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ABSTRACT 

This report extends earlier measurements on particle emission produced 

when approximately 50 megawatts/cm   pulses of radiation from a Q-switched 

ruby laser are absorbed at metal surfaces.   Ion emission from carbon targets 

includes (Li ) ,  (Li ) , C , CH„ , HgO , Na , and K   ions with energies up 

to 540 ev.   Emission from single crystalline nickel targets includes ion 

species not observed before in this work, i.e., Na     and H« .   Work using a 

quadrupole mass spectrometer to study neutral molecule emission has also 

been extended to carbon targets, which yield results similar to other target 

materials, and additional confirming work on the presence of high energy 

neutral molecules has been performed.   Equipment under construction for 

measurement of the angular distribution of the ion emission is described. 

The expansion of the laser produced gas and resulting particle fluxes at a 
distance from the surface are discussed. 
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SECTION I 

INTRODUCTION 

(I  2 3) 
In previous reports v '   *   ' We have described measurerrjents on particle 

emission produced in laser- surface interactions.   The time-of-fight 

spectrometer used to measure ion emission and the quadrupole spectrometer 

used to measure neutral molecule emission were discussed.    The emission 

produced by absorption of ruby laser radiation with a power density of 50 
2 

megawatts/cm   in 30 nanosecond pulses was studied for various target 

materials, particularly tungsten.    The ions were found to be mainly alkali 

metals with energies up to several hundred electron volts, while the neutral 

molecule emission consisted of thermally desorbed gases such as HL, CO, 

and CO«, along with pulses of high energy neutral molecules having energies 

of the order of 100 ev. 

In this report we describe extensions of these measurements.    The work 

discussed here does not involve new types of measurements, but rather the 

use of different types of target materials.    The results described here confirm 

results reported earlier.    The general features of the emission from various 

types of target material are broadly similar, although there are persistent 

and important differences.    Since the main features have been described 

previously^ '   '   ;, this report tends to dwell on and emphasize the differences. 

However, the main interest in this contract work is in phenomena, rather 

than in differences between materials.   Accordingly, since many of the phenomena 

which the present spectrometers can measure have now been relatively thoroughly 

studied, we are constructing equipment designed for different types of measure- 

ment.    This equipment is described in Section IV. 
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Section II of this report deals with the work performed on ion emission, with i 

emphasis on carbon and nickel targets.   Section III discusses neutral öas 

emission and high energy neutral molecule emission from carbon, nickel, 

and titanium targets.   Section III also devotes considerable space to a 

discussion of a rechecking and reconfirmation of earlier conclusions on high 

energy neutral moleculos.   This rechecking was necessitated by some 

apparently anomalous results obtained with titanium.   These results were 

traced to inadequate control over spectrometer condition, but our earlier 

interpretations were confirmed and the influence of spectrometer condition is 

now more fully understood. i 

Section IV describes the new equipment and Section V is devoted to inter- 

pretative aspects, with emphasis on a treatment of the expansion of a laser 

produced gas cloud. 
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SECTION II 

ION EMISSION 

The ion emission from the surfaces of two new materials, nickel and carbon, 

has been studied.    The sparking problems encountered in trying to extend 

ion emission measurements to higher flux densities have been identified. 

The ion emission from single crystal nickel shows a composition that can be 

changed by flushing the spectrometer with hydrogen.   Data from nickel also 
++ + 

shows the first evidence of Na     and EL   in the ion spectrum.    The emission 

from pyrolytic graphite contains sodium ions with initial energies in excess 

of 540 ev; these are the highest energies observed in our experiments. 

A.      ION EMISSION FROM CARBON 

Two types of carbon targets were used in the time-of-flight (TOF) spectrometer. 

The first was machined from a piece of polycrystalline graphite stock and heated 

in air to a temperature of about 700lC to drive out organic contaminants.    The 
(4) second target was a piece of solid pyrolytic graphite     . 

Figure 11-1 is a typical spectrum obtained upon irradiation of the polycry- 

stalline graphite target with the unfocused output of a 5 megawatt laser pulse 

It contains pulses corresponding to singly ionized species of mass 6, 7,  12, 

15,  18, 23, and 39.    The two pulses corresponding to masses 6 and 7 have 

been identified as the two lithium isotopes; the other peaks correspond to 

C , CHL , FLO , Na   and K   respectively.   We had previously observed the 
rj +   ö z 

(Li )   peak from the other surfaces such as tungsten, but its height was much 
■f + 7 + 

smaller than those of Na   or K .   For stock graphite the (Li )   peak is 

comparable in magnitude to the other two alkali metals.    The peak at mass 6 

II-l 
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39 23 18 15 12 7 6 

Figure II-1   -   Ion Spectrum from polycrystalline graphite in TOF Spectrometer, 

Time increases from right to left.    Lower trace starts with laser 

pulse (2jus/cm,  . 1 volt/cm).   Upper trace is an expanded portion 

of the lower trace triggered by the mass 6 pulse (. 5us/cm,  . 05 

volt/cm).    The spectrometer potentials are:   V = +2000 volts; 
V = 0 volt. 
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was positively identified as being the (Li )   isotope for the following reasons: 

first, the ratio R(7/6) of the number of ions measured by integration of the 

areas of the 6 and 7 peaks is R(7/6)   -   10. 5, which is in good agreement with 
(5) the accepted ratio        of 12. 5 for the relative abundances of the two isotopes; 

1 ?    I | 1 ^   -i- 
second, if the peak were due to (C    )     one would expect a larger peak at (C ") 

which it can be seen, is not the case; third. Figure II-2 shows a spectrum in 
12 + which the (C    )   peak was enhanced by focusing the 5 megawatt laser pulse onto 

the target with a 330 mm. focal length lens, thereby evaporating more of the 

substrate.   A comparison of Figures II-l and II-2 clearly indicates that the 

relative heights of the 6 and 7 peaks remain fixed, while the ratio of 12 to 6 
1 O   -I- 1 O    4-4" 

has increased, contrary to what one would expect if they were (C    )   and (C    ) 

Figure II-2 also shows some peaks that are not found in Figure II-l at masses 1, 
+ + + + 

13,  14,  15, which correspond to H , CH , CEL  , CHL  .    Ion energies have not 

yet been measured for the polycrystalline graphite target. 

The ion spectrum from pyrolytic graphite is different from the other surfaces 

studied previously both in the number of different masses found as well as 

their energies.    This can be clearly seen in the three spectra shown in Figures 

II-3, II-4, and II-5.    The first spectrum was obtained with no decelerating 

potential and shows a rather clean surface for which the only distinguishable 

peaks correspond to the three alkali metals Li , Na   and K .    One can also 

see a rather large continuous background which may be caused by neutrals. 

The second spectrum was taken with a decelerating potential of 360 ev and it 

shows clearly two peaks corresponding to Na   and K .    The third spectrum. 

Figure 11-5, is for a decelerating potential of 540 v and it clearly shows that 

some of the sodium ions from pyrolytic graphite have initial energies in 

excess of 540 ev; such energies are more than twice as large as the ion 

energies measured oreviously from surfaces such as tungsten and platinum. 

II-3 
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15 14 13 12 

Figure II-2   -   Ion spectrum from polycrystalline graphite.   Same as Figure 

II-1 except that the flux density at the target has been increased 
12 + by focusing with a 330 mm. focal length lens.    The (C    )   peak 

is enhanced by the increased evaporation of substrate.   Sensitivity 

of lower trace is .2 volt/cm. 
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39    23 

Figure II-3 Ion spectrum from pyrolytic graphite in TOF spectrometer. 

Time increases from right to left.    Lower trace starts with 

laser pulse (2us/cm,  .2 volt/cm).    Upper trace is an expanded 

portion of the lower trace triggered by the mass 23 pulse 

(. 5ius/cm,  .05 volt/cm).   The spectrometer potentials are: 

V = +2000 volts; V = +2000 volts, i.e. zero decelerating 

potential. 
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39    23 

Figure II-4 Ion spectrum from pyrolytic graphite in TOF spectrometer. 

All parameters are identical to those of Figure II-3 except V1 

= +2360 volts, i.e., 360 volts decelerating potential. 
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Figure II-5 - Ion spectrum from pyrolytic graphite.    Same as Figure 

II-4 except V = +2540 volts, i. e., 540 volts decelerating 

potential. 
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B.      ION EMISSION FROM NICKEL I 

with a monolayer of hydrogen, to the exclusion of all other adsorbed species 

Such a property would have greatly simplified the task of understanding the 

mechanism for ion acceleration and would have eliminated any ambiguity in the 

interpretation of data from a non-mass discriminating instrument such as the 

one being built for angular distribution measurements. 

The ion emission from the (100) face of single crystal nickel was investig.     *. I 

Interest in nickel was a result of reports that the (100) face could be covered 
(6,7)      . 

I 
I 
I 

The procedure used to study the nickel was to place two single crystal slabs 
- 8 I in the TOF spectrometer and evacuate the instrument to a pressure of 4 x 10 | 

Torr.    Using the output of a Q-switched ruby laser in the range of 20-70 
2 

megawatts/cm  , the slabs were irradiated on the (100) faces and the masses 

and energies of the ions produced were measured.    Having determined the 

composition of the initial coverage on the nickel surface, the spectrometer 

was backfilled with hydrogen to a pressure of 1 x 10      Torr and held at that 

pressure while the target was irradiated with twenty pulses from the same 

ruby laser operating in the normal pulse mode and delivering about 1 joule 

per pulse.    The irradiation with the millisecond-long pulses was used to heat 

the target for longer intervals of time than would be achievable with the Q- I 

switched pulse in order to clean the surface of contaminants and encourage the 

adsorption of hydrogen.    Next, the hydrogen was turned off, the spectrometer 
- 8 was pumped down to 7 x 10      Toi 

laser to look at the ion emission. 

- 8 was pumped down to 7 x 10"    Torr and the target irradiated with the Q-switched 

it in to a pressure of 10"    Torr, that species was only recorded occasionally 

II-8 

I 
I 
I 

I 
Typical spectra obtained before and after the attempt to cover the surface 

with hydrogen are shown in Figures II-6b and II-6b.    The most obvious 

difference in the two spectra is the presence of hydrogen in b and its absence 

in a.    In fact, before leaking hydrogen into the system and even after leaking i 
_ R i 
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58,60 39   28 23 
6a 

/\ 
76 

1 1 II II 
/ / /\ \\ 

23 12 76 2 1 
6b 

Figure II-6   -   Ion spectrum from (100) surface of single crjrstal nickel. 

a) before purging spectrometer with hydrogen.    Lower trace 

is spectrum displayed at 2ws/cm.   Upper trace is an expanded 

portion of the lower trace; b) after hydrogen purge.    Lower trace 

is spectrum displayed at 2ws/cm.   Upper trace is irrelevant. 

Time increases to the left in both cases. 
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as a very small peak; that led us   to  believe   at   first  that hydrogen j 

I 

-4 
had no effect on the ion emission.   However, after purging to 10 

Torr, hydrogen became a very copious component of the spectra.    Another I 

important difference in the two spectra is that the absolute magnitudes of the 

alkali peaks are smaller in b than in a, indicating that the hydrogen has 

actually displaced some of the alkalies from the surface.   Nevertheless, 

while our experiments show that it is possible to alter the composition of the 

surface coverage on single crystal nickel by leaking hydrogen into the system, 

they fail to show a single species hydrogen coverage.    The reason for this 

apparent contradiction between the results obtained with laser irradiation and 
(6) those from electron beam desorption      , as well as low energy electron 

diffraction    ', may be due to the fact that the single crystal surface is more 
(3) readily damaged by the laser probe     .     It is also possible that the surface 

should be held at. an elevated temperature in the presence of hydrogen for a 

longer time than has been possible with laser heating.   We plan to heat the 

target for several hours by passing a current through it in the presence of 

hydrogen and then make further measurements of ion emission. 

The single crystal nickel experiments, while failing, to date, to provide us 

with a surface with single species coverage,  have provided us with valuable 

support for some of the results obtained previously.    In the nickel data we 

observed what we believe to be the first evidence of doubly ionized species in 

the ion spectrum.    The presence of Na     is difficult to establish because of 
12 + its proximity in the spectrum of (C    ) , but we feel that we have established 

its identity beyond doubt.    Figure II-7 is composed of three spectra from two 

different targets:   II-7a is a spectrum from a polycrystalline graphite target 

and it is identical to Figure II-1; it is reproduced here to establish the position 
12 + of the (C    )   peak in the spectrum by the arguments given in Section II-A, Ion 

Emission from Carbon.    Figure II-7b is a spectrum from single crystal nickel 

11-10 
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39 
15 i4 13 12 

7b 

I      I    II    II 
/       I    l\    w 

23   12 7 6   2 i 

7c 

I II 
39  23    11.5 7N6 

■4*4- 
Figure II-7 - Identification of Na     in the ion spectrum.   All spectra are displayed 
at 2 us/cm with time increasing to the left,   a) Ion spectrum from polycrystalline 
graphite i^sed to identify position of (C 2)   peak; b) Ion spectrum from nickel show- 
ing (Ci<J)    peak at the same position as found in the spectrum trom graphite; c) Ion 
spectrum from nickel showing Na     peak at 11. 5 amu/e. 
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12 + showing the (C    )   peak at the same time as in II-7a; a very small peak ran 

also be seen in this spectrum at 11. 5 amu/esu.    Figure II-7c is a spectrum 

from nickel showing a v^ry large Na   peak at 23 amu/esu and a much smaller 

peak at 11. 5 amu/esu.    Now, if we assume that the Na   and Na     are in thermal 

equilibrium we calculate, using the Saha equatior and the measured ratio 

Na /Na       =   236, a temperature of tne initial plasma of ~11 ev.    The 

temperature obtained above is in very good agreement with the random component 

of energy obtained by using Allen's method for obtaining the velocity distribution 
(3) of ions from the measured pulse shapes.        It does not account for the directed 

component of energy that is one order of magnitude higher.    The above facts 

point out the need to examine the angular distribution of ion energies about the 

normal to the surface.   Our plans for those measurements are iescribed in a 

subsequent section. 

The ion spectrum from nickel shown in Figure n-7b was obtained after the 

attempt to cover the surface with hydrogen, and it shows the first appearance 

of a peak at 2 amu/e observed in the TOF spectrometer.    The peak corresponds 

to molecular hydrogen and its observation establishes a better cohesion with 

the data obtained in the quadrupole spectrometer where this species is very 

abundant. 

The energies of the alkali ions in the nickel emission are comparable to, 

although slightly higher than,those found previously for tungsten and platinum 

surfaces.    The energies of the nickel ions are comparable to those of the 

alkalies.    Figure II-8 shows the ion spectra from the nickel surface before 

the hydrogen purge:   a, b, and c are spectra taken with decelerating 

potentials of 0,  180, and 360 volts respectively.    Examination of the figures 

indicates that Ni   ions with initial energies in excess of 180 ev are present in. 

the emission, as well as alkalies with initial energies above 360 ev.    The 

nickel ions are observed   at a slightly shorter time than one would expect, | 

but their identity is established by the same enhancement method used for the 
12 + ■ identification of (C    )   which is discussed in the previous section. I 
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8a 

+      +       + •{ 
Ni      K     No Li 

I 
I 
I 
I 
I 

8b 

+ + 
Ni     K       No 

8c 

KT    No'1 

Figure II-8   -   Ion spectra from single crystal nickel.    Lower trace is spectrum 
displayed at 2ws/cm with time increasing to the left.   Upper trace is expanded 
portion of lower trace,   a) no decelerating potential;   b) 180 volts decelerating 
potential;   c) 360 volts decelerating potential; the upper trace did not trigger in 
this picture. 
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C.      S   ^KING IN THE TOF SPECTROMETER 

We have axperienced considerable difficulty in trying to extend our time-of- 

flight measurements to higher optical flux densities.    The reason for the 

difficulty is   that when the flux density at the target reaches a value of 
2 about 70   megawatts/cm   a bright luminous front can be seen moving from the 

target to the accelerating grid; at the same time the signal from the electron 

multiplier detecting the ions becomes very erratic, at times dipping below the 

base line. 

Attempts to restore a normal multiplier signal by putting a 10 uf capacitor 

across the power supply feeding the accelerating region only had the effect 

of causing the entire lower section of the spectrometer to glow.    The problem 

with the multiplier signal was finally traced to a moving ground in the laboratory 

due to the large current drain in the target region.    It was solved by using 

batteries in parallel with a . luf capacitor to supply the accelerating region. 

However,  once the noise was eliminated from the multiplier signal, it became 

apparent that the ion signal had also disappeared. 

We believe we have now traced the loss of signal to losses in the electrical 

lead supplying the high voltage to the target.    Figure Ii-9   is a photograph of the 

lower end of the TOF spectrometer      during irradiation of the target with a 

flux density of 70  megawatts/cm  .    A 10 uf capacitor was in parallel with the 

r2ö00 V de supply connected between the target and the drift tube.    One can 

easily see the plume emanating from the target and moving towards the drift 

tube.   A very bright emission can also be seen from a section of the electrical 

lead that carries the high voltage from the feecHhrough at the bottom of the 

spectrometer to the target.    The point of contact between the lead and the 

target is also very bright, indicating a high contact resistance. 

IM4 



I 

Figure II-9   -   Photograph of lower section c.c TOF spectrometer during 
2 irradiation of target with flux density of 100 megawatts/cm . 

Luminous front can be seen emanating from target. 
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The peak current in the accelerating gap during sparking was measured by 

measuring the voltage drop across a 1 ohm resistor in series with the target. 

Peak currents of 100 amperes have been measured in pulses of full width of 

approximately 2 us.   Now, since the lead resistance inside the spectrometer 

is /^l ohm and the lead-to-target contact resistance is apparently higher, judging 

from the brightness of the glow,   it becomes apparent that for high currents the 

target potential is only a small fraction of the nominal supply value.    Hence,  ions 

will not be accelerated efficiently into the drift tube. 

During the next reporting period efforts will be made to correct this problem 

by providing a low resistance contact to the target.    The accelerating grid 

will also have to be modified,  because the large currents encountered destroy 

the type being used at present. 
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SECTION III 

WORK ONQUADRUPOLE SPECTROMETER 

This section describes work performed on the quadrupole mass spectrometer. 
(12  3) 

In our earlier reports    '   '      we have discussed the neutral gas desorption 

observed in the normal operation of the spectrometer and the production of 

high energy neutral molecules,   when the neutral gas pulse is eliminated. 

This earlier work was mainly based on tungsten targets. 

We here describe data obtained from other target materials, nickel, 

titanium, and carbon.   Some of the work,  on nickel and titanium, has been 
(3) partially reported earlier     ,  but we describe it in more detail here.    We 

also describe measurements on the effect of the laser power density on the 

amplitude and energy of the high energy neutral molecule pulses and we 

discuss the effect of spectrometer condition on the measurements of high 

energy neutral molecules. 

The main features of the emission,   both gas pulse and high energy neutral 

molecules, are similar from one material to the next.    There are, however, 

definite and reproducible differences between materials.    Since we have 

already reported the more important features in conjunction with our earlier 

description of the emission from tungsten, this  report will take those features 

for granted and will place more emphasis on the finer differences in 

emission for different materials. 

A. NICKEL TARGET 

(3) In a previous report      we described preliminary results  obtained using a 

nickel target in the quadrupole mass spectrometer.    As we mentioned in 

that report, we chose a nickel target because other work      indicated that 

the (100) face of single crystalline nickel could be treated   in 
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such a way that it adsorbed only hydrogen and did not adsorb carbon 

monoxide.    This result was based on electron beam probing of such a 

surface and analysis of the desorbed gas in a sector spectrometer, 

where only desorbed hydrogen gas was observed.    This is in contrast to 

observations made on most metallic targets in vacuum in which carbon 

monoxide is typically a dominant species. 

In this report we shall review the preliminary results presented in the 
(3) previous report      and then describe the additional work that has been 

performed using a single crystalline nickel target in the quadrupole 

spectrometer. 

In contrast to the sector spectrometer work,  we observe desorption of a 

number of species from the nickel target.   We postulate that the difference 

between the two results lies in the much more violent nature of the laser 

bombardment as compared to the relatively more gentle nature of the 

electron beam probing.   The surface is extensively damaged by the laser 
(3) bombardment,  as we mentioned in the previous report     , as is shown 

by the fact that X-ray diffraction analysis indicates that the area struck 

by the laser beam has become polycrystalline.    However,  it does not 

appear that we can invoke disruption of the single crystalline form on one 

laser shot, followed by adsorption of various gases and then desorption by 

a later laser pulse.    Even when we illuminate a fresh spot on the nickel 

surface for the first time,  we find that gases other than hydrogen are 

emitted.    This occurs even when the target had been heated previously with 

the system backfilled with hydrogen to a pressure about ten times the normal 

background.    In fact, there appears to be no particular difference in the 

gases desorbed from a virgin spot as compared to a spot that ^as been 

struck before.    The amount of gas desorbed per pulse from a given spot 

decreases slowly after the first pulse until it reaches a level about half 

the level produced in the first pulse,  but it appears that several gas species 
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are desorbed in the first pulse that strikes a new spot.    Thus, the most 

likely interpretation of the two diverse results is that the various gases, 

in particular CO, are in fact present on the surface, but are bound rather 

tightly, perhaps incorporated somewhat below the outermost layers, so that 

the electron beam does not dislodge them,  while the more destructive 

effect of the laser beam can release them     These results may be compared to 

the results obtained in ion emission from similar nickel targets (Section II), 

where multicornponent emission was also observed. 

The largest component desorbed from nickel in the gas phase is in fact 

molecular hydrogen.     The pulses at mass 28 are approximately half the 

size of the hydrogen pulses and those at mass 44 are about one fifteenth the 

size of the hydrogen pulses.    Other masses commonly observed on other 

targets, such as water vapor and hydrocarbons, do not seem to be emitted 

in detectable amounts from the nickel.    Thus-, the amount of hydrogen 

observed in the gas phase is relatively enhanced using the nickel target as 

compared to other targets.    In most targets the largest gas pulses occur 

at mass 28,  and mass 2 pulses are somewhat smaller.    Thus, there is 

evidence that the gas desorbed from our nickel targets is relatively richer 

in hydrogen,  but hydrogen is by no means the only gas observed. 

The high energy neutral molecule pulses emitted from the nickel target are 

somewhat different and more complicated than those produced when other 

target materials,  e.g., tungsten,  are used.    A typical example is shown 

in the top photograph of Figure 1II-1.    The first small peak is apparently 

hydrogen.    It generally disappears,  or is greatly reduced in size, when 

the target is heated,  although there have been a few cases in which this 

peak was not affected by raising the temperature of the target.    Figure 

111-1 shows the usual case.    In the top photograph, taken with a cold target, 

the peak is present,  and in the bottom photograph, taken with a heated 

target, this peak has disappeared.    With the identification as hydrogen, 

III-3 



Figure III-l Neutral molecule pulses from nickel.    Time increases toward 

right.    Upper Traces:    0.5 volt/cm,  20 MS total sweep. 

Lower Traces:   0.2 volt/cm,   100 us total sweep. 

Top photograph:   target at room temperature.    Bottom 

photograph:   target heated. 
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the energy would be about 200 ev.    The other peaks shown in Figure III-1 

are not significanUy affected by target temperature.    The identifications 

of these later peaks are not certain, although the arrival times of the two 

largest peaks in Figure III- 1 are consistent with CO and CO« if the first 

peak is in fact hydrogen.    It appears somewhat odd that the largest pulse 

observed in the gas phase should be hydrogen,   when it is realized that 

the hydrogen contribution to the high energy neutral molecule pulses is 

relatively small.    This apparently argues that the acceleration mechanism 

operates differently on different species, or perhaps that the lighter gas 

diffuses away before the acceleration occurs. 

Another puzzling feature noted on the high energy neutral pulses is that 

the hydrogen peak disappeared after several days of data taking.    The 

peak corresponding to the first small peak in Figure III  1 gradually 

became smaller over a period of a few days and eventually was entirely 

absent, whether the target was hot or cold.    Leaking in hydrogen gas to a 
-8 

pressure about ten times the normal background pressure (about 10      mm Hg) 

did not cause this peak to reappear.    At the same time the hydrogen contri- 

bution to the neutral gas pulses remained at its former size. 

B. CARBON TARGETS 

A considerable amount of work has been done during this report period 
(4) using carbon targets.    Both amorphous  carbon and pyrolytic graphite 

were employed as target materials.    In this work, the laser beam was 

focused so that the power per unit area reached higher values than have 

been used wüh previous target materials. 

The results from the two types of carbon targets were very similar and no 

systematic difference in the emission from the two was noted. 
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The gas pulses from the carbon target were very similar to those observed 

earlier from other targets, such as tungsten.   Gas pulses were observed 

at masses 2,  16,  18, 28, and 44.   The largest pulses were at mass 28, 

corresponding to carbon monoxide.    The hydrogen pulses at mass 2 were 

smaller by a factor of about two or three.   This points out the relative 

enhancement of hydrogen desorption using the nickel target, as was 

described above.    The carbon dioxide, mass 44, pulses were somewhat 

smaller than the hydrogen, and the mass 16 and 18 pulses were about an 

order of magnitude smaller yet.   No detectable emission was noted at 

mass 12. 

Some data were obtained on the amount of CO desorbed from the carbon 

target as a function of laser power density.    The laser power was varied 

by inserting dielectric mirrors in the beam.    This process apparently 

introduces additional scatter in the results,  but is procedurally easier 

than varying the power output of the laser over a specified range.    The 

general features were similar to results obtained earlier with tungsten 
(2) and presented in Figure  III-4 of an earlier report     .    There is a threshold 

2 
value for a measurable gas desorption pulse at 10 to 15 megawatts/cm , 

followed by a roughly linear increase in gas pulse size with increasing 

laser power density.    Using the calibration of peak pulse height described 
(2) in the earlier report      to obtain the absolute numbers of CO molecules 

desorbed per pulse,  we find that at a given laser power the amount of CO 

desorbed from the carbon target is about 4 to 8 times as large as the 

amount desorbed from tungsten. 

Some high energy neutral molecule pulses from the carbon targets are 

shown in Figure II1-2,    In this figure the upper photograph is data taken 

using an amorphous carbon target, and the lower photograph is data 

taken using a pyrolytic graphite target.   We see that there is no systematic 

difference between the results from tie two different types of carbon target. 
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Figure III-2   -   Neutral molecule pulses from amorphous carbon (top 

photograph) and from pyrolytic graphite (bottom photograph). 

Time increases toward right.   Upper traces:    100 us total 

sweep.    Lower traces:   50 ys total sweep.   All traces: 

0.2 volt/cm. 
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This bears out the earlier statement that the emission from pyrolytic 

graphite and from amorphous carbon is very similar.    The main feature of 

the pulses in Figure III-2 is the   presence of two large spikes.    These 

spikes are approximately equal in amplitude and occur at about 15 and 20 

microseconds after the pulse of laser radiation.    Pulses of this type are 

very consistent and reproducible features of the high energy neutral 

molecule emission from carbon.    The relative times of arrival for a number 

of pairs of spikes are shown in Table III-l.   We note that there is a consider- 

able amount of scatter in this data. 

Also listed in Table III-l are accelerating voltages applied to the target. 

There appears to be no systematic difference in arrival time of the pulses 

with the applied accelerating voltage.    The pulse to pulse variation in arrival 

times is large,   but the applied voltage appears to make no difference.    There are 

comparable variations between arrival times for zero applied voltage and 

between arrival times for zero and non-zero voltages.    There does appear to 

be a trend toward earlier arrival times for later data points,  but this is 

independent of applied voltage.    Also shown are the ratio of the masses 

corresponding to these two spikes on the assumption that they correspond to 

the same energy.    These ratios also have a considerable amount of scatter in 

them,  but are consistent with the identities    being CO and CO«.    The amount of 

scatter, however, precludes a certain identification.    If these two spikes do in 

fact correspond to CO and C02,  then the energies deduced from the time of 

flight would be approximately 225 ev.    In none of the data taken with carbon 

targets is there any evidence of an early arriving pulse which could be 

identified as hydrogen.    The presence of a hydrogen peak is a common feature 

of the emission from tungsten, titanium, and nickel; but it appears to be 

absent from the carbon targets.    We will return later to the subject of the 

scatter in the arrival times and ratios shown in Table III-l. 
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TABLE UM 

TIMES OF ARRIVAL FOR THE TWO SPIKES IN THE HIGH 

ENERGY NEUTRAL MOLECULE PULSES FROM 

CARBON FOR A SERIES OF LASER SHOTS. 

Potential 
Arrival T ime Arrival Time Between Tai rget Calculated Mass Ratio 
1st Pulse 2nd Pulse and Spectrometer For the Two 
(Microsec onds) (Microseconds) (Volts) Spikes 

15 25 18.75 0 1.51 

14. 50 17. 50 0 1.46 

15. 50 20. 50 -360 1. 75 

15. 75 18.75 -360 1.42 

14.00 19.00 0 1.84 

14.00 20.20 540 2. 10 

12.50 17.50 0 1.96 

13.00 18.25 +360 1.97 

14.50 19.00 0 1. 72 

12. 75 17 00 +540 1. 77 

11.75 IC   50 +540 1.97 

11.25 14.00 0 1. 55 
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We have devoted a considerable amount of work to investigating the variation 

in the high energy neutral molecule pulses emitted from carbon as a function 

of the laser power density.    Figure III-3 shows the effect of the laser power 

density on the neutral molecule pulses in a qualitative fashion.    The top 
2 

photograph was taken at 84 megawatts/cm  .    Here we see the typical two 

spike pattern arriving fairly early.    The middle photograph was taken at 50 
2 

megawatts/cm .    Under these conditions the two spikes are still visible, but 

they have moved to later times and become smaller in amplitude.   We note 

also that the second pulse arrives relatively later compared to the first pulse. 

The bottom photograph shows the behavior a>     still lower power,  30 megawatts/ 
2 

cm .    Under these conditions the second 7 'Ise has entirely disappeared and 

the first pulse arrives quite a bit later than under conditions of higher laser 

power.    These data are shown in a more quantitative fashion in Figures III-4, 

III-5, and III-6. 

Figure III-4 shows the arrival time for the first spike in the neutral molecule 

pulses from a carbon target as a function of laser power density.    This 

variation has been followed over a broad range of laser power by means of 

inserting various dielectric reflectors in the beam between the laser and the 

target.    There is some scatter to the data but the systematic variation shows 

up in a very marked fashion with the arrival time decreasing with increased 

laser power.    Figure III-5 shows the arrival time for the second spike in the 

neutral molecule pulses from a carbon target as a function of the laser power 

density.    Comparing these two figures on the arrival times  of the two 

different spikes,  we see that the slopes of the two curves are about the same. 

Also over a considerable range these  curves may be approximated by a linear 

function.    If we write t, for the arrival time of the first pulse, and t2 for the 

arrival time of the second pulse, then t, = c, - ap and t9 = c? - ap where the 

c's are constants, a is the slope of the curve,  and p is the laser power.    Thus 

the ratio R of the masses as calculated for a particular laser shot of power 

density p is given by: 

~ x  2 C1 - ap 
R   =1 

C2 - ap 
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Figure III-3 Effect of laser power on neutral molecule pulses from carbon. 
2 Top photograph:   84 megawatts/cm . 

Middle photograph:   50 megawatts/cm . 
2 Bottom photograph:   30 megawatts/cm  . 

Time increases toward right.   Upper traces:   100 us total sweep 

Lower traces:   50 us total sweep.   All traces:   0.5 volt/cm. 
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Figure III-6   -   Relative height of first neutral molecule pulse from carbon target 

as a function of laser power density. 
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Therefore,    the   ratio   R    determined from a measurement of the arrival 

times from a particular photograph,  will vary with the laser power.    It will 

be different for different values of laser power.    We regard this as a 

probable explanation for part of the scatter shown in Table III-l,    The laser 

power varies somewhat from shot to shot in a random manner.    This leads 

to the scatter of arrival times and the scatter of measured ratios   R 

shown in that table. 

From Figure  I1I-4 we see that the energy of the particles constituting the 

first pulse can vary over a wide range.    The energies at laser power densities 
2 

exceeding 100 megawatts/cm    are over 400 ev per particle,  if we assume 
2 

that this pulse corresponds to CO,  whereas at 20 megawatts/cm    the energy 

per particle would be only about 30 ev. 

Figure III- 6 shows the variation in the  pulse height of the first spike in the 

high energy neutral molecule pulse from a  carbon target as a function of the 
2 

laser power density.    There is a threshold around 10 megawatts/cm    below 
2 

which we can detect no emission.    Above 10 megawatts/cm    the pulse height 
2 

rises fairly linearly up to about 60 megawatts/cm  .    At these higher power 

densities there is considerable scatter in the data and it is difficult to tell 
2 

the form of the curve.    Below 60 megawatts/cm    there is relatively little 

scatter and the points form a  fairly smooth curve. 

C.        EFFECT OF SPECTROMETER CONDITION ON NEUTRAL MOLECULE 

PULSES 

(3) 
In the first work on high energy neutral molecule pulses,  reported earlier     , 

we observed that application of an accelerating voltage between the target 

and the entrance to the spectrometer apparently did not affect the high energy 

molecule pulses.    Some later work with a titanium target indicated a contrary 

result; it indicated that application of a voltage between the target and the 
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Since the pulses could not be eliminated even by application of very large 

decelerating voltages for ions,  we concluded that the particles actually coming 

through the spectrometer must have been neutral.    This led to the hypotheFis 

that these particles spent part of their life as ions.    Then the application c   an 

accelerating voltage could change their energies.    Later they would undergo 

charge exchange collisions and pass through the spectrometer as neutral 

particles.    However, the amount of change with relatively small applied 

voltages was surprisingly large. 

Before considering these results  in more detail,  we should review the operation 

of the spectrometer.    Ordinarily the spectrometer is used in a condition in which 

neutral molecules diffusing from the target region enter an ionization chamber 

where a small fraction of them are ionized by an electron beam.    These ions are 

then accelerated into the region where voltages applied to four rods cause a 

resonance condition for ions of a particular mass.    Only ions of this particular 

mass can pass through the resonance region and reach the detector.    A  voltage 

on the detector   assures that only positive particles will be detected.    In 
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entrance to the spectrometer did change the arrival times of the pulses, ■ 

although the pulses did not disappear.    This effect appeared at a relatively 

low applied voltage.    In Figure III-7 we see some of these results.    The top 

photograph shows pulses with the target grounded.    The bottom photograph 

shows data under similar conditions with the target 4. 5 volts positive with 

respect to the entrance of the spectrometer.    The pulses arrive earlier 

in the lower photograph.    This effect was quite reproducible.   At relatively 

low voltages the change in arrival time was approximately linear with the 

applied voltage, but it saturated at around 100 volts, so that at higher voltages 

the arrival time was approximately constant.    Application of a negative 

voltage between the target and the entrance to the spectrometer resulted in 

an increase in the arrival times of the pulses.    It is rather surprising that 

the application of such a small voltage could cause this large an effect. I 
I 
I 



Figure III-7   -   Effect of applied voltage on emission from titanium target. 

Top photograph:   target grounded 

Bottom photograph:   target at +4. 5 volts. 

Time increases toward right. 

Upper traces:   50 us total sweep.    Lower traces:   20 us total sweep. 

All traces:   0.5 volt/cm. 
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measurements on the neutral gas emission the spectrometer is used in this 

condition.    In measurements on high energy neutral particle emission, the 

ionization chamber was turned off so that the neutral gas emitted from the 

targei region with low energy produced no signal.    (A low energy neutral 

molecule reaching the cathode of the multiplier does not produce a secondary 

electron.)   We noted that a small rapidly arriving signal persisted.    The 

signal remained even when the spectrometer was tuned opaque for all charged 

particles.    By applying electric and magnetic fields we assured ourselves 

that this signal actually arose from passage of high energy neutral particles 

from the region of the target through the spectrometer to the detector. 

The spectrometer can also be used in a different condition.    In this condition 

the spectrometer is turned entirely off.   All voltages are removed from the 

four rods that make up the quadrupole.    The ionization chamber is off.    In 

this condition the spectrometer is in effect merely a tunnel through which 

particles can pass from the target to the detector.   Some early work using 

a tungsten target seemed to indicate that it made relatively little difference 

in the neutral molecule pulses whether the spectrometer was used in this off 

condition,  or whether it was used  in the opaque condition in which the voltages 

are applied to the quadrupole so as to elirri'nate passage of all positive ions 

through the system.    In the off condition, of course, the normal neutral gas 

pulse would not be present because none of the gas molecules would be 

ionized in the ionization chamber.    This preliminary conclusion, that the 

condition of the spectrometer did not affect the high energy neutral molecule 

pulses,  was erroneous as we shall see shortly.    This interpretation led to the 

anomalous results with the titanium, target as described above.    Further 

measurements described later clarify the effect of the spectrometer condition. 

Still another variation in the condition of the spectrometer arises from the 

presence of various grids in the ionization chamber.     These grids may either 

be grounded or may be left floating.    In the measurements conducted on the 
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titanium target, and shown in Figure  111-7,  in which it appeared that application 

of a voltage between the target and the spectrometer resulted in change of the 

arrival time of the pulses,  the spectrometer had been used in the off condition 

with the grids and the ionization chamber ungrounded.    Because of the 

unexpected nature of the results shown m Figure 111  7 and because earlier- 

work with the tungsten target had indicated that application of a voltage caused 

no difference in the arrival time of these pulses,  we returned to a tungsten 

target.   Some results taken with this target are shown in Figure III-8     In 

this figure we see the emission from a tungsten target,    in the upper photograph 

the spectrometer is in the opaque condition wirh all grids in the ionization 

chamber grounded.    In the lower photograph the spec-.rometer is in the off 

condition, that is,  all voltages are removed from the quadrupcle and the 

system acts merely as a tunnel through which particles can pass     The grids 

in the ionization chamber were floating.    The data in the upper photograph 

is very similar to the results obtained earlier      from the tungsten target, 

The lower photograph shows a much larger emission.    This indicates clearly 

that the condition of the spectrometer,  whether it is off or opaque and 

whether the grids are grounded or floating,  does indeed make a considerable 

difference in the character of the emission observed at the detector when the 

ionization chamber is off.    This difference had not been recognized at the time 

the data in Figure 111*7 were taken. 

Figure III-9 shows results taken with a voltage applied to the tungsten target. 

In the top photograph the target is grounded: in the middle photograph the 

target is at 540 volts positive relative to the spectrometer; and in the bottom 

photograph the target is 360 volts negative relative +o the spectrometer. 

These results were all taken with the spectrometer opaque,  and with all the 
(3) grids grounded,  and they reproduce faithfully the results obtained earlier 

with the tungsten target.    Figure III-9 showc that application of a voltage 

affects neither the arrival time nor the pulse height of the high energy neutral 
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Figure III-8   -   Emission from tungsten target.    Upper Photograph: 

spectrometer opaque.    Lower photograph:   spectrometer off. 

Time increases toward right.    Upper traces:   .2 volt/cm and 

50 ws total sweep.    Lower traces:   . 5 volt/cm and 100 us total 

sweep. 
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Figure III-9 Neutral molecule pulses from tungsten, spectrometer opaque. 

Top photograph:   target grounded; middle photograph: target 

+540 volts; bottom photograph: target -360 volts. 

Upper traces:   100 us total sweep.    Lower traces:   50 us total 

sweep.   All traces:   0. 1 volt/cm. 
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molecule pulses.    From the results of Figure III-8 and III-9 we conclude 

that the high energy neutral molecule emission is properly measured with 

the spectrometer in an opaque condition.   With the spectrometer in the off I 

condition spurious signals can be obtained.    The most probable cause of 

these signals is charged particles hitting the grids in the ionizatio i chamber 

and causing secondary emission which reaches the detector.   Another possi- 

bility is that there may >c ion emission, similar to what is observed in the 

time-of-flight spectrometer.    These ions reach the detector when the 

spectrometer is in the off condition and contribute   to the background shown 

in Figure III-8 in the bottom photograph.    These results show clearly that 

the condition of the spectrometer in these measurements is important and that 

not taking proper account of the condition of the spectrometer can lead to 

spurious results. 

Because of the possibility of additional undesired emission from the grids in 

the system,  we made one further check on the identification of the particles 

in the high energy neutral molecule pulses.    We inserted a grid after the 

quadrupole part of the system.    To this grid we could apply another 

decelerating voltage for charged particles.    Results of these measurements 

are shown in Figure III-10,    These show the neutral molecule pulses from a 

grounded tungsten target.    In the top photograph the additional grid is 

grounded»    In the middle photograph the grid was at a positive potential of 

360 volts,  and in the bottom photograph at a negative potential of 540 volts. 

It is apparent that the voltage on this grid does not affect either the arrival 

times or the amplitudes of the high energy neutral molecule pulses.    This 

indicates that these pulses do not originate within the spectrometer, but are 

in fact neutral particles that travel from the target to the detector.     This 

result gives an added confirmation to our earlier conclusion on the nature of 

these pulses.    This conclusion had been somewhat confused by the results 

using the spectrometer in an off condition and the various grids in the 

iomzation chamber ungrounded b^ the work described here has clarified 

the cause of these spurious results and confirmed our earlier interpretation. 
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Figure III-10 Neutral molecule pulses from grounded tungsten target. 

Top photograph;   grid grounded.    Middle photograph: 

grid + 360 volts.    Bottom photograph:   grid   - 540 volts. 

Time increases toward right.   Upper traces:   100 us total 

sweep.    Lower traces:   50 us total sweep.    All traces: 

0. 1 volt/cm. 
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From the results described above, it is apparent that the proper way to 

measure these pulses is with the spectrometer opaque and with the grids 

properly grounded.    The results of Figure III-9 and III-10 taken together 

show clearly that the pulses we are interpreting as neutral molecule pulses 

spend no part of their life as ions,  but must be neutral particles coming 

from the target to the detector.    We should note at this point that the data 

taken with carbon, described in an earlier section, were obtained using 

the spectrometer in its opaque condition. 

D.       TITANIUM TARGET 

Using the knowledge gained in these measurements, we returned to a 

titanium target.    Figure III-11 shows the emission from titanium under 

various conditions.    In the top photograph the spectrometer is opaque 

and the target grounded.    In the middle photograph the spectrometer is 

opaque and the target is at a positive voltage of 360 volts.    In the bottom 

photograph the spectrometer is off and the target grounded.    The vertical 

scales in all three photographs are the same.    We see that when the 

spectrometer is off the pulse is much larger, so large as to obscure 

all the structure in the top two photographs.    This emission shown in the 

bottom photograph is apparently spurious.    The results in the top two 

photographs show the neutral molecule emission from titanium.    This 

structure is quite repeatable under various conditions.    Comparing the 

top two photographs  we see that application of a voltage makes no 

difference in the arrival time of the pulses.    This turns out to be a quite 

general result.    As with tungsten, we now obtain no variation in arrival 

time when either a positive or negative voltage is applied to the titanium 

target.    The results shown in the top two photographs are the true high 

energy molecule emission from tungsten.    This emission was apparently 

obscured in the first measurements  on the titanium tari?et=    However^ 

even these measurements taken with the spectrometer in the off condition 
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Figure 111-11 Emission from titanium.   Top photograph:   spectrometer 

opaque and target grounded.    Middle photograph:   spectro- 

meter opaque and target at + 360 volts.    Bottom photograph 

spectrometer off and target grounded.    Time increases 

toward right.   Upper traces:   100 us total sweep.    Lower 

traces:   50 üStotal sweep.    All traces: 0. 2 volt/cm. 
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indicated a small peak which disappeared when the target was heated and 

which we interpreted as hydrogen.   Figure III-12 shows the effect of 

heating the tar?^.    The top photograph was taken with the target cold. 

The middle photograph is taken with the target warm, approximately 100°C. 

The bottom photograph was taken with the target hot, several hundred 

degrees Centigrade.    These results were all obtained with the spectrometer 

opaque-    The effect of heating the target is quite marked.    The initial fast 

arriving pulse decreases in amplitude and eventually disappears.    This is a 

reproducible result.   When the target is cooled, the first pulse reappears. 

There is some evidence that the later emission develops additional structure 

upon heating the target, but this effect is not clear.    The first pulse in the 

high energy neutral molecule emission of titanium, which is the largest 

pulse in the top two photographs in Figure III-11 and in the top photograph of 

Figure III-12,can apparently be identified as hydrogen.    With this identification 

the energies corresponding to this first pulse    would range up to approximately 

100 ev.    This hydrogen pulse also showed up with the spectrometer off.    It was 

a small pulse near the beginning of the emission which disappeared upon 

heating the target.    However,  with the spectrometer off, the subsequent 

emission was so much larger that this pulse appeared to be a relatively 

small portion of the total emission.   With the spectrometer opaque the 

hydrogen pulse now becomes the dominant feature of the emission.    There 

is a smaller pulse after the hydrogen pulse in Figures  III-11 and III-12.    It 

is difficult to identify this material because these pulses are broad and not 

very clear cut. 

We have also investigated the variation of these pulses  with laser power. 

The relative height of the first pulse, the hydrogen pulse,  is shown in 
2 

Figure III-13,   Again we see a threshold near 10 megawatts/cm   and a 

roughly linear increase in amplitude with power.    In Figure III-14 we see 

the relative height of the second broad pulse emitted from titanium.    This 
2 

pulse does not quite go to zero in the range 10-15 megawatts/cm . 
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Figure III- 12 Neutral molecule pulses from titanium with spectrometer 

opaque and target grounded.    Time increases toward 

right.    Upper traces:   100 us total sweep.    Lower traces; 

50 ü s total sweep.    Top photograph:   target cold, upper 

trace 0.5 volt/cm, lower trace 0.2 volt/cm.    Middle 

photograph:   target warm {'~'100oC), both traces 0.2 volt/cm, 

Bottom photograph:   target hot (several hundred degrees C), 

upper trace 0. 5 volt/an, lower trace 0. 2 volt/cm. 

1 
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Therefore, while at higher laser powers   the pulses appear as in the top 

photograph of Figure III- 12, at relatively low laser powers the first 

pulse dis?ppears while the second pulse remains. 

The variation of the arrival time of the first (hydrogen) pulse from titanium 

is shown in Figure 111-15.    Again,  although the data has considerable scatter, 

there is a generally decreasing trend as power increases.    The variation 

indicates that the hydrogen molecule energies increase from the 60-70 ev 
2 range at lower laser powers to the 90-100 ev range near 100 megawatts/cm  . 

E.       CONCLUSION 

To conclude this section on the quadrupole spectrometer, we review some of 

the results presented above.    The work described here supports the conclusions 
(3) described in an earlier report     ,  in regard to the identities of the pulses 

observed when the ionization chamber is turned off and the neutral gas pulse 

disappears.    However, the exact condition of the spectrometer is important, 

in that spurious pulses can occur and mask the neutral molecule pulses. 

In particular, the spectrometer should be turned opaque to all charged 

particles,  and the grids in the ionization chamber should be grounded. 

This work has been particularly concerned with the details of the high 

energy neutral molecule emission and its variations between different 

target materials and the dependence on laser power.    The main components 

appear to be Hg, CO, and COg,  a result which is compatible with the gas 

pulse analysis.    However,  considerable scatter in the data precludes certain 

identification.   Apparently, much of the scatter is due to variations in laser 

power from shot to shot.    The different pulses vary in different manners 

with the laser power,  as was described in conjunction with Figures III-4 and 

III-5, so that the ratios of masses obtained on different shots  will vary if 

the laser power varies. 
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The quadrupole spectrometer was not designed for measurements of this 

type and is limited in its capabilities for energy measurements.    Indeed, 
(3) as we discussed earlier     , high energy neutral particles offer difficulties 

for any type of measurement.    The basic features of the high energy 

neutral molecule emission are broadly similar from one targeJ material to 

another, although there are definite and reproducible differences     It is not 

the purpose of this work to examine 'Jufferences among many different types 

of material, but to perforn. more general types of measurement to elucidate 

the nature of the laser-surface interaction.   Accordingly, we intend in the 

near future to phase out the use of the quadrupole spectrometer in favor of 

apparatus more specifically designed to study the emission actually found 

to occur,  i. e., the apparatus described in the next section. 
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SECTION IV 

NEW EQUIPMENT 

Two new major pieces of equipment have been designed and are being 

constructed.    They are a new high vacuum interaction chamber and a high 

power laser.    The interaction chamber will be used to measure angular 

distribution of numbers and energies of charged particles of both signs 

emitted upon irradiation of surfaces; it will also be used in an experimem 

to test directly the inverse Brems Strahlung acceleration mechanism.    The 

laser will be used for all future experiments requiring peak powers of the 

order of 100 megawatts. 

A.      INTERACTION CHAMBER FOR ANGULAR DISTRIBUTION MEASUREMENTS 

A new interaction chamber has been designed and is being constructed ^ha+ will 

allow us to check some of the assumptions that have been made in our experi- 

ments up to date; it will also enable us to perform an experiment to test 

experimentally the inverse Bremsstrahlung mechanism for ion acceleration. 

The chamberj, shown in Figure IV-1, consists of a high vacuum cylindrical 

stainless steel chamber with five optical windows.   A target surface is placed 

near the bottom of the chamber, centered on the cylinder axis.    The target 

is also at the center of a hemispherical shell that has twelve detectors mounted 

on its outer surface.    Eleven of the detectors are located at equal intervals 

along one meridian of the hemisphere, while the twelfth is along a meridan 

perpendicular to the first and at thirty degrees from the polar axis.    The 
Jetector openings in the hemisphere are oriented in such a way with respec 

to the top cover of the vacuum chamber, that the target can be irradiated 

through any of ';he three optical windows on the cover.    There are two more 

windows located opposite each other on the sides of the chamber, through 
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which a laser beam can be shot parallel to the target surface.    The hemisphere 

and the target surface are electrically isolated from ground so that different 

potentials can be applied to them. 

There are *wo types of detectors that will be used.    The first will be a bipolar 

detector in which charges of both signs can he collected on two different 

electrodes without any energy discrimination, the second type will collect 

charges of one sign only, but will contain a decelerating grid that can be used 

to measure the energy of the particles collected.    The output of each detector 

will be taken out of the vacuum chamber by means of a high vacuum coaxial 

connector. 

The rather complicated array of detectors and ports described above will allow 

us to measure the angular distribution of particles emitted by the target upon 

irradiation with a beam normal to its surface, and at sixty degrees to the 

surface for two azimuthal directions at right angles +o each other.    Such 

experiments will allow us to test, the validity of our assumption of near-isotropy 

of the particle emission, upon which the estimates of numbers of particles are 

based.    1 

isotropy. 

(8) based.    Recent, reports      indicate that there may be drastic departures from 

The same experiments used to measure the angular distribution of particles 

can be used to measure the angular distribution of particle energies.    This can 

be accomplished either by applying decelerating potentials to the detector 

grids or by comparing the times of flight of particles to detectors located at 

different angular positions.    This experiment will give us a check on our 

previous results, which indicated that most of the particle energy consists 

of a component directed away fron, the surface.    It will also give some 

information about the acceleration mechanisms, since processes such as 

inverse Bremsstrahlung should not lead to acceleration in a preferred direction. 

IV-3 



The chamber will also be used to measure properties of the electron emission 

upon irradiation. In our work to date we have assumed that charge separation 

occurs very near the target and that we can treat the particles as independent 

entities; this assumption has been justified on the grounds that the ions react 
(3) to applied fields as independent particles. On the other hand, experiments 

at high power densitites, using droplets that are evaporated by the Ijser beam, 
(9) 

indicate that no charge separation occurs for many centimeters.   We will 

investigate whether or not charge separation occurs under our experimental 

conditions by measuring simultaneously the signals of both signs in the bipolar 

detectors.   Also, we will attempt to determine the^power density at which 

there is no longer charge separation.   Such a measurement will enable us to 

determine the validity of our calculations of inverse Bremsstrahlung cross- 

sections, since the latter should increase sharply after that point due to the 

increased electron density.    The energies of the emitted electrons will also 

be measured in this system. 

An experiment will also be performed to test directly the hypothesis of inverse 

Brems Strahlung heating.   Essentially, the experiment will be a replica of our 
2 current experiments, where a 20-70 megawattsybm   pulse is fired onto the 

surface, except that now a second laser will be shot parallel to the surface in 

order to intercept the blow-off material.   The power density of the second 

beam will be at least one order of magnitude higher than that of the first, 

and its arrival time at the interaction region will be varied by using a variable 

length path.   If inverse Brems Strahlung is the mechanism involved in ion 

acceleration, we should observe a large increase in the energies of the ions 

produced. 
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B.      HIGH POWER RUBY LASER 

A Q-switched ruby laser is being built that will allow us to operate at 

considerably higher power densities than those used to *his date.   It will be 

used to examine *he energ es of both ions and neutrals that we have observed 
2 

at the 20-''O megawatts/cm   level,   it is also re 

to test the inverse Bremsstrahlung hypothesis. 

2 
at the 20-''O megawatts/cm   level,   it is also required for use in the expei .merits 

A schematic of the laser is shown in Figure IV-2.   It consists of a 6 inch long 

ruby rod and a water cooled flashtube placed at the foci of a dielectric coated 

elliptical reflector.    The ends of the ruby are cut at Brewsters angle.    On 

one side the cavity is terminated by a Brewster angle ruof prism: on the other 

end of the cavity is a 25%   reflecting sapphire etalon.    inside the cavity will be 

two liquid Q-switch cells placed also at Brewster;s angle.    The use of two 

cells has been reported to produce more repeatable and shorter output pulses 
(9", 

from this type of laser. 

We expect peak power outputs in excess of 100 megawatts from this laser, as 

compared to the 5 to 15 megawatts obtainable from our present lasers. 
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SECTION V 

INTERPRETATiON OF RESULTS 

In this sec'ion we consider some of the interpre^a'r-cn of +he experimental 

results and ex^m ne some ')f *h€ phenomena wh:ch play a role in these 

interactions.    The ma>n emphass wll be on a treatment of the expansion 

of a hot dense gas ciouu and rs subsequent coolrng. 

A,      EXPANS ON OF LASER PRODUCED MATERTAL 

Af*.er a cloud of laser desorbed material *.s produced in fron* of the target 

in a Vacuum environment     t w:.l] expcxnd.    if ^he material is hot, the original 

thermal energy wil1 be transformed in'o energy of expansion.   By means of 

fatrly sample equations we can determine    ie expansion of the gas and its 

cor-Ung,    The tbermdl energy appears at a distance from the intercic+ion 

as an ordered energy of expansion.    The velocities of the individual particles 

detected some ds^ance away wjll correspond to energies higher than the 

thermal energies .n the gas clcud. 

Since these properties are characteristic of the actual emission that we 

observe expenmenia^ly, this model is appealing to examine in more detail. 

What follows is a simple derivation of the expansion of a cloud of hot blowoff 

material produced near a metal surface.    The gas is considered as a 

continuum in thermal equilibrium, with the work done by the gas la expanding 

set equal to the increase m kinetc energy of expansion. 

It should be emphasized that th.s work represents a beginning, not a complete 

model,,    This treatment is one dmensional.    Radiation from the gas is 

neglected.    The possibil ^y of absorption of ""aser radiation in the blowoff 

material is not examined; ir, is merely assumed that the gas exists in a hot 

condition in front of +he target at the end of the laser pulse.    The possibility 
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of neating by absorption of laser radiation is allowed for by permitting the 

initial temperature to be an independent variable.    The results of this treat- 

ment yield some characteristics in accord with experimentally observed 

properties, but before it can be considered as a description much additional 

work remains to be done. 

■' We assume a one dimensional expansion, away from the surface.    This 

\ condition is certainly not completely accurate, but it is supported by 

| photographs of the plume of vaporized material, in which the expansion in 

a direction normal to the surface is much greater than the expansion in the 

transverse direction. 

If A is the cross sectional area of the plume, X is the distance of the 

expanding edge from the surface, and N is the total number of molecules, 

and if we assume that the ideal gas law holds (as is likely since we expect 
relatively low particle densities ) then the pressure P and temperature T are 

related by: 

P =E±1 a) 
AX 

This assumes a uniform distribution of molecules within the expanding gas 

cloud.    This assumption is unrealistic.   We will later modify this assumption, 

but for the present derivation, we assume that behind the expanding edge 

of the cloud, the density at a particular time does not vary with distance 

from the surface. 

If we denote the velocity of the expanding edge by X, the density at time t 

is N/X(t)A and the density at time t + At is N/(X + XAt)A.    For a thin layer 

of gas at distance x from the surface, the outward velocity of the layer is 

denoted by dx/dt.    The net change in density of molecules within the layer 

in time At is: 
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d    _N dx_ 

dx      XA      dt 
fit 

N and this mna\ equal ■^— 
XA 

N 

(X + X At)A 

J^        X   AJ  
A       (X^+XXAt) A   X 

« NX At/A X2 

to first order in At.    This leads to 

1_     _£       dx 

X       dx       dt 
—t.    , with the boundary condition 

dx/dt   -   X at. x = X.   We immediately obtain 

expansion in the material is then given by: 

X 

dx 

dt 

xX 

X 

1      N M 
2      XA / 

o 

Xx\ 

X 
A d x 

1 ° 2 
—  NM   X 

The. energy of 

where M is the ion mass.    The rate at. which this energy changes is equal to 

the rate at which the gas cloud does work,  or 

PAX 
d 

dt       6 
L  NM   X 2 (2) 

Finally, we equate the rate at which the gas cloud does work to the change 

in internal energy of the gas: 

JL   JL   N k T 
dt      2 

PA X (3) 
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where we have again assumed ideal gas properties, and used the one | 

dimensional nature of the problem.   If we carry out the differentiation 

on the right hand side of (2) and substitute (1) on the left hand side, we I 

obtain: 

T,   ^   1       M  X       d2 X ... 
T          jy (4) 

3 k dt ^ 

Consider now the expression: 

V* 

d3      (X2)    =   -1    C2X ii*   +   2X  2] 
iH," dt d t7 

Using (4) and (2) on the right hand side of the above equation: 

d3 (X2)     =_d_       6 k T        +    12 P A X 

d t3 dt M N M 

and then substituting (3) for dT/dt, we obtain 

d3 (:f)      =   0 (5) 
dt 

To obtain boundary conditions for use with (5), we consider a lasei- oulse of 

duration t      evaporating material from the surface at a temperature T   .    The 

end of the laser pulse is taken as t   =   0.    During the laser pulse, the material 
1/2 moves at the thermal volocity (kT /M)       and by the end of the pulse the edge 

of the cloud is atX - (kT /M)1/2 t   .    Thus at  t   =   0, X   =   (kT  /M)1'2t 
1 /? 0 P ' ' ^ kT        1/2 P 

X   =   (kT /M) '    and, using equation (4).   X   =4-   (   K1o   ) '   .   Solving (5) 

using these boundary conditions gives H ~W 
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X   =1^2.1 t     (4t/2+  2 1'+   1)1/2 

\   M P 

where t! = t/t_ .    From this equation the motion of the expanding gas can be 

obtained easily as a function of time, as the thermal energy goes into directed 

energy of expansion. 

Now let us remove the assumption of a uniform density.    This assumption is 

somewhat unrealistic; we would expect that as the material moves out the 

density would be least at the expanding edge.   If we assume that there is a 

linear density gradient, so that the particle density n is given by 

n   =   n     (1 - x/X) (6) 

where n   is the particle density near the surface as a function of time, this 

situation is realized.   While this approximation is doubtless not particularly 

accurate, it is physically more appealing than assuming a constant density 

behind the expanding edge. 

With this assumption we can carry out a derivation similar to that described 

above for the constant density case.    The reasoning is idtntical, but the 

equations become somewhat more complicated.   We again obtain equation (5) 

for the position of the expanding edge, but the boundary conditions at t   -:   0 

become 
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kTo    \   1^2 

X   = 
1      M 

Solving (5) using these boundary conditions yields the results: 

1/2 2 

t (7 t'     +  2 t ' + 1) (7) 
r 

The equation analogous to (4) becomes: 

T   = i-    1T-     X    ^# (8) 
6       k dr 

The same result for the velocity of a shell of gas dx/dt at position X can be 

obtained as for the uniform density case: 

-12L   -  JL     X (9) 
d t X 

We may use (7) and (8) to calculate the expansion and resulting cooling of the 

gas as functions of time.   At a given distance from the surface, at a point which 

the edge of the gas cloud has passed, the flux is given by n dx/dt and it may 

be evaluated using equations (6) and (7). 

We have not carried out the derivation of equations (6) - (9) in detail here, 

because the procedure becomes lengthy and tedious.   All the reasoning 

required is demonstrated in the derivation for the uniform density case, and 

the form of the results is very similar. 

Some results obtained using equations (6) - (9) to calculate the expansion and 

cooling of a gas cloud are shown in Table V-l and in Figure V-l. Table V-l 

shows calculated results for the temperature and position of the expanding edge 
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for a gas of mass 28 amu at various times after the end of the laser pulse, 

for different values of the assumed initial temperature T   .    A value of T r o o 
to equal to 5000 K would correspond to material desorbed from a ho* but not 

3 vaporized tungsten surface with no subsequent heating of the gas.   A value 

0 of 50, OOO^K would involve considerable hea+ing af*er the gas had left the 

ß- surface.    Table V-l also lists particle energies corresponding to the energy 

«J of a mass 28 amu molecule traveling at the velocity of the edge of +he gas 

rt cloud.   It is apparent how the particle energy increases as the gas cools, 

■g These particle energies are greater than the original thermal energy of a 

out from the surface.    It is apparent th^t the gas cools very rapidly, giving 

M molecule m the gas.    They represent   an ordered motion of the gas moving 
O 

•r-i 
U 
^ up almost all its thermal energy in a few hundred nancseccmds.    Thereafter, 

d the expansion proceeds at an essentially constant rate and the particle energy 

a» is constant. 
1-4 

3 
Ü 
0» 

o Quantitatively these results are similar to the experimental results for ion 

^ pulses, i. e. , an ordered motion of expansion wiTh ct smaller thermal 

w component.    However, even for T   equal to 50, OOCK, the energies are still 

cd much smaller than those found experimentally. 

o 
*■« Figure V-l   shows relative particle fluxes as a function of time at a distance 
0) 
^ one centimeter from the surface.    These results were calculated using 

^ equations (6) and (9).    The pulse shapes are similar to those produced by the high 
CO 
^ energy neutral molecules and by the high energy ions.    Of course, to get a 

■,-, realistic comparison, the. much greater distance of flight, in the experimental 

apparatus must be considered, and for the ions, the effect of an accelerating 

voltage must be included.    However, the similarity is very striking.    Compdri- 

son of pulse shapes calculated for a detector placed a greater distance from 

the surface may provide a way of deducing initial conditions in the gas. 
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l In summary, the work described above offers some insight into the behavior 

I of the laser produced gas, and some features appear similar enough to 

I experimental results to warrant further work although calculated particle 

I energies are low.   In this further work, the model must be refined, and 

such effects as absorption of laser light in the gas, radiation from the gas, 

and the possible effect of electrostatic forces in accelerating ions must be 

included. 

The picture deduced from this analysis is consistent with the high energy 

neutral molecule and ion pulses being produced by expansion of a heated gas 

cloud, provided that the desorbed gas can be heated very hot during the laser 

pulse.   The heating extrapolating the results of Table V-1 would have to be 

to a temperature of about 500, 000oK.    This would lead to energies of 

expansion with superposed random components of the same order of 
(3) magnitude as we observe in the time-of-flight spectrometer.x      However, 

a mechanism capable of providing this heating is unknown.   Our earlier 
(2) 

work ' ' on heating by inverse Bremsstrahlung indicates that in our experi- 

mental conditions, that mechanism would not be likely to provide sufficient 

heating.   Clearly, this picture has appealing features, but needs considerably 

more analysis. 

B.      VELOCITY DISTRIBUTIONS 

Previously, we calculated ion velocity distributions from the measured pulse 
(3) 

shapes using a method suggested by F. J. Allen      .   An attempt was then 

made to fit the calculated distributions to a maxwellian of the form: 

1/2 
N(wY)   =   N   ( M-_ ) exp [- -^-   (wY  -   w„)  2 ] (1) 

Ä 2TTkT 2kTA 
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where all quantities are defined in ref.  3.   It has since been pointed out by 

Allen that if one assumes a maxwellian distribution superimposed on a 

directed component of velocity normal to the targe% the correct form of the 

maxwellian seen at the end of the drift tube is, for small solid angles, 

3/2 a v 2 2 
N(wv}   --   N( M-_) '    TT   ( i-)      exp   C ^L    (Wy-k.)   ]  (2) 

A 2rrkT l 2kTAA 

with all variables as defined in Ref,  3. 

He also pointed out that because of the weak dependence of v, on w^ , no great 

difference should be expected between the pulse shapes obtained from (1) and (2). 

We have tried to fit the pulse shapes shown in Figures III-2 cind III-3 of an 

earlier report " ' using the maxwellian of equation {2)    Figures V-2 and V-3 show 

the actual velocity distribution, labeled data   for ions of mass 39 and 23 

respectively; also shown are maxwellian fits to the data using equations (1) and 

(2), which are labelled "old maxwellian" and ''new maxwellian", respectively. 

It can be seen that the results obtained using either (1) or {2) are essentially 

identical. 

The interest in this particular point derives from the fact that there are 

persistent differences in the shape of the experimentally determined velocity 

distribution and the maxwellian distribution calculated from (1).    The develop- 

ment of equation (2) was an attempt to improve the agreement of experimental 

and calculated curves by a more proper formulation of the maxwellian, but 

the use of equation (2) does not improve the fit. 
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Figure V-2   -   Velocity distribution and calculated maxwellian distributions 

for mass 39 ions. 
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Figure V-3 Velocity distribution and calculated maxwellian distributions 
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C.      CALCULATION OF ION PULSE SHAPES FROM INFERRED VELOCITY 

DISTRIBUTIONS 

(3) In a previous report       we had calculated the shapes of ions pulses arriving 

at the detector following the drift tube in the time-of-flight spectrometer. 

Most of the work was done using the assumption that the emission occurs 

as a delta function in time.   In an attempt to see if this restriction could be 

removed, some calculations were made for the pulse shapes using the 

assumption that the emission occurs as a square pulse in time and that the 

velocity distribution is mi*xwellian.   Using the notation of reference (4), this 

leads to an ion current J(t) as a function of time t at a fixed position X: 

M w' 

. 2 k T {t - T ) 

r    max M 1/2 r       „    2 
J(t)   =    /      A   [t  -T (X,w)]    E  3 exp 

/ 2TTk T{t - T) 
Jw    .  (t) mwr 

where A(t) is the temporal shape of the emission pulse, and 

x 
dX 

dw(l) 

T (X,w)   = 
v  (X,w) 

o 

In Section III. A. 3 of reference (4) we described the numerical evaluation of 

J(t) for various assumptions about the temperature of emission and the shape 

of the emission pulse.   Results of that section indicated that the calculated 

pulse shape was not particularly sensitive to variation   of the available 

parameters, so long as a maxwellian velocity distribution is assumed.    These 

pulse shapes moreover did not agree particularly well with the pulse shapes 

calculated using a delta function approximation.    The pulse shapes calculated 

on the delta function approximation rose steeply to a peak value and fell off 

more slowly, whereas the pulse shapes calculated using equation (1) above 

with a square emission pulse were more symmetric. 
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Additional work has been performed on evaluating equation (1) for some 

further choices of input parameters, in particular for a relatively long 

emission time and relatively low temperature of emission. 

Figure V-4 shows the results of numerically evaluating equation (1) for 

mass 39 ions with 1000 volts accelerating potential, and an assumed 

triangular emission pulse shape of one microsecond duration and a 
4 

maxwellian distribution corresponding to a temperature of 10 "K.    The 

results shown here are very similar m pulse shape to the results shown 

in curve 3 of Figure III-11 of reference (3), which was obtained assuming 

a non-maxwellian velocity distribution with a delta function emission pulse. 

The times of arrival and pulse lengths are not. identical for these two curves 

but this can be adjusted by choice of the emission pulse shape; it is the 

ability to reproduce, at least approximately, the shape of the pulse that is 

important in the present argument. 

Thus,  results of calculations such as these cannot distinguish uniquely 

between different possible sets of conditions on initial pulse shapes and 

distributions.    This confirms that one cannot work back from observed ion 

pulse shapes to a complete specification of initial conditions; this problem 

is underdetermined. 

The additional work described in this subsection essentially completes the 

work described in Section III. A. 3 of reference (3).   While the. result is 

essentially negative, in that it shows that the original emission characteristics 

cannot be completely determined from the shape of the ion current pulse, it 

does rule out many plausible combinations for these conditions.    Thus according 

to the work described in Ref.  3,, an emission pulse lasting several hundred 

nanoseconds and characterized by a maxwellian velocity distribution is 

eliminated.   We must either assume very long (about one microsecond) dura- 

tions for the emission, a not very appealing choice^  or assume non-maxwellian 

velocity distributions. 
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D.      INVERSE BREMSSTRAHLUNG 

12 3) 
In earlier reports ' '     we described calculations that indicated that absorption 

of the laser light in the blowoff   material by the inverse Bremsstrahlung process 

in the field of an ion does not produce significant heading of the blowoff   material 

under our experimental conditions.    This process, however, could be expected 

to produce heating under conditions of higher laser power. 

Interest in heating the blowoff material is spurred by the velocity distribution 

analysis of our ion pulses ' and by the discussion in Section V. A. These two 

things taken together indicate that our results are compatible with a relatively 

modest heating,  of the order of 30 ev, followed by expansion of the hot material. 

We had suggested '   that even though charged particle densities are too low to 

pern/it appreciable inverse Bremsstrahlung absorption  n the fields of ions, 

still there might be signiii:ant absorption by the same process in the neighbor- 

hood of neutral atoms and molecules.    For our experimental sr.tuation, where 

we observe large pulses of neutral gases, such as CO, we mfght expect 

relatively large densities of neutral molecules ne£.r the surface during the 
18 3 laser pulse.    The densities could be as high dS 10     neutral molecules/cm  . 

Even though the cross section for absorption near a neutral molecule would 

be much lower than for an ion, we felt this process would be worth consider- 

ing because of the relatively high densities of neutral particles.   Accordingly, 

we devoted some effort toward an attempt to estimate the absorption cross 

section for molecules such as CO.    This problem is very difficult and 

requires a complete quantum mechanical formulation.    It rapidly appeared 

that any realistic solution that took into account the structure of the CO 

molecule would be an extremely large problem and outside the scope of this 

contract. 
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Accordingly, we have made use of an expression       derived for absorption of 

light by an electron near a hydrogen molecule.    This doubtless is not accurate for 

other neutral molecules^ but should indicate orders of magnitude.    The absorp- 

tion cross section per hydrogen molecule, for ruby laser light, is given by: 

[7. 7 + 79. 9/fl  -  19.0/e2]x 10"41n      cm2 

where n   is the electron density and 0  ~   5040/T with T the temperature of the 

medium.   For a temperature of a few thousand degrees, a neutral molecule 
18        3 13        2 density of 10    /cm , and an electron density of 10    /cm   this leads to an 

-8 absorption coefficient of the order of 10     per cm in the material.   IT we denote 

by I   the total energy per unit area in the laser pulse, the total energy absorbed 

per molecule is about: 

10-8 Io/n 

2 where n is the neutral molecule density.   We have 1    « 2 j/cm   which leads 

to a calculated energy absorption of the order of   10      ev per neutral molecule. 

The energy is actually absorbed by electrons, but for heating the energy must 

be shared among the molecules; this effect can produce virtually no heating. 

The conclusion is that absorption by the inverse Bremsstrahlung process in the 

field of neutral molecules is not a likely process for producing a hot gas. 

Neither was the same interaction in the field of ions, for our experimental 

conditions.    Thus, we have no convincing mechanism at present for transfer 

of energy from the laser beam to the blowoff material. 
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SECTION VI 

CONCLUSIONS 

In this report we have described measurements on laser produced ion 

emission in the time-of-flight spectrometer and neutral particle emission 

in the quadrupole spectrometer.    This work extends similar studies using 

the same equipment.    The main features of the emission are similar to those 

reported before.   The emphasis on this report is on details, such as the differ- 

ences in emission between different target materials and the dependence of the 

emission on l-.ser power.    The work has also involved new target materials, 

notably carbon and nickel. 

Ion emission from carbon targets includes [Li   ),'Li ).C,  CH^  HgO,   Na and K 

ions.    The energies of the alkali ions in this list range up to 540 av, higher 

than values obtained earlier from tungsten and pla*inum targets.    The ion 

emission from single crystalline nickel targets is broadly similar to that 

from tungsten and platinum.    The range of energies is somewhat higher,  up 

to 360 ev.   We have also seen evidence of Na      and H,    emitted from the nickel. 

These are species not previously observed in this work.    The hydrogen emission be- 

came noticeable only  after the target had been heated with the system back- 

filled with hydrogen.    In addition, we have seen nickel ions. 

Because of apparently anomalous results on the high energy neutral molecule 

pulses from titanium, we rechecked some previous work on tungsten targets. 

During the course of this work, we investigated the influence of spectrometer 

condition on these pulses, and found that if the spectrometer were not tuned 

opaque with ionization chamber grids grounded, opurious results could arise. 

These spurious effects had caused the anomalous results from titanium. 

During this work we also checked and reconfirmed our earlier conclusions on 

the nature of the high energy neutral molecule pulses. 
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Measurements using this system were extended to carbon targets.   The 

high energy neutral molecule pulses from the different materials display 

distinctive features.   For example, titanium displays a pulse (apparently 

hydrogen) which disappears upon heating; while carbon targets never emit a 

pulse that arrives early enough to be identified as hydrogen.   Some evidence was 

obtained that the high energy neutral molecules may be HL, CO, and CO«, 

but the identification is not certain.   We have also obtained information on how 

the arrival times (and thus the energies) of the high energy neutral molecules 

vary over a large range of incident laser powers.   Energies of the order of 

100 ev are typical. 

We have also described the construction of apparatus for other types of 

measurements, in particular a high power (100 megawatt) ruby laser, and 

equipment for measurement of the angular distribution of ions and for measure- 

ment of energies of electrons produced in the laser-surface interaction. 

Finally, we discussed a model in which a hot gas expands, converting its 

thermal energy into an ordered energy of expansion.   The treatment to date is 

simple and requires additional work, but the calculated pulse shapes are 

similar to those observed in the high energy neutral molecule and ion emission 

experiments. The results indicated particle energies at the expanding front 

higher than the thermal energy in the original gas cloud.   This is similar to 

the results obtained for ion velocity distributions from analysis of ion pulse 

shapes.   We lack, however, a plausible mechanism to explain heating of the 

original gas cloud to the required high temperature. 
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