the deposited
planes of PG allows one to selectively heat, and obtain vapor from, the
inside of PG shielded Knudsen cells or solid inserts,

We have recently established radio frequency induction heating condi-
tions (involving the use of a current concentrator with the work coil out=-
side the vacuum system) which provide cell temperatures in the neighborhood
of 3500°K, It is anticipated that recently completed improvements in con-
centrator design and cell configuration will permit still higher tempera-
ture to be achieved, but with severely reduced operating time as mass loss

ix



increases. The high pumping capacity of our high pressure molecular beam
sampling system is turning out to be useful, even in the vacuum experiments,
in keeping the pressures surrounding the heated cell low.

The modulated molecular beam-mass spectrometer-data acquisition sys~-
tem has been thoroughly tested and an anomalous background modulation elimi-
nated so that now we can routinely use ion counting to detect very weak
phase-locked signals from large carbon clusters (Cg and Cy have been de-
tected for the first time from a Knudsen cell at about 2800°K) or to follow
rapid changes in intensicty with time with the multichannel analyzer. The
latter capability, coupled with a fast two-position peak switcher, allows
us to follow the intensities of any two ion peaks during short high tem-
perature heating excursions or to carry out neutral species velocity analy-
sis by measuring the time-of-arrival (TOA) of chopped carbon beams.

The use of time-of-arrival (TOA) velocity analysis for the various posi-
tive ions observed in the electron impact mass spectrum of carbon vapor has
an important role in interpreting the vaporization behavior of graphite.
Serious ion-source time response problems have been eucountered and only
partly resolved in that we have to give up sensitivity to get adequate time
response, Initial indications that the c§ peak had major contributions
from higher carbon clusters at 50 eV electron energy are now suspect.

In summary, an RF heating system, pyrolytic graphite shielded cell,
high-pressure modulated molecular beam sampling system, Nuclide mass spec~
trometer with ion counting and analog detection, fast peak switching and
time-of-arrival velocity analyses system have been designed, built, debugged
and tested with permanent gases and with carbon vapor and stand ready for
further elucidation of carbon vapor composit.on at high temperatures.
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INTRODUCTION

The purpose of these 3 years of study has been to develop the high-
pressure, direct-sampling, molecular-beam, mass spectrometer technique for
the study of carbon vaporization and to apply it to the determination of
the molecular composition of carbon vapor under both '"free" and equilibrium
evaporation conditions at temperatures exceeding 3200°K, The ultimate goal
is a characterization of vapor composition in the 1-10 atm pressure regime.

The first year's efforts were spent in designing and constructing a
high-capacity, molecular-beam sampling system with a Nuclide HT-90 mass
spectrometer detector. While this equipment was being assembled, experi-
ments were carried out on the Bendix TOF mass spectrometer-molecular-beam
system to ascertain the extent of cooling involved in the cold-probe sam-
pling of hot gases. The second year's effort was devoted to tests of the
new sampling system, the mass spectrometer and the carbon heating schemes
and included preliminary mass spectrometric observation of carbon species
up to C’ in equilibrium with carbon at about 2800°K. The third year has
been spent in diagnostic studies in two major areas. First, various carbon-
RF heating schemes have been tried with the most promising results and
future indicated for the use of a current concentrator with the high voltage
work coil outside the vacuum system, Second, the Nuclide ion source as
originally supplied possessed two objectionable features: background modu-
lation and inadequate time response for TOA velocity analysis under some
conditions., Modification of the original ion source and tests with a second
Nuclide-supplied ion source indicates solution to both problems can be ob-
tained with loss of sensitivity,

Since results of the first 2 years' research have been presented in
detail in two annual technical reports (AFML-TR-69-227 (Ref. 1) and AFML-
TR-70-192 (Ref. 2)), we repeat here only the two abstracts. A similar ab-
stract of the third year study is also included “~r consistency.

A. Abstract - First Year - 1 July 1968 to 30 June 1969

In connection with our goal to extend the thermodynamics and kinetics
of carbon vaporization toward the 1 atm regime, we review, briefly, related
work currently under way in several laboratories., Our own first year's
research is then described in terms of prospective sources of carbon vapor,
the problems of cold-probe sampling of hot gases and the important con-
tinuum sampling effects of mass separation and nucleation. Studies of



cold-probe, hot-gas interaction were carried out using the Bendix TOF di-
rect sampling system, With flames at about 2500°K time-of-flight velocity
analysis indicated the possibility of serious cooling by heat exchange to
the cold orifice. Better controlled experiments at 1000°, using rare gases
heated in a furnace flow system, gave no definite indication that sampling
was not adiabatic. Considerations of free-jet expansion behavior serve to
allow estimates of the conditions of carbon vaporization at which continuum
effects may become important. Continuum effects could be quite significant
in laser evaporation and in free evaporation from large surfaces (~ 1l in,)
above 3000°K. A new, high-pumping speed, three-stage, differentially
pumped, modulated-beam, direct sampling system is described. Beams are
detected by a Nuclide miss spectrometer with several data acquisition op-
tions, The work planned for the second year emphasizes techniques of fast
data acquisition and continuum sampling effects with carbon vapor.

B. Abstract - Second Year - 1 July 1969 to 30 June 1970

The progress in a second year of study of the thermodynamics of carbon
vapor is reviewed. The status and preliminary performance of a high-
capacity, three-stage, high pressure sampling system--Nuclide HT-12-90
mass spectrometer detector and data acquisition system (including time-of-
flight velocity analysis of beam neutrals) is presented. Beam system cali-
brations with Ar, Ny and Ag indicate partial pressures of about 1 x 10-10
to 1 x 1078 atm (depending on background) can be detected from a Knudsen
cell with a 0,040 dia orifice placed 56 cm from the ion source. A
troublesome feature of the present ion source is that some modulation of
background peaks occurs in the presence of modulated beams. A series of
attempts to heat graphite in vacuum to temperatures greater than 3000°K
are described. Best results are obtained with slotted pyrolytic graphite
cells but arcing still limits heating to 3000° to 3100°K. Carbon species
through C; have been observed from a pyrolytic graphite Knudsen cell. The
Cy to Cy data agree well with literature values, at the two temperatures of
2800°K and 2630°K. A correlation of dimer formation versus expansion con-
ditions for a number of gases, studied to date, indicates that nucleation
cannot be ruled out in high-pressure Kundsen cells or laser heatings.

C. Abstract - Third Year - 1 July 1970 to 30 April 1971

During the third year, two tasks were predominant, The first involved
seeking a graphite cell design and heating arrangement to minimize arcing
and vapor loss. The use of slotted pyrolytic graphite cells with various
inserts appears to provide sufficient shielding to permit attainment of
inner temperatures in the 3500°K range. Arcing could not be prevented with
the RF work coil inside the vacuum system, even with the use of a step-down
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transformer. Hence, we have returned to the use of a current concentrator
inside a Pyrex tube, with the high voltage coil outside the vacuum, This
arrangement appears successful., The second task involved implementation

of the data acquisition schemes--particularly time-of-arrival velocity
analysis of carbon species using ion counting. It was found that both the
original Nuclide ion source and a variation of it suffered from severe fon
trapping, causing delayed and distorted time-of-arrival curves. A third ion
source had adequate time response but substantially lower scensitivity, The
behavior of several fon source configurations is described in detail as {s

a fast peakeswitching scheme.



II.

PRESENT STATUS OF KNOWLEDGE OF CARBON VAPORIZAT1iON

Past and current work related to an understanding of the vaporization
behavior of carbon has been reviewed in previous reports (Refs. 1 and 2).
Currently, we know of no other active research effort except that using
laser evaporation aimed at the mass spectrometric characterization of the
free or equilibrium evaporation of graphite at temperatures beyond 3200°K.
Impressions gained from a recent meeting (Ref. 3) of workers involved in
graphite ablation studies are: (1) the triple point temperature of carbon
is still uncertain by hundreds of degrees although a pressure of about 100
atm seems well established., (2) Model calculations of carbon vapor com-
position based on experimental and computed heats of association and statis-
tical mechanical partition functions using estimated or incomplete molecu-
lar parameters are sufficiently uncertain (or flexible) to permit agreement
with the whole range of proposed triple-point temperatures and with observed
ablation test behavior. In particular, the importance of clusters beyond
Cq is still an open question at pressures of 1-100 atm. (3) A large uncer-
tainty still exists in both the heat of formation of Cq and in the partition
functions needed to extrapolate low-temperature measurement results to
much higher temperatures., This is particularly serious since most estimates
of higher carbon cluster properties are based crucially on C5 properties.
(4) The concept of free evaporation and the ability to measure operationally
meaningful evaporation coefficients for different species from graphite is
questionable. This problem is more serious the higher the rate of evapora-
tion, because of the heterogeneous nature of graphites, the observed highly
preferential mode of evaporation of binder and filler and the probable onset
of gas-gas collisional reactions at high rates of carbon loss. (5) Direct
loss of macroscopic particles from hot graphite may constitute an appreciable
fraction (more than half) of the total weight loss when graphite is heated
in vacuum, inert gas or air.

It is the continued goal of our research to try to directly character-
ize the mole fractions of carbon species from Knudsen cell evaporation or
"free" surface evaporation in vacuuin, to as high a temperature as our heat-
ing techniques will allow. It is unlikely that unambiguous third-law heats
can be deduced from such ratios in view of the lack of knowledge of the
proper parameters to use in calculating the entropy of C3 and, especially,
higher clusters., Second-law heats may become ambiguous due to the onset of
continuum expansion reactions in the gas phase and due to temperature de-
pendent ionization cross sections. Thus, our minimum goal is to arrive at
the best direct estimate of vapor phase species mole fractions (vapor
molecular weight) by direct mass spectrometric observations at temperatures
as close to the conditions of interest as can be physically realized.
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Table I presents the species studied and temperatures achieved in
past free and eauilibrium vaporization work using mass spectrometric
detection. Based on these studies, we plan to emphasize the species be-
yond Cq and temperatures beyond 3200°K (hopefully approaching 3700°K).
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ITI.

RESULTS AND PROBLEMS WITH THE NEW SYSTEM

The details of our past year's efforts plus a review of present status
and performance of the experimental equipment and techniques are given in
the following four sections.

A. Beam Sampling Equipment, Techniques, Performance

The three-stage, differentially-pumped, molecular-beam inlet system is
described in detail in Ref. 1, p. 35, and remains substantially unchanged.
The beam swallowing ion pump, situated directly on top of the ion source,
turned out to offer little advantage in present experiments and has been
replaced with a window which serves for optical beam-alignment purposes.

System performance with permanent gases has been documented in Ref., 2,
p. 8. All modulated beam work has used the components listed on p. 35 of
Ref. 2. The motor has operated well between the limits of 10 and 300 cycles/
sec. A variety of chopping disks have been used for phase-sensitive detec-
tion and time-of-flight velocity analysis. Phase shift measurements of most
probable velocity have not been used. The two chopping schemes adopted for
carbon vapor work, together with the detection equipment in block diagram,
arc shown in Figures 1 and 2.

A special feature of the reversible-counting, phase-sensitive detection
scheme (lower half of Figure 1) which has been developed by Greene, should
be mentioned. The narrow, pulsed signal from the photocell is delayed and
shaped in the first pulse generator in order to produce a square wave of
nearly equal on and off times and at the frequency of beam chopping. This
square wave is phased with the beam chopping and controls the add/subtract
mode of the counter or multichannel analyzer. Because it is difficult to
make the add/subtract intervals precisely equal and to keep them in-phase
with the chopping, the frequency is doubled and a second pulse generator is
used to gate the counting system on, For each square wave generated by the
first pulse generator, two short pulses are formed which then trigger the
second pulse generator., The second pulse generator then produces pulses
which are slightly shorter than the add/subtract time intervals. These
pulses gate on the single channel analyzer during both the add and subtract
phase so that statistical variations in pulse width or timing will average
out precisely over long times.

During the past ycar we modified the photocecll holder-chopper design
so that both the light and molecular beams were chopped simultaneously.
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(See Figure 2.) This reduces the error in making absolute velocity measure-
ments and in fact may avoid the necessity of using motor reversal to cancel

out relative light and beam chopping geometry., Time response of the photo-

cell system still needs improvement to remove uncertainties associated with

triggering the multichannel analyzer in the multiscaling mode.

The chopper design shown in Figure 2 is chosen for time-of-arrival veloc-
ity analysis of carbon species under near-cffusive flow, e.g., C3 at 3000°K,
Results and problems with such measurements are discussed in detail below,

B. Mass Spectrometer-Data Acquisition System

1. Nuclide general performance. Apart from ion source problems dis-
cussed in the next paragraph, the Nuclide HT-12-90 has performed reasonably

well., Although the source high voltage supply malfunctions every month or
so, at other times the machine will remain focused on a given ion for 24 hr,
or longer. (With ion extraction and detector slits wide open for maximum
transmission.) Typical operating data are shown in Ref. 2, pp. 9-12,

2. Background modulation. A very serious problem was encountered in
early modulated-beam tests in the second year. It was found that with the
original ion source supplied with the instrument, presence of a modulated
beam in the ion source caused a modulation of all background ions, the ampli-
tude and phase of which varied with ion source parameters, particularly re-
peller voltage (Ref. 2, p. 12). During the past year, while the Nuclide was
in use by another project, a simple modification of the ion source shown in
Figure 3, p. 13 of Ref. 2 seems to have eliminated this particular problem
to within our present limits of detection. The fsllowing excerpt from a
recent project report (Ref. 1ll1) summarizes the reasoning and modifications.

""One possible explanation for the nonlinearity effect (background mod-
ulation) invokes the electrostatic focusing of the electron beam by the ions
formed from species in the beam., It therefore seemed possible to reduce or
eliminate the nonlinearity by sufficient collimation or focusing of the
electron beam so that the electrostatic focusing would be insignificant.
This could be accomplished by magnetic focusing, by collimation of the elec-
tron beam, or by reducing the electron density so as to reduce spreading of
the beam.

"Magnetic focusing seemed simplest and was attempted first. Magnets
were simply introduced into the ion source with the field directed along the
axis of the electron beam. Several configurations were tried. The extent
of nonlinearity was reduced by approximately one order of magnitude, but a
significant amount remained. The ionization efficiency of the source was
not improved.
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"The collimation of the electron beam was then improved by the reduc-
tion of the size of the aperture, which, together with the filament, defines
the beam (in this ion source, the clectron beam does not have a second col-
limating aperture and the beam is therefore very poorly collimated)., This
also should reduce the electron density in the beam. A number of combina-
tions of filaments and apertures were tried,"

In the course of secking to eliminate the background modulation phenom-
ena a number of ion sources and modifications have been tested. Approximate
sensitivities of cach source were measured by observing the signals from
well collimated supersonic beams of N2. Background modulation tests were
also performed although no systematic variation of ion source parameters
was involved. The ion sources tested are listed in Table II together with
approximate relative sensitivities, and the relative extent of background
modulation. (See Appendix for observations furnished by Nuclide Corporation.)

3. Ion counting parameters. One of the key design capabilities of
our carbon-vaporization, beam-sampling, mass-spectrometer system involves
the use of ion counting and subsequent multichannel scaling to observe the
time of arrival of mass spectral ions from chopped beams of carbon vapor.
Three principal features of such analysis are: (1) the detection of fragment
ion contribution to a given species, C;, by time-of-arrival curve analysis
under effusive, or near-effusive conditions; (2) the use of most-probable-
velocities of species as a measure of source temperature; and (3) the earliest
detection of continuum expansion effects through alteration of relative ve-
locities of different species and the subsequent correction of observed
species ratios for mass separation. In this section are presented the re-
sults of preliminary tests involving ion-counting.,

The Hewlett-Packard ion-counting system, consisting of a charge-sensi-
tive preamplifier (Model 5554A), a linear amplifier (Model 5582A) and a
single channel analyzer (Model 5583A) feeding a multichannel analyzer (Model
5401A) performed generally in the expected manner. For general counting,
with best signal-to-noise performance, the multiplier dynode string current
was set at 0.4 mA (a gain of about 1 x 106), the preamp at 1,000 mV/picocoulomb
and voltage gain x 2, the amplifier in the double-delay-line mode (1,000-nsec
delay with integration of 1 pusec to 5 psec and gain of 18, and the single
channel analyzer Emin set at 1 V. Pulse height analysis revealed a large
number of pulses in the millivolt range reaching the single channel analyzer.
These were easily suppressed, With the RF generator operating, a large
sine wave at the generator frequency was present on the collector and could
only partly be discriminated against in the above pulse shaping mode. Much
better results were obtained using double RC differentiation and integration
with 0.1/0.1/0.1 nsec settings on the linear amplifier, a gain of 8 and Emin
of 1.00 V. 1In this mode the RF interference was completely suppressed with
little loss in ion pulse count rate,

11
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In either mode it was difficult to count from the 16th dynode (while
reserving the collector for simultancous analog detection), Noisc was al-
ways much greater at the poorly shielded 16th dynode and was intolerable
during RF heating. Wc thus employed a solenoid operated, coaxial switch
for rapid conversion from ion counting to electrometer output. During the
work on the ion-counting sctup, the previously reported 60-cycle modulation
on all ion peaks was effectively eliminated, following changes in the emis-
sion current regulator section, suggested by Nuclide personnel,

During the most recent ion-counting experiments with induction heating,
RF interference was a serious problem. A substantial fraction of ions were
not counted when discrimination levels were set sufficiently high to climinate
the RF noise. It turned out that multiplier gain had decreased about a factor
of 5 (for a given dynode string setting) during the course of time and sev-
cral exposures to air during changes in ion-source configuration. The gain
was thus only marginal for multichannel analysis of time-of-flight behavior and
seemed inadequate for the use of reversible ion counting in phase-sensitive
detection on carbon clusters. Dynode replacement will correct this problem,

4. Ion source time rcsponse. Demonstration of adequate time response
of the ion source to faithfully record the time of arrival of chopped bcams
of carbon clusters and permanent gases was undertaken following the selec-
tion of noise free counting conditions. Dectailed measurements were made
with three ion-source configurations and the results are presented sepa-
rately, followed by a summary of the present statec of our capability,

a. The first studies used the unmodified ion source originally
supplied by Nuclide (Source No., 1) and described in Ref. 2, p. 13. A two-
toothed chopper was used, with a narrow slot in one of the teeth. The chop-
per was driven at 50 cycles/sec. A photocell, which responded to light
pulses from the large open slots, was used for triggering the multichannel
analyzer in the multichannel scaling mode. Having had previous indications
of slow response of the ion source to changing signal levels, we first qual-
itatively examined the shape of the square wave produced by the two large
teeth on the chopping disk.

First, it was found that at emission currents of 0.5 mA or greater
and at 0 repeller and 50 ¢V eclectron energy, the square wave was badly dis-
torted. At lower electron energy the situation was worse while at positive
repeller voltages it was improved. At 0.2 mA emission, good square waves
were obtained at 18 to 50 eV and O repeller voltage but +4 V on the repeller
now caused distortion, Some of these features are shown in Figure 3., Shown
in Figure 4 is the time behavior of 43% (presumed to be a background peak)
with and without the presence of a strong modulated Ny beam in the ion source,
The extent and peculiar time behavior of this background modulation is ap-
parent, Under the ion source conditions usecd, the background modulation was
in phasec with the beam, although this was not alwvays the casc.

13
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Ion Source No. 1.
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Further tests were carried out at 0.2 mA emission current and O
repeller voltages (other source parameters set for maximum beam intensity).
Although we expected a counting rate limitation of something like 500,000
counts/sec due to the 5 mc discrimination capability of the pulse shaping
train (using double delay line pulse shaping) serious problems were en-
countered at considerably lower count rates at the dynode string current of
0.4 mA (gain: 1006) and the settings listed above. The first indication of
trouble was a distortion of the square wave shortly after the beam came on.
By carrying out measurements at tenfold lower multiplier gain it was es-
tablished that the distortions correlated with multiplier output current
rather than counting rate. Additional tests by another project, in which
the preamplifier gain was decreased to 10 mV/picocoulomb and the amplifier
gain correspondingly increased, revealed that it was the preamplifier output
that was in fact overloaded. Noise discrimination was not affected by the
change which permitted count rates of 105/sec to be used without noticeable
distortion (using double RC integration and differentiation).

Using ion source conditions which appeared to give fast response
to the square wave chopping, the ion intensity peak shapes produced by mole-
cules from the single narrow slot were studied for argon and Ny beams as a
function of slit geometry, chopping frequency, pressure, electron energy
and nature of the beam ion. The most severe test of time response involved
supersonic beams from 0.1 to 1.0 atm source pressures, since beam velocities
were highly monochromatic as a result of the free-jet expansion., Time-of-
arrival (TOA) profile half widths varied with chopping speed in the expected
manner, Chopping frequencies of 200 cycles/sec or greater were needed to
make half widths independent of frequency for the geometry used. As pressure
was reduced, half widths increased, the curves became progressively more
asymetric and the most probable arrival time increased, as expected for the
transition to effusive flow. Cluster-ion pulses, 561 in N» and 80% in argon,
were narrower than for monomer, with 120" narrower than 80%. Comparison
with computer predictions based on expected beam velocity distributions
could be reliably made only at the two extremes of either effusive flow or
high Mach-number expansions, since velocity distributions are uncertain in
the transition flow regime,

A problem with the beam geometry, as it affects the shutter func-
tion at the chopper, occurs in the case of free-jets from orifices smaller
than the skimmer. Our initial measurements were made from 1 atm gas expand-
ing through 0.004 in, dia orifices., A 0,040 in, dia skimmer and a 0.080
in, hole in the Nuclide shutter-plate completed the beam collimation., When
it was assumed that the free-jet filled the entire skimmer uniformly (orifice-
to-skimmer distance about 9/16 in.) the measured TOA curves were found to be
substantially narrower than predictions. Use of a wider skimmer gave broader
TOA curves but still they were narrower than predictions., Furthermore, as
source pressure decreases, the actual beam width at the chopper necessarily
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decrecases. To achieve a pressure independent, unambiguous shutter function,
we increased the orifice diameter to 0.040 in. and lowered source pressure
to 1/10 atm to keep the same source Knudsen number and hence free-jet ex-
pansion conditions. Parameters affecting TOA curve predictions are shown in
Table III.

Time-of-arrival curves suitable for computer comparison were ob-
tained under threec conditions: 1/10th atm N2 (0.040 in. orifice); 1/10th
atm argon (0.040 in. orifice); and 0.15 torr Ny (0.004 in. orifice). The
high pressure N2 curves were significantly narrower than predictions based
on Anderson and Fenn's (Ref., 12) criterion for terminal Mach-numbers and use
of a v of 7/5. The argon curve was ian good agreement with predictions. Most-
probable-velocity diffcrences between argon and N2 free-jet beams agreed well
with theory as did the time differences between high pressure and effusive
beams of Nj.

Figures 5 and 6 show results from N expanding at 1 torr and 0,15
torr, respectively, both near effusive-flow conditions. At 1 torr the ratio
of mean free path to orifice diameter (0.004 in. orifice) is about 0,5, yet
substantial narrowing of the peak is apparent compared to Knudsen predictions
and experiment, as is shown in Figure 6. The agreement at 0.15 torr source
pressure was encouraging. Figure 7 compares the experimental curves for Nj
at 1,0 versus 0.15 torr source pressure. Note the substantial change in
peak arrival time at 1.0 torr.

The effect of electron energy on time-of-arrival peak shape was
of concern for the anticipated low ionization voltages (17 eV) to be used
with carbon studies. Measurements with supersonic Ny beams showed no broad-
ening of TOA curves from 50 eV down to 16 eV, All the effusive measurements
were made only at 50 eV, however. These results satisfied us at that time,
that the ion source was responding adequately for the anticipated studies
with carbon, involving near-effusive flow. C; and C3 time-of-arrival pro-
files were taken with this source before it was modified (sce below).

b. Following the simple modifications of the original ion source
to eliminate the background modulation phenomena, we repeated tests of the
source time response (Source No. 2). These tests all involved parent ions
from intense supersonic argon and Ny beams. At this point in time we did
not suspect that beam intensity might be an important variable or that frag-
ment ions might behave differently than parent ionms.

17
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The time response of the modified ion source was checked under
the chopping conditions to be usd in the next graphite vaporizations,
Points to be established included: (1) demonstration of agreement between
calculated and measured time-of-flight profiles for a high Mach-number,
permanent-gas beam; (2) demonstration that ion source time response was
unaffected by emission current or electron energy variation over the range
of interest to carbon; and (3) establishment of the maximum counting rates
that could be used without distortion of the time-of-flight data, The re-
sults of these tests arc summarized in Tables IV and V and Figures 8 and 9.

From Table IV it is seen that clectron energies down to about
16 eVdid not noticeably affect the time response of the ion source, nor did
emission current variations from 0.5 to 2.0 mA, Figures 8 and 9 show that
excellent agreement was realized between predicted and measured time-of-
arrival for argon and N7 beams of high Mach number., Table V shows that at
high counting rates, distortion occurred with a consequent serious broad-
ening of the time-of-arrival curves. Such limitations on counting rate,
of whatever origin, will be considered when intense carbon beams are en-
countered.

Following these tests, mcre time-of-flight measurements were made
on C1, C» and C3, mainly at 17.0 and 50.0 eV. The behavior, which included
shifts to later times and broadening at 50 eV (see below) could be explained
on the basis of contributions from fragmentation at the higher voltages.
However, when electron energy was increased to 100 eV, the Cj curve was
delayed to such an extent as to lack credibility, Furthermore, the TOA
curves were greatly delayed when emission current was decreased. Ar 1 re-
sult of this behavior, which could hardly be attributable to simple frag-
mentation contributions alone, we undertook a broader series of tests of
the time response of the modified ion source, including such variables as beam
intensity, fragment versus parent ion behavior and other ion-source parameters.

Beams of various gases were cxpanded through a 0.040 in. orifice
with the same beam system and chopper geometry as used in the carbon studies,
Time~of-arrival curves were obtained under various gas-source and ion-source
operating conditions and the results printed out directly on the x-y recorder
from the multichannel analyzer storage. From the graphs, either the most
probable arrival time or time-to-half maximum were recorded, in arbitrary
units, together with the time-of-arrival curve wid+h at half maximum. These
parameters, together with source conditions and observations, are recorded
for typical tests in Table VI. To illustrate, the plots from which the first
four entries of Table VI are taken are shown in Figure 10 and the plots for
acetone species are shown in Figures 11 and 12, The first four curves are
from a supersonic beam of Nj, and, like all high intensity beam results,
show little shift with ion source conditions., The next eight curves repre-~
sent parent versus fragment ion behavior from a near-effusive beam of acetone,
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TABLE IV

EFFECT OF IONIZING ELECTRON ENERGY (APPARENT) AND EMISSION CURRENT ON THE

SHAPE OF TIME-OF-ARRIVAL CURVES FOR A NEUTRAL BEAM ORIGINATING FROM THE

EXPANSION OF 1 ATM GAS THROUGH A 0.004 IN, ORIFICE PIACED 16 IN. FROM THE
ION SOURCE ELECTRON BEAM, SKIMMER DIAMETER 0,050 IN,

Electron Energy Emission Current Time-of-Arrival Peak

(eV) (md) Half Width (psec.)
Nj 50.0 2,0 139

50.0 2.0 137

20.0 2.0 134

17.7 2.0 137

16.0 2.0 137

50.0 2.0 137
Ar 50.0 2.0 114

50.0 1.0 114

50.0 0.5 116

TABLE V

EFFECT OF ION INTENSITY ON TIME -OF-ARRIVAL CURVES FOR A SUPERSONIC ARGON
BEAM UNDER THE CONDITIONS STATED FOR FIGURE 8

40t 40%
Average Count Rate Peak Count Rate Half Width of Time-of-Arrival Curve

(counts/sec) (counts/sec) (psec)

1,620,000 9.5 x 107 Too distorted to be meaningful
600,000 1.6 x 108 144
220,000 9.4 x 109 124
59,000 3.7 x 107 116
23,500 1.8 x 107 116
10,600 8.3 x 104 112
950 2.9 x 103 112
Calculated half width 112
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Electron energy 50 eV, emission current 2 mA.
Ion Source No. 2.

24



- O CALCULATED, MACH 9.55
O MEASURED
™ @
(a]
® )
¥ o
- o 0
a] (o]
i 0
o

>- b
=
P
z 0
o o
I~
2 o)
3k o o
5

- (a]

© (o)

- (o]

- s e

i o]

o® 5

i o

I % oo

B © oo

o
- 0 go
o0 5 9
o.danoq ? ] | I | | ] ] | | U R R
| 20 |+
nsec

TIME OF ARRIVAL

Figure 9 - Comparison of Predicted and Measured Times-of-Arrival for a Nitrogen
Beam at a Presumed Terminal Mach Number of 9.55. Nitrogen at
300°k, 0.1 Atm. Orifice diameter 0,040 in, Curves shifted
to match at peak intensity. Electron energy 50 eV,
emission current 2 mA. Ion Source No. 2.

25



°Z °ON 32anog uol °95ueOIIFTUSTS OU IABY SIAIND JO
SIY319Y SATIRISY °danjeiddud] wooy UL OHO°(Q AII2WBIP IIIIJTIQ
‘uedg UQy [°0 B wWolg ud80a3IN I0J IOTARYSY JBATIAY-JO-dur] Judieddy - ] 2anS1g

aAl0|3Y “IVAINNY 4O IwiL 257
8zl ,

1
1 | v I | 1 1 ¥ V 1 1 ¥ ) ¥

VWOl A0 emmecm
VWO'Z A2001 v e
VW0'Z A20°06 em———
VWO0'Z A3 /L[| emmee

+62

26

ALISNILINI




*C "OX 3ddanog uol “.8C danjeiaduP] wooy Ul Q%0°(Q IVIDWRTP IIIITIA0
‘Wedg JOATSNIIJI-IBON B WOIJ dU0IIOY I0J IOTARYIG [PATIIY-JO-durr] jJudaeddy - 11 2anSig
sastl

8z
RN S S S S Y B AN A R i S BRI B s St B m |

3AHDI3Y “TVAIYYVY 4O IWIL

A2 0 -

VWO'Z A200l =+
VW0l A2000 e emememe
vw0'Z Ad/L°LL

8¢

+

ALISN3LNI

27



" "ON 92anog uol gk *danjeaadwa] woOy “UTI QHQ°(Q ISIWBIP IDOTITID
‘uRdg SAISNIJI-IBAN B WOXJ dUO0JIDY I0J IOTARYIY [PATIIY-JO-auwr] Juageddy - g1 2an81jg

sas7l
8¢1 |

aAlDI3Y “TVAINEV 4O IWIL

|
] 1 1 ) L T LB ] ' 1 1 1 | I L 1 4 L 4 {

Ywo L A20¢ Sie
VW O'Z APQ00] =+«
Vs 07 A2 006 emem e om e =

Ywo'Z AP LLL

ALISN3LNI

28



Shown clearly are the time delay cffects with these beams as well as the
marked differences in bechavior of fragment versus parent ions,

Because of the possibility that clusters were present under some
beam conditions, giving contributions to the peaks usually attributed to
monomer, a whole series of beam formation conditions were studied partly
under Office of Saline Water support. These include the heating of water
vapor in a double-cell to insure large unsaturation and the absence of sig-
nificant cluster concentrations. Table VI shows a representative sampling
of such tests. The overall conclusion from this scries was that the mod-
ified Nuclide ion-source (Source No. 2), while free of background modulation
effects, exhibited an unpredictable time response that made time=-of-flight
measurements, con weak beams at least, unreliable and misleading., It is
interesting to note that the original ion source showed the best time re-
sponse at low emission currents (0.2 mA or less) while the modified source
behaved best at high emission current (2.0 mA).

An efiort was made to improve the time response of ion source
No. 2 by raising background pressure levels substantially. When Xenon was
leaked into the source region to raise the pressure (as read by the ion pump)
to about 1 x 10-6 torr (from the 1 x 107 torr or less when only an intense
supersonic beam of Ny is present) no beneficial results were obtained.
Kauffman (Ref. 13) has reported pronounced ion source pressure effects on
ion trapping. so that the above result was disappointing.

c. Seeing no obvious solution to the time-response difficulties
with the original modified ion source (Source No. 2) we tested another design
of ion source, supplied by Nuclide (Source No. 3) which uses an electron beam
defining slit between the filament and the source defining slit. At an emis-
sion current of 2 mA or less this ion source showed no evidence of ion source
trapping either with high and low pressure test gases or with carbon species.,
However, as stated above, overall ionization efficiency was down a factor of
20 compared to Source No, 2 at the same emission current. This source could
be operated at 20 mA emission, giving the same trap current and ionization
efficicncy as the modified original source at 2 mA, but over the single 2-%r
test conducted, filament current was changing markedly and filament life is
uncertain., Unfortunately, time did not permit our measuring the time re-
sponse of the two-aperture source at 20 mA emission.

The previous discussion of time response behavior of the several
ion sources has been considerably belabored partly to warn the unsuspecting
as to the strange behavior that may be encountered in the relatively new
field of time-of-arrival velocity analysis using conventional mass spectrom-
eters, To summarize, the behavior, advantages and disadvantages of the three
sources tested in most detail are listed in Table VII,
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TABLE VI

HEHAVIOR OF TIME-OF-ARRIVAL CURVES FOR VARIOUS SPECIES AS A FUNCTION OF ION SOURCE PARAMETERS

Time to Peak
(Arbitrary Units
to be Compared Wideh at Other

wor Canoand Conditions Emission Cur- Electron Energy Other Only Within Each half Max. obscrvas
ot _Eopan ion lon rent (mA) {electron volts) Conditions subgrou sec) _(psec) tions
. bi0th atm, 0.040 29+ 2.0 17.7 (Zero repeller volt- x 122 Symmet=
i imeter wrifice 2.0 50.0 age and other source x 128 rical
2.0 100.0 parameters peaked, x+ 13 122 peak
1.0 50.0 unless otherwise noted) x + 38 122 shapes
29* 2.0 50.0 Repeller X 128
2.0 50.0 +4vV x+ 13 128
2.0 50,0 +8vV x + 13 128
2.0 50.0 -4V X 128
et shutto red to 1/100
its tall valu 28* 2.0 17.7 X 115
2.0 50.0 x =13 115
2.0 100.0 X+ 6 122
Fall Beam Azain 76t 2.0 50.0 X+ 6 109
I Arn N, through water 18t 2.0 50.0 X 134
O.00% in. diameter 19+ 2.0 50.0 v+ 6 115
itice 9% 2,0 50.0 x+ 6 122
19° 2.0 100.0 X +6 115
1.0 50.0 x+6 115
0.5 50.0 X+ 6 122
18* 2.0 17.7 x 128
2.0 100.0 x+ 13 128
1.0 50.0 x + 19 128
I Atm Argon, 0.00% in. 18* 2.0 50.0 x 109
diameter orifice 16+ 2.0 50.0 x 101
80" 2.0 50.0 x + 13 109
2.0 100.0 x+ 13 101
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TABLE V1 (Concluded)

Time to Reach
Half Intensity, Width at uther

Beam Gas and Conditions Emissfon Cure Electron Energy Other Relative Times halt Ma . Ohservas
o1 hxpansion lon rent (mA) (clectron volts) Cond{tions in psec (usec) tjions
Acetone, 0,060 {n, 57* 2.0 17.7 x 1 svaeetrieal
aritice, room teme 2.0 50, w4+ 19 IR il s tow
perature tail
4yt 2.0 17.7 x 198
2.0 50.0 X+t 6 218
2.0 100.0 X+ 6 209
1.0 50.0 x + 13 205
58t 2,0 17,7 x+6 198
2,0 50,0 x + 26 198
2.0 100,0 x + 26 and x + 179 3120 Two poaks
1.0 50.0 x and x + 282 473 Twe poaks
lcebath and throttling 43 2.0 17.7 X 764
to reduce acetone beam 2.0 50,0 X 832
strencth by factor of 2,0 100.0 x + 26 R1Y
20 1.0 50.0 x + 32 807
0.5 50.0 x + 6 R19
43 2,0 50,0 % 876
2.0 50.0 J2 Full CCW x 890
2,0 50,0 J2 Full CW X 857
2.0 50.0 Repeller + 9.5 x + 13 870
2.0 50,0 Repeller = 5.0 x = 13 B4Y
15* 2.0 50,0 x 820
2.0 100.0 x = 19 864
sg* 2.0 17.7 x - 13 BB
2,0 50.0 x + 32 851
2.0 60,0 x + 32 851
2.0 70.0 x + 51 8132
2.0 80.0 x + 64 819
2.0 90.0 x + 96 787
2,0 100.0 x + 122 749
1.0 50.0 x + 128 717
0.5 50.0 x + 198 761
2.0 50.0 Repeller + 5 x + 83 819
2.0 50.0 Repeller = & x - 19 870
Heam attenuated another 413% 2.0 50.0 ® 989
factor of 10 hy lower- 2.0 100.0 x + 19 945
ing source pressure 58* 2.0 50.0 x + 32 896
2.0 100.0 x + 128 768
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At the moment we appear to have to give up sensitivity in order
to get faithful time response. Presumably there exists one ion source con-
figuration which more nearly optimizes both sensitivity and time response,
but we do not plan further extensive experimentation., At this point we will
need to use ion Source No. 2 for maximum sensitivity to large clusters and
Source No., 3 for quantitative use of TOF analysis of fragmentation, measure-
ment of temperature, and detection of the onset of continuum flow, Source
No. 1 is ruled out because of extensive modulation of signals from back-
ground gas.

5. Rapid peak switching. Because of the rapid deterioration of carbon
cells in vacuum at temperatures beyond 3000°K, we are planning to acquire
data in as short a time as possible. In the case of making time-of-arrival
velocity measurements, the use of ion counting seems most advantageous and
the multichannel analysis scheme used has been described. For the central
task of measuring carbon species ratios as a function of temperature, whether
from equilibrium or freely cvaporating surfaces, the following considera-
tions apply. In reaching the desired temperature and pressures (approach-
ing 1 atm) we will likely be forced to carry out short heating excursions
to the highest temperature, gathering species ratio or TOF data during the
short times before the cell fails or evaporated carbon interferes, Since
it may be difficult to obtain reproducible heating excursions and periods
of constant temperature, and since cell geometry may change during heating,
much more :~liable data can be realized by always measuring ratios of two
species during each heating. Consequently, we have built a simple peak
switching device which allows us to dwell alternately on each of two peaks
for periods as short as 10 msec.

The peak switching is accomplished by the direct process of switching
between two independent high wvoltage power supplies for the ion source
voltages. A schematic of the system is shown in Figure 13. The switch is
a vacuum relay manufactured by Torr Laboratories and having a claimed switch-
ing time of 4 msec make and 4 msec break. The second power supply is a
Fluke, Model 415B, ultimately to be replaced by a 0 to 5,000 V supply of
similar stability. When ion-counting is used, circuitry is included to
disable the counting system during the few milliseconds of actual voltage
excursion during switching. Presently the switch is controlled either
manually or by an Atec counter-timer which can conveniently operate at
switching periods of from 1/10 to 10 sec. Each time the voltage is switched,
the multichannel analyzer is advanced one channel. While in a given channel,
the analyzer operates as a reversible counter with reversal synchronized
with the molecular beam chopper (see Figure 1). 1In this manner a record
of phase-locked signal at any two chosen charge/mass ratios can be obtained,
With 10 sec/channel, the 1024 channels permit a digital record of a heating
history lasting some 170 min, Rapid heatings of 1.7-min duration could be
fully recorded with a 1/10-sec dwell time on each of two peaks.
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The peak switching system works very well in practice. Switching times
of a few milliseconds are realized and there is no evidence of major noise
problems or ringing as a result of the rapid voltage change. Figure 14
shows a multichanncl analyzer record of switching between 28% background
peak and zero voltage.

The advantages of using ion counting and digital storage in following
carbon species ratios over a big temperature range are great, First, with
a storage capacity of 106 counts/channel, the multichannel analyzer can
cover a large range of intensities for a given cspecies and can simultaneously
measure two species differing widely in intensity. By dwelling 100 times
longer on the weak peak, for example, one could expect to detect phase~-locked
signals from peaks at the 1 ppm level of Cg for example. Second, the digital
data are stored without the necessity of choosing a time constant, as is
required in analog detection. On subsequent analysis of the data, the peak
signals can be averaged over any desired number of alternate channels to

smooth out noise.

Unfortunately, our first attempts to use ion-detection and peak-switch-
ing on carbon vapor species resulted in failure due to RF noise interference.
Two factors appear responsible. First, the multiplier gain at the time RF
noise-free counting conditions were first established, was about 1 x 106 at
the chosen dynode string current. This gain has deteriorated over the course
of ion source testing to a value of about 2 x 103 as previously described.
Although slightly higher multiplier gains can be used, the system is pres-
ently marginal with respect to RF interference discrimination, The second
factor complicating the use of ion counting with electrostatic peak switch-
ing is that of reduced gain at the lower voltages used for the higher mass
ion. In a counting situation where one is barely discriminating between
ion pulses and noise, this change of gain can lead to quite different frac-
tions of the two ions being counted and would require calibrations and sta-
bility of discrimination levels.

It appears that we will have to take one or more of the following steps
to implement the ion-counting, peak-switching scheme for carbon vaporization
characterization: (1) increase multiplier gain by replacement, cleaning or
reactivation of multiplier elements; (2) reduce RF interference by more com-
plete shielding of the generator, leads and work coil; and (3) reduce noise
pickup in the counting system.

The peak switcher works well using the phase-locked amplifier and analog,
strip-chart detection. With a 1/10-sec time constant on the phase-locked
amplifier and about 10-sec intervals on each peak, records such as are shown
in Figure 15 can be obtained. Figure 15(a) shows 361 versus 24% during a
short heating, Note that both peaks are phase-locked, Figure 15(b) shows
36+ versus a background peak, 26%, that might have shown contributions from
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Switcher is in Operation During Short Carbon Heatin
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Figure 15 - Strip Chart Records of Phase-Locked Amplifier Output When Peak



cou§ from outgassing, The two peaks being monitored 12 Figure 15(c) are

37t (cl2¢l2¢13%) (about 3% of the 36% peak) and 601 (C5). The carbon vapor
source and temperaturc werc poorly defined during these test heatings., The
strip chart shows Cg to be less than 1% of the C? intensity. At higher
pressures, the analog scheme should be useful in following C3/C ratios, if
the appropriate Cﬁ isotopic peak is used to roughly approximate the intensity
of the Cg chosen for the study.

C. Carbon Heating and Vapor Source

A major part of the present research has been to develop a source of
equilibrium carbon vapor at temperatures substantially beyond the previous
limit of about 3200°K. Of the various vaporization schemes originally con-
sidered (Ref. 1) we have chosen to concentrate solely on RF heating of self-
contained, pyrolytic graphite shielded, Knudsen cells as discussed in Ref.
2, p. 26. The present status of cell design and heating arrangements will
now be reviewed,

1. Cell design. In the Second Annual Progress Report (Ref. 2) heating
results with a single-walled, partially slotted Knudsen cell were presented
and what was hoped to be an improved version (Ref. 2, Figure 13) was de-
scribed, This double-walled cell was test heated using a 1-7/8 in. I.,D, four-
turn work coil and a step-down RF transformer.

Several observations are worth noting. It was conceived that the open
slots could be replaced by a series of 1/32 in. dia holes drilled length-
wise through the outer shield walls, at staggered positions around the cir-
cumference and at overlapping diameters. In this way, each complete shell
of the PG wall would be interrupted at some point, and in view of the very
large transverse electrical resistance, little current would be induced in
the shield by the RF.

The first RF heating test, without the inner susceptor, unfortunately
showed efficient heating of the shield. In fact it was necessary to slot
the shield rather deeply and at more than one point, in order to achieve major
heating in inner, unslotted susceptors. Furthermore, the 3/16-in. thick
shield walls suffered severe delamination so that their shielding varied with
time. In tests with this cell, which contained 1/8-in. thick lids, this
delamination caused the upper 1lid to come loose, allowing excessive escape
of radiant energy and carbon vapor from the interior. Quite satisfactory
temperature differences were observed between inner and outer surfaces, how-
ever, With inner black-body temperatures (uncorrected) of about 2500°C, the
end-1id surface temperatures were about 1700°C with the narrow slots indicating
temperatures of 2150°C. The cylinder outside walls were about 1500°C with
slot temperatures of 2100°C. These temperature differences should be suffi-
cient to permit the desired inner temperature with tolerable losses of heat
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and vapor from the outside of the cell, There were still hot spots where
the lids fit the cylinder walls, and these hot areas were enlarged in the
test heating due to the lids partially loosening from the cylinder.

As an economy move, while other aspects of heating were being studied,
we used a fully slotted outer PG shield with slotted PG end lids and un-
slotted inserts of ATJ graphite either as thin-walled susceptors or with
solid cylinders for "free" cvaporation work. Results and problems encoun-
tered with such cells are discussed in the following section,

2. RF heating. In Ref. 2, p. 19, early problems with arcing and dis-
charges were discussed for systems using either direct heating of the cells
with the work coil in the vacuum system or using the current concentrator
with the work coil outside the vacuum. The use of an RF transformer alone
was not sufficient to prevent arcs, at least with the combination of coupling,
coil and cell geometry that we tested. We recently learned from Dr, Ed Storms
and Mr. Don Hall, at Los Alamos (Ref. 15), that they have successfully heated
small objects to about 4000°K in vacuum, using current concentrators inside
pyrex tubes, with the work coil on the outside. No arcing was observed until
sufficient carbon had built up to bridge the slot in the current concentrator.
It thus appeared profitable to return to the current concentrator approach,
which was unsuccessfully tried initially, taking care this time to adequately
shield the pyrex walls and to provide improved pumping around the concentrator.
The overall heat load to the concentrator was expected to be manageable due
to the excellent gradients achieved across even single-walled PG Knudsen cells.

Before going back to the current concentrator used early in the program,
a few final tests were made with the work coil inside the vacuum system both
with and without the current concentrator. With the small work coil and step-
down transformer used in the last carbon vaporization work, another heating
was tried in which the graphite Knudsen cell and shields were electrically
isolated from ground. The usual arcing limitations were present, however,
so the current concentrator and a large work coil were placed inside the
vacuum chamber., With the step-down transformer, coupling to the large work
coil was too poor to permit adequate heating. Without the step-down trans-
former, arcs occurred around the RF vacuum feedthrough as had earlier been
noted. We then abandoned completely the use of the vacuum RF feedthrough
and the work coil inside the vacuum and returned to the current concentra-
tor as depicted in Figure 7 of Ref. 2.

Two major changes were made in the old current concentrator setup tc
improve its performance and to help diagnose the cause of limitations due
to arcing or discharges. First, an ion gauge was installed at the dead end
viewing port just below the lower flange to monitor the buildup of pressure
in the vicinity of the bottom of the Knudsen cell, Second, the large dia-
eter copper cylinder of the current concentrator was extended over the full
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length of the Pyrex pipe to completely shield the pyrex from direct radia-
tion tfrom the hot graphite. The small diameter segment of the current con-
centrator was placed in the middle of the large section, not offset as shown
in Figure 7 of Ref. 2.

A five-turn work coil about 5-1/2 in. dia was placed on the outside
of the 4-in. I,D, Pyrex pipe. The upper and lower flanges were water-cooled
as was the current concentrator, The bottom two flanges, which are in metal
contact with the stainless steel water pipes that support and cool the cur-
rent concentrator, were initially isolated from ground by 3 ft. of braided
rubber hosing although this appeared to make no difference and direct con-
nection of copper lines is now used.

After correcting some troublesome leaks in the water cooling pipe welds,
the system was tested with a variety of cell and shield configurations. The
results were encouraging. In no cases did destructive arcs or discharges
occur inside the vacuum system. In one case the Knudsen cell tipped over
against the side of the current concentrator causing visible arcs and a
purple glow, but even then the RF generator did not trip off although large
pressure surges accompanied the arcing.

The most successful heatings to date used the cell and shield configura-
tion shown in Figure 16. The legs are "UCAR" AGSR graphite, the pins are
made from vitreous graphite 1/8-in. rod, the lids are slotted 1/8-in. thick
pvrolytic graphite plate, the outer shield is fully slotted 1 in. 0.D. by
about 1/16-in. wall pyrolytic graphite tubing and the inner susceptors range
from solid ATJ or PG cylinders (for frece surface evaporation studies) to ATJ
graphite two-piece cups for Knudsen studies,

With an ATJ thin-walled cylinder as susceptor and containing a baffle,
orifice temperatures of 3500°K have been reached. (Some uncertainty exists
due to the large window correction involved.) With the inverted ATJ cups
shown in Figure 16, temperatures up to 3360°K have been measured through
the offset orifices. Achievement of these temperatures consitutes an im-
portant breakthrough for this program, as we are now in a position to ob-
serve near-equilibrium vapor composition at temperatures well beyond the
previous high of 3200°K, reported for C3 only, by Steele (Ref. 5).

No physical evidence of arcing between cell and concentrator was seen.
The chief problems encountered were: (1) Pressures rose to values in the
1 x 10-3 torr range in the bottom half of the current concentrator, due to
the limited pumping speed around the Knudsen cell and between the Pyrex and
current concentrator., (2) Windows rapidly coated with carbon vapor (and
particles, when ATJ inserts were used) making temperature measurements un-
certain after a few minutes of heating at the higher temperatures. In ad-
dition, flakes of graphite peeled off the inner sides of the large diameter
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Figure 16 - Knudsen Cell and Shield Configuration Used in the
Most Successful Induction Heating to Date
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section of the current concentrator after several heatings and coolings,
causing obstruction of the lower viewport and occasional arcs when the flakes
bridge the cell-concentrator gap. Figure 17 shows an extreme case of such
flaking. (3) The upper lids of the cells tended to levitate out of the
concentrator, forces being sufficient in one case to toss the entire suscep-
tor and upper lid onto the ledge of the current concentrator. (4) Excessive
material loss occurred out the center of the slot in the fully slotted PG
shield., The slot, on occasion, widened to 1/4 to 1/z in. at the center and
entire solid cylinders of ATJ (1/2 x 13/16 in. dia) vaporized through the
enlarged slot. Figure 18 shows such widening as well as the buildup of
carbon on the current concentrator directly opposite the side slot.

To overcome these problems, the following modifications have been made.
(1) Considerably increased pumping is supplied to the lower half of the cur-
rent concentrator by joining a 4 in., dia pipe from the bottom of the current
concentrator up to a side port in Stage 1 of the beam sampling system. (2)
A viewing port with a continuous strip of transparent Teflon tape which can
be mechanically advanced past the viewing window, has been installed on the
diagonal laser-viewport shown in Figure 11, p. 38, Ref. 1. Thus, we can
now view the same orifice as the mass spectrometer; gravity prevents trouble-
some particulates from fouling the Teflon tape mechanism; only one orifice
is needed, giving better black body conditions and allowing simplified cell
design with one central leg. (3) A cell design employing 1/8 in. dia vit-
reous carbon pins seems to prevent levitation forces from tilting or moving
the cell. (4) The problem of preventing vapor loss from the side slot of
the outer PG shield requires further experimentation. We currently plan to
return to the use of a single, only partially slotted PG cylinder as both
susceptor and shield.

The RF heating system currently in use is shown schematically in Figure
19, Additional water cooling of the current concentrator walls and shield-
ing of the lower Pyrex "T" section may be required later. Experience to
date indicates that successful heating will be of short duration in vacuum
due to the inherently large mass transport., At temperatures beyond 3200°K
a mechanical drive may have to be added to the Teflon tape advance mechanism
to maintain a clean window, second by second. Some photoelectric means of
monitoring at least relative temperatures may well be needed for fast heat-
ing cycles, with point checks based on the disappearing filament pyrometer.
The problem of light scattering and absorption by nucleated carbon vapor in
the optical pyrometer path must not be forgot.ten,
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NOT REPRODUCIBLE

Figure 17 - Photograph of Flakes of Carbon Covering Graphite Cell
and Current Concentrator After Several
Extensive Vaporizations
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NOT REPRODUCIBLE

Figure 18 - Photograph of Inside of Current Concentrator and
Carbon Cell Similar to That Shown in Figure 16
but With Solid ATJ Graphite Insert
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D. Mass Spectra of Carbon Vapor

Early results of equilibrium vapor mass spectra, together with sensi-
tivity estimates, have been given in Ref. 2, pp. 10 and 23. The past year's
mass spectrometry has involved almost entirely the problem of the time-of-
flight snalysis of carbon vapor, the time response and other diagnostic work
with different ion sources and the implementation of the fast peak switch-
ing with reversible ion counting. In this section we present the results
obtained in TOFing carbon vapor and add a comment about new evidence as to
the expectation of the onset of continuum effects in high temperature systems.

l. TOF velocity analysis of carbon species.

a. The first measurements of velocity distributions for carbon
species were made with the unmodified, original Nuclide high-efficiency ion
source (Source No. 1 above). Measurements were made at 0.2 mA emission cur-
rent and 17.0 to 50 eV only, conditions which at the time were believed to
give adequate time response based on supersonic argon beam results.

During heating tests with the Knudsen cell shown in Figure 9 of
Ref. 2, time-of-flight analysis was carried out on c1 and C3 peaks al two
electron energies. The carbon vapor was presumed to be coming mainly from
the 1/16 in, dia orifice as evidenced by the observed 01/63 ion ratios which
agreed with literature equilibrium values, the reasonably sharp peaking of
the beam with cell position (not too definitive since a 3/16 in. dia skimmer
was used) and visual observation of steep temperature gradients along the
outside tapered orifice surface. Pertinent parameters for the TOF experi-
ments are shown in Table III, (The assumed source temperature of 2700 K
may be 100° to 200° hotter than the actual temperature when the C1 and C3
data were taken but this discrepancy should not affect the qualltatlve
observations.)

With the carbon source aligned for maximum 361 beam, TOA curves
were readily obtained in several minutes' time at about 2600°K. No RF in-
terference was present as such, but during these heatings there were periodic
arcs which produced short bursts of "counts'" and spoiled many of the multi-
channel scaling curve accumulations. (The shielding was behaving badly dur-
ing these heatings, and this problem has not recurred.) The first noise-
free TOA curve obtained for 361 at 50 eV ionization energy is shown in
Figure 20(a). Subsequent curves for 36% at 50 eV, obtained over several
hours of heating on two consecutive days, are shown in Figures 20(b), (c),
and (d). The outstanding feature of these curves was the marked hump on
the low velocity side. It was tempting to ascribe this hump to the contri-
bution of a higher carbon cluster to C3 by dissociative ionization. The de-
crease with time of this low velocity contribution was a complicating factor
and of unknown cause.
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In preliminary diagnosis of the source of the complex Cg TOA curve shape,
measurements were made on Cg at 17 eV, The plot of Figure 21 shows a peak-
intensity normalized overlay of 361 at 50 eV and 17 eV -i.owing the possible
magnitude of the C, .3 contribution, if real. Similar behavior with voltage
was shown by C{, as seen in Figure 22. In this case it has long been sup-

posed that higher clusters contribute to Cl: at 50 eV. For both C; and Cg

the computed TOA curves were broader than the 17 eV curves, preventing any

quantitative analysis of the broadening at 50 eV.

These results were suggestive of the value of time-of-flight analy-
sis of observed carbon ions as carbon temperatures increase. If even 107 of
the C3 at 50 eV electron energy was coming i.-m C,s»3, then this would indi=-
cate extensive fragmentation of higher clust..s and an underestimate of
Cpw3 from measurements at 50 eV and possibly from low voltage measurements
as well.

b. By the next opportunity to TOF carbon vapor on the Nuclide,

we had installed the modified ion source (Source No. 2) with its demonstrated
adequate time response to supersonic beams from 17 to 50 eV and at Z, O mA
emission. A series of time-of-flight measurements were made on C1, Cz, and
C3 formed from neutral vapor freely evaporating from both ATJ and PG surfaces.
The results are shown in Table VIII and also, for C3, in Figure 23. The

behavior from 17 to 50 eV at 2 mA is similar to that observed above, but

this time both higher electron energies and lower emission currents were
tested with results that are seen to raise serious doubts about the ion
source behavior. As discussed above, these results led us to the series of
tests with gas beams and to tests with the dual aperture ion source (Source
No. 3).

c¢. With Source No. 3 u.d freely evaporating graphite at about
2700°K, we repeated time-of-flight measurements on C3 and observed substan-
tially less delay and broadening from 17 to 50 eV (if any) than with the
previous two ion sources, as shown in Figure 24. Although some additional
measurements should and will be taken with this source that shows adequate
time response under all beam conditions tested (Source No. 3) there no longer
is the evidence that major contributions to C3 are present from higher neutral
clusters. Hence the priority shifts to using time-of-flight measurements,
probably at or near 17 eV, to determine source temperature and the onset of
continuum-flow perturbations of composition.
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Figure 21 - Time-of-Arrival Behavior of a Chopped Beam of Carbon Vapor,
Comparison of 6% at 50 ¢V versus 17.7 ¢V ¢lectron energy.
Time scale relative to same photocell trigger in cach case.

Dashed curve is at 50 ¢V. lon Source No. 1.
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TiImE OF ARRIVAL

Figure 22 - Tinceof-Arrival Behavior of a Chopped Beam of Carbon Vapor,
Coaparisor of 12* at 50 ¢V versus 17.7 eV electron enevgy.
Time scale relative to same photocell trigger in cach case.

Dashed curve (s at 50 ¢V. lon Source No. 1,
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2. Continuum effects. An additional comment can be made relative to
the correlations of dimer growth shown in Figure 14, p. 32 of Ref. 2.
Herschback et al. (Ref. 15) have recently observed dimerization in Cs at
700°-800°K and if the excess dimer formed is plotted versus Pgu, it appears
that a mole fraction of about 102 is reached already at 0.4 torr2 in. while
101 is reached at 40 torr2 in. These results thus continue the trend toward
faster nucleation rates the more strongly bound the dimer and reinforce the
concern voiced in Ref, 2, p. 31, namely that some past Knudsen cell studies
and laser evaporations may have been influenced by clustering during vapor
expansion to collisionless flow.
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IV.

SIGNIFICANCE OF THE RESEARCH FOR THE DESIGNER

In recent analytical descriptions of graphite ablation, lack of direct
experimental characterization has forced rather widely varying limiting
cases to be assumed. Thus, the sublimation process has been viewed as in
equilibrium at the wall or as kinetically controlled. In addition, the
contributions of preferential evaporation and oxidation to bulk removal of
graphite grains has been considered. In the case of the equilibrium pre-
dictions, not t... least of the problems involves the large uncertainties in
both heat and entropies for carbon species larger than C;. Reliable parti-
tion functions for C3 are not available even though the fundamental vibra-
tional frequencies are known. The heat of formation of C, is also still in
major doubt. Estimates of thermodynamic properties for higher clusters are
all based heavily on Cy to compound uncertainties. Extrapolations from
present experimental temperature limits of about 32)00°K are also extreme.

In the case of kinetically controlled evaporation, evaporation coef-
ficients are quite uncertain for clusters beyond Cy, even for well defined
surfaces, not to mention the real case of highly pitted and porous surface
conditions. Since no knowledge exists of reaction rates among carbon species,
once evaporated, such reactions are usually ignored. The problem of partic-
ulate removal is equally compl ‘x and has been studied most thoroughly by
Aerospace personnel. This research is not aimed direc: - at elucidating this
aspect of real ablation behavior.

What does appear to be needed, in modeling the first two limiting
cases, is direct experimental information on species ratios in equilibrium
and free evaporation at substantially higher temperatures and pressures than
the current limit of about 3200°K. Third-law determinations of heats of
formation appear unreliable for clusters larger than C3 in view of problems
with partition funccions including uncertainties in electronic states. Thus,
the best approach appears to be to measure the temperature dependence of ion
ratios relative to the well known C; and C, under both equilibrium and "free"
evaporation conditions, realizing the latter are particulacly ill defined.
Whether heats can be inferred from such measurements will depend on resolving
questions of temperature dependent cross sections, fragmentation contributions
to a given ion and perturbations by gas phase reactions following vaporization.
The latter information on carbor cluster reactions, which will emerge auto-
matically in demonstrating the reliability of vaporization data, could prove
useful in modeling behavior in boundary layers, particularly if the carbon
vaporization is kinetically contiolled.
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At the very least, direct observations of carbon cluster ratios to
temperatures approaching 3700°K and comparisons of equilibrium versus
"free" evaporation ratios, no matter how ambiguous the latter, will help
to substantially reduce the range of theoretical carbon species ratios
currently used as input in calculated carbon vaporization predictions.
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V.

FUTURE WORK

The fourth year's research can be summarized in terms of several
restrictions and goals. First, we will concentrate on vaporization studies
in vacuum. Second, we will look at both equilibrium and "free' evaporation
of graphite. Third, emphasis will be placed primarily on gathering data on
species beyond C3 and on temperatures between 3200°K and 3700°K. Realizing
that equilibrium pressures approaching a few tenths of an atmosphere may
exist at 3700°K, and that mass loss could be of the order of a few tenths
of a gram per second per square centimeter, one can readily surmise the
difficulty and limited duration of vacuum heating to 3700°K. Fourth, time-
of-arrival velocity analysis will be used routinely to supplement the infor-
mation on temperature of the source vapor, to establish the neutral precur-
sors of the ions studied and to detect the onset of continuum expansion
effects which could lead to mass separation and clustering and thus to an
overemphasis of the heavier carbon molecules.

A. Equilibrium Studies

The apparatus will be essentially as described above. We will use
slotted PG cylinders and lids to act as radiation shields and to prevent
vapor loss from the inductively heated carbon cells. Knudsen cells of PG,
ATJ or other materials can be inserted in the PG. Temperatures will be
read through the top laser port by means of a manual optical pyrometer. A
moveable film viewing port perhaps mechanically driven will serve to keep
carbon deposits from invalidating readings during vaporization. For short
duration runs, a simple photocell system may be set up to monitor relative
heating histories with the optical pyrometer serving for point calibration
i purposes. In a typical experiment, with the peak switcher preset on, say,
Cg and C5 the RF power will be set to some preselected value destined to
cause heating to, say, 3500°K. Over the heating period, the phase locked
intensities of the two peaks will be alternately monitored and the time-
intensity behavior stored in the multichannel analyzer or on a strip chart.
Optical pyrometer readings and possibly photocell output can then be time-
correlated with the stored mass spectral data. By repeat heatings involving
the same temperature excursion, other ions relative to Cg (or some other
standard ion such as CI) can be followed, ultimately yielding the composition-
temperature behavior for the evaporation conditions chosen. An attempt will
be made to obtain detailed information on species through C; at temperatures
approaching 3700°K.




To verify temperatures, to check on continuum expansion perturbations
or to assess the contribution of dissociative ionization to a given ob-
served ion, the temperature will be quickly raised to a constant, chosen
level and TOA curves rapidly run off in the four memory quarters available
to us in the multichannel analyzer.

It is hoped that by aligning the beam defining slits carefully only
vapor originating from the interior of the cell will enter the ion source.
Of course, as pressures rise collisions will begin to occur outside the
orifice and vapor from external surface evaporation, or from walls of the
orifice, can collide with the interior vapor and alter its composition.

The highly anisotropic nature of PG gives hope that such exterior evapora-
tion can be kept to a tolerable level and allow implementation of the self-
contained Knudsen cell approach to carbon.

From species-versus-temperature data obtained as just described one
expects to get free energies from ion ratios and heats from temperature
variation of these ratios.

B. Free Evaporation Studies

These studies will be identical to the equlibrium measurements except
that no cavity will exist in the inner graphite susceptor, so that material
"freely" evaporating from the surface can be directly monitored. Several
types of graphite, including PG and ATJ, will be examined. Quite apart
from the recognized problems of defining a unique "free" evaporation be-
havior for a heterogeneous substance such as graphite, whose surface mor-
phology changes with time and which emits particulate matter, there is
another problem as temperatures and pressures rise. At sufficiently high
evaporation rates, gas phase collisions will be extensive immediately above
the surface and composition may change during the escape of vapor from the
surface. Thus this "free" evaporation behavior may depend on the size of
the evaporating specimen as well as other factors. The time-of-flight
techniques used to detect continuum expansion effects in equilibrium studies
will serve equally well to observe such effects during "free'" evaporation.

At the very least, we can observe the gross molecular composition of vapor
far downstream of the surface in "free" evaporation. Such information should
be useful in comparison with equilibrium studies and for design purposes even
though the detailed factors affecting the composition, such as the nature of
the surface and its change with time are not uniquely snecified.
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C. TOA Analysis of Chopped Beams

Time-of-arrival analysis of chopped carbon vapor beams will be used
routinely to help characterize the vaporization process and the mass
spectra. Under Knudsen effusion conditions, most probable velocities can
be related to source temperature for species of known molecular weight and
hence source temperatures can be inferred. This measurement could prove
particularly valuable for free evaporation studies where surface temperatures
can be ambiguous due to emissivity uncertainties. Velocity distribution
analysis is expected to reveal whether more than one parent is contributing
to a given ion under chosen conditions. TIdeally, the use of such analysis
gives a molecular weight spectrum of the carbon vapor independent of the
rarticular fragmentation behavior of the molecules involved. Both of these
uses of velocity analysis are greatly complicated as collisions begin to
occur during vapor expansion either from the Knudsen cell orifices or a
free surface and hence will be most productive at the lower pressures.

An important secondary task, to validate the data being obtained, will
be to search for the conditions of onset of continuum expansion effects and
the resulting species velocity perturbations. Continuum effects, in addition
to obscuring temperature measurement and neutral precursor determination, can
lead to errors in cluster distribution determination, both through mass
separation and clustering reactions.
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APPENDIX

The following comments on the ion source behavior noted in this report
have been supplied by Nuclide Corporation:

"The three types of ionizers (unmodified) described in this report
represent successive steps by Nuclide in a continuing program to
develop a better ion source for the study of steady molecular beams
di ffusing continuously from Knudsen cells at constant temperature.
While sources of all three types had been used routinely with
manually operated molecular beam shutters for many years, none of
them had been tested in a pulsed beam application by Nuclide or,

to our knowledge, by any other users, until the experiments de-
scribed in this report. The new information obtained here should
therefore be generally applicable to this entire class of ion
sources, which are used in numerous laboratories throughout the
world. These authors report that the Nuclide source of most recent
design (referred to as ''Source No. 3" in this report), which is a
source that does not use a magnetic field for electron collimation,
had produced the best overall results in their experiments, in

this particular instrument., However, they find this source to be
considerably less sensitive than "Source No. 1", also a '"nonmagnetic
source, and to have about the same sensitivity as the Nuclide source
which utilizes a magnetic field for electron collimation, On the
other hand, certain other 12-90-HT users have reported that the
"Nuclide magnetic ion source', as used in their particular instru-
ments and experiments, is in fact more sensitive than nonmagnetic
"Source No. 1", Tests of sensitivity in terms of the minimum
detectable partial pressure of a silver isotope in a Knudsen cell
are routinely performed by Nuclide during both in-plant and instal-
lation testing. All three types of sources have demonstrated the
abilitv to detect a partial pressure of less than 2,5 x 10°8 torr
for a silver isotope, in different instruments but under similar
operating conditions. It is our opinion, based on such tests,

that the sensitivities of these three types of sources are iden-
tical to within perhaps a factor of two to three, the limit of
error of the measurement."

The discrepancy between the relative sensitivities reported in Table II
and those cited above based on Nuclide experience remains unresolved, We
hope that on rechecking, Ion Source No. 3 will compare more favorably with
Source No. 1.
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1t should be emphasized that the background modulation phenomenon,
so easily detectable with chopped beams, is also of concern in conventional
Knudsen cell, steady-beam arrangements when manual shuttering is used. We
have observed changes in background peak intensitires, using ion-source
No. 1, when Knudsen beams are manually shuttered.
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