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for the Period January 1, 1965, through July 31, 1965

Research Investigation of the Mechanisms Associated with

Gas Breakdown Under Intense (ptical Illumination

ARPA Order No. 306, Project Code No. 4730

The Research Laborstories of the United Aircraft Corporation are concucting
under the subject contract an experimental and theoretical investigation of the
physical mechenisms involved in the electrical breakdown of gases by intense optical
radiation. The focused high«intensity optical frequency beam from a G-spoiled ruby
or neodymium laser is used to cause electrical breakdown in a test gas, and the

jonization produced is examined as a function of the gss, pressure, volume within
which the breakdown occurs, and freguency of radiation,

With both ruby and neodymium
radiation, for the gases studied breakdown in air was observed to require the highest

field strength with successively lower field strengths required for breskdown in neon
‘helium, and argon.

Studies have been carried out to examine the attenuation of the laser beam by
the breskdown plasma. For beam intensities slightly above the breakdown threshold,
it is observed with both ruby and necdymium incident rediation that more than half
of the laser veam energy can be absorbed in the plasma produced by the breskdown

and that over 90% attenuation of the laser beam can occur at later times in the
optical puise.

Messurements of the attenuation of an optical beam by the breakdown plasma at
times subseguent tc the incident giant pulse have been made using the cw beam from
a helium~neon isser., These measurements show that the same 30% absorption observed

wi.h the incident pulse is obtained with a cw beam for times of the order of wmilliseconds
afver the formation of the plasma.

This indicates that the breakdown plasmas produced
nave an extremely long lifetime snd that losses are small in the afterglow plasma.

Measurements have been made to examine the effects of diffusion-like losses on
the rreakdown threshold by varying the focal volume within which the breakdown isg
formed. For all of the gases studied it was observed that the breakdown threshold
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electric field strength with both ruby and necdymium radiation is inversely related

to the dimensions of the breakdown region; i.e., breakdown within small focal volumes

reguires a larger optical frequency electric field than is necessary for larger

volumes, These measurements have been made for gas pressures varying from atmospheric

to 2000 psi, and at all pressures the same effect is noted., The observed volume

dependent breakdown threshold implies that even at pressures as high as 2000 psi .
diffusion-like losses are a dominant mechanism in the development of optical frequency
breakdown, a result not considered in existing theories of the optical breakdown rrocess.

In the experiments with neodymium irradiation, for the larger focal volumes with
both helium and argon & pronounced minimum is present in the breakdown electric
field vs, pressure curves. With ruby irradistion no minimum is observed for helium
and that for argon is less distinct and shifted to higher pressures. Using the
breakdown aata obtained with' ruby and neodymium laser irradiation, the frequency
dependence of the breakdown threshold was evaluated. For either argon, helium, or
air the lower frequency neodymium radiation gives a lower breakdown threshold than
with ruby at low pressures. At high pressures the neodymium data approaches (helium)
or crosses {argon) that for ruby as a result of the minimum observed with neodymium;
for air the ratio of the neodymium to ruby breakdown threshold remains approximately
constant over the pressure range studied.

Theoretical studies have been carried out which show that existing classical
models of the breakdown process are not adequate to explain the phenomena observed
at optical frequencies. Multiple photon thecries recently proposed are unable to .
predict the magnitude of the E field required for breakdown or the pressure and
volume dependence obtained experimentally. Calculations of the inverse bremsstrahlung
cascade theory of the breakdown process have been carried out for optical frequencies
where the photon energy is greater than the classically calculated electron oscillation
energy and show that an electron exchanges energy with the applied electromagnetic
field in increments of the photon energy. This result differs in kind from that
obtained using the classical microwave theory and offers an experimental test to
examine the validity of the inverse bremsstrahlung model,

INTRODUCTION

The interaction of extremely high-intensity optical frequency electromagnetic radis-
tion with gas atoms has been accessible for experimental study only with recent development
of high-powered lasers. Studies of gas breakdown by optical frequency radiation were
initiated at the United Aircraft Research Laboratories early in 1962, These Corporate-
sponsored investigations demonstrated that breakdown at optical frequencies occurs in >
many gases at field strengths which can be easily achieved by optical lasers., A
pulsed ruby laser was used for the initial studies, and the optical field strength re-
quired for breakdown was investigated as a2 function of gas pressure in ergon and helium,
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It was aetermined that field strengths of the order o1 107 volts per centimeter were
required for breakdown and that electron densities gre..er thau 1047 electrons per
cm® were produced in the resulting breakdown plasma. Under the joint - :onsorship

of the Advanced Research Projects Agency, the Office of Naval Research, and the
Department of Defense [Contract Nonr-4299(00)], gas breakdown studies in air were
undertaken, The field strengths required for breakdown in air were larger even

than those required for helium or argon, indicating that guses of & mclecular nature
possess energy loss mechanisms in addition to those characteristic of monatomic gases.
It was also observed that a significant attenuatiion of the optical beam, in many
casec exceeding 50%, may be produced by the breakdown plasma formed, Direct electron
stripping, single or multiple photon absorption, Compton collisions, or conventioral
microwave breskdowr theory do not adeguately account for the breakdown phenomena
observed, and it was proposed that the quantum mechanical process of inverse
bremsstrahlung is the mechanism responsible for breakdown at optical frequencies.
These results have been reported in the Proceedings of the Sixth International
Conference on Ionization Phenomena in Gases, Paris, France, July 8-13, 1963; Physical
Review Letters, Vol. 11, No. 9, November 1963; Physical Review Letters, Vol. 13,

No. 1, July 1954; and the Final Report C920088-2, under Office of Naval Research
Contract Nonr-4299(00).

Under the prerent subject contract, further studies of the threshold electric
field strength required for breakdown as a function of pressure in diiferent gases,
the effect of focal spot size on threshold field strength, the frequency dependence
of the breakdown threshold, and the attenuation of the laser radiation by the

breakdown plasma are being conducted to more fully define the nature of the breakdown
mechaniems at optical frequencies,

RESEARCH PROGRAM
Apparatus

The high-intensity light source used in these studies is a Q-spoiled laser beam
proluced by the laser system shown schematically in Fig. 1. Both ruby and neodymium
lasers have been employed in order to examine the frequency dependence of the
breakdown. The Brewster-angled laser rod, either ruby nr neodymium, is positioned
in an optical cavity formed by the two dielectric mirrors, and a Kerr cell-polarizer
shutter is used to alter the cavity Q to produce a single giant pulse of approximately
20 Mwatts peak power from the laser system. The output laser beam is focused by
a lens which forms onc window of a cell containing the test gas, The test cell,
constructed of stainless steel with Teflon gaskets, is designed for both vacuum
and high-pressure use and permits the study of a variety of gases under high-purity
conditions at pressures up to 2000 psi. A set of charge collection electrodes is
located within the test cell to measure the ionization produced in the breakdown, and
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aperturs windows are provided in the cell to permit both visual observation of the
breakdown and photomultiplier measurements of the breakdown lurinosity time history.
An extensicn port was incorporated into the high-pressure cell to accommodate
difrerent focal length lenses for the studies of the focal volume dependence of the
breakdown.,

In order to interpret the results obtained, measurements have been made of the
output giant pulse shape, energy, and beam divergence, An ITT photodiode with a
0.35 nsec rise time was used to observe the time history of the laser yulse. Tre
outpucv from the diocde was fed directly into a Tektronix 519 oscilloscope, giving an
over-all system response time of 0.45 nsec. A photograph of & typical output pulse
from the ruby and neodymium laser systems is shown in Fig. 2. Measurements with a
high-sensitivity photomultiplier system having a response time of less than 2 nsec
were carried out using & much slower oscilloscope sweep speed, and adjustments made
in the operating conditions of the laser such that any output other than the single
giant pulse was at a power level less than 1% of the giant pulse., This was done to
insure that the breakdown under study was the result of the single giant pulse and
not the accumulated effect of a sequence of pulses. As seen in Fig. 2, both the
ruby and the neodymium giant pulses have & roughly triangular shape with half-widths
of 20 and 50 nsec, respectively.

The calibration system shown in Fig. 1 was used to measure the laser giant
pulse energy and wave shape for every shot. Partially reflecting mirrors reflect
a portion of the output beam onto the photodiode and a calorimeter to determine the
pulse time history aiid beam energy. The calorimeter reading was calibrated in terms
of the transmitted beam energy by the use of a second reference calorimeter located
directly in the transmitted output beam, The laser beam power was then calculated
for each shot from these measurements of laser time history and total energy.

The laser beam output in the giant pulse mode is not fully collimated but, in
fact, has a small divergence, For the laser beam diameters used in these experiments,
the focusing is not diffraction limited, and from geometric optics, a lens will focus
this slightly divergent beam to a focal diameter given by the product of the lens
focal length and angle of divergence, d = £f8. The divergence is first determined
from the diameter of the focal spot produced with an extremely long focal length
lens. For these measurements, the laser beam is attenuated to the point that the
focused beam intensity is Just below that necessary to record on a piece of exposed
polaroid film. By then remeving an attenuation of 50% from the beam, the signal at
every point is doubled and the half-power point of the incident focused beam i~ at
the recording threshold of the film. The diameter of the fiim image is then the
diameter at half power of the focused laser beam. From the half-power diameter and
wiic 1ens focal length, the laser beam divergence can then be calculated. Using this
procedure, beam divergences of 4,5 milliradians and 3.0 milliradisns were obiained
for the ruby and neodymium lasers, respectively, From the laser pulse power and
divergence and the focal length of the lenses used in the breakdown experiments, the
beam pover density of the radiation was determined,; and using Poynting's theorer,
the optical frequency electric field at the lens focus was calculated.
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Charge Collectlion Studies

A pair of charge collection electrodes, chown in Fig. 1, were located wituin
the high-pressure cell on either side of the breaxdown region and were used to
measure the ionization produced in the breakdown, The electricsl circuit used for
these measurements is shown in Fig. 3. A 90-volt potential source, shunted by a
series of capacitors for high-current response, was connected to each of the
electrodes, one positive and the other negative., Using a type Z differertial
amplifier with a Tektronix 551 dual beam oscilloscope, the number of electrons and
lons collected, respectively, at the positive and negative electrodes were observed
across the 1 microfarad capacitors showa in the-circuit. As shown in Fig. 3, electrons
and ions of the order of lOl ion pairs were collected from the breakdown plasma at
atmospheric pressure., The charge collected was observed to decrease with increasing
pressure, most likely due to increased recombination at the higher pressure. From
Fig. 3, electron and ion collection occur simultaneously, indicating that free
diffusion is not important in the charge separation process,

Absorption by a Breakdown Plasma

In the course of the gas breakdown studies carried out under Contract Nonr-4299(00),
it was observed that when breakdown occurs the transmitted laser radiation is severely
attenuated during the later poriions of the laser optical pulse, Studies cf this
attenuation were carried out, and it was established that the energy removed from the
optical beam was not scattered at the laser frequency or reradiated by excited atoms
but instead was truly absorbed by the breakdown plasma,

Under the present contract, investigations have been made of the attenuation of
1.06 i neodymium laser radiation by the breakdown plasma using the apparetus shown in
Fig. 4. “hotomultiplier A, shown in the figure, was used to observe the transmitted
radiation, The monitor photomultiplier (B) was used tc determine that the incident
laser pulse remained constant for each firing and was not affected by the occurrence
ol breakdown, When no breakdown occurred, the transmitted beam had *he tiae history
of the upper trace in Fig. L, a wave shape identical to that observed oy photomultiplier
(B). When breakdown did occur, while the wave trace of the monitor photomultiplier
remained u.ichanged, the transmitted radiation observed by phctomultiplier A was
severely attenuated after the first 6 to 10 nsec, as shown by the lower trace in
F:g. 4, For these experiments the beam power is slightly above the breakdown threshold
for the argon test gas, and over one half of the one-joule incident optical energy is
removed from the transmitted beam, At times shortly after the initiation of the
breakdown, approximately $0% of the incident radiation is being withdrawn from the
transmitted beam by the plasma, a result which parallels that observed previocusly
with ruby radiation.

As shown in Fig. 4, during the later pcrtions of the incident giant optical
pulse, less than 10% of the incident radiation is transmitted through the breakdown
plasmn, Measurements have been made of -the attenustion of .6328 u helium-neon laser

S e - oS e — — e
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radiation by the breakxdown plasma to examine this effect at c¢imes subsequent to the
incident giant laser pulse. Using the optical configuration shown in Fig, 5, the
helium-neon laser beam vas directed through the breakdown plasma at right angles %o
the incident giant pulse beum and the transmitted fraction of the helium-neon bean
detected by a phctomultiplier to record only .6328 u radiation, A series of
measurements were carried out with the breakdown plasms produced by the neodymium
laser pulse in argon at a series of pressures from atmospheric pressure to 5CJ psi,
The results obtained at 480 psi are as shown in Fig, 9. When breakdown occurs the
helium-neon beam is attenusted by the same 90% as the incident giant pulse, and

the attenuati~n was observed to persist for a time of several milliseconds compared
with the 25 nsec duration of the initiating giant laser pulse., This result, coupled
vith framing came:a photographs of the breakdown luminosity, shows that the breskdown
plasma has an extremely long lifetime and indicates a low rate of energy loss from
the afterglow plasma, In many cases severe fluctuations in the attenuation were
observed during the absorption of the helium-neon beam by the afterglow plasma. In
some instances this absorption may decrease to nearly zero for a tenth of a microsecond
and then return to the earlier value of 80 to 90%. The cause of these fluctuations is
not fully understood but may be related to either reflection of the helium-neon beam
by the plasma regi 1 or changes in the shape of the afterglow plasma as a function

of time. Further studies of these effects will be carried out coupling +the helium-
neon team attenuation measurements with framing camera measurements of the growth and
configuration of the intial breakdown and of the afterglow plasma.

Pressure Dependence of Breakdown Threshold

In the course of the charge collection experiments, it was observed that below
a certain thresheld laser power neither charge production nor the visible discharge
at the lens focus was observed and that this breakdown threshold changed with pressure.
A systematic siuly of the pressure dependence of the breakdown threshold was carried
out in air, argon, helium, and neon over pressures ranging from atmospheric pressure
to 2000 psi. The results of these studies with bovh ruby and neodymium laser
irradiation are shown in Fig., 6. In the figure, the stre.gth of the optical frequency
eiectric field of the focused laser beams at threshold is plotted as a function of
pressure for the several gases. The rms electric field was obtained by equating the
Poynting theorem e:pressicn for electromagnetic energy flow to the experimentally

stermined laser power flux in the focused beam; i.e.,eEzrmscvf2(§)2 : —fé , where &

is the energy ard r the half-width of the laser pulse, As observed in Fig. 2, the
giant pulse for both the ruby and neodymium lasers are roughly triangular in shape,
and the rms E field thus determined is that associated with pesk larer beam intensity.

The data shown in ¥ig. 6 was obtained using & 3 cm focal length lens in the high-
preseure cell (see Fig. 1), and for each of the gases studied, the breakdown threshold
is observed to decrease with pressure leveling off at the higher pressures. Argon
has the lowest ionization potential 715.7 eV) of the gases studied and, with both ruby
and neodymium irradiation, required the least electric field for breakdcwn. Neon and
Helium with ionization potentials of 22 and P4 eV, respectively, have substartially
higher breakdown thresholds, with that for neon lying slightly above the threshold for

6
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helium. This result differs from that obtained previouszly by TOml}nbdﬁ;i nowever,
his recently reported result52 show the higher breakdown ithreshold for neon as
cbtained here,

Focal Volume Dependence of Breakdown

To determine whether the development of breakdown is controlled by the balance
between losses associated with the small voluire of the breakdown region and the rate
cf energy addition or limited only by the rate cf addition of energy by the focused
beam, experiments were carried out to examine the focal volume dependence of the
breakdown threshold. A breakdown threshold independent of volume would indicate that
only the radiation interaction is important, while a volume depend.:nce would show
the presence of diffusion-like losses which must be taken into account in the
theoretical interpretation of the results obtained,

Experimentally, the plasma is initially formed within the regis . of the igtense
focused beam, a cylindrical volume of diameter, d = ff, and length, £ = (+V2- l)-
where f is the lens focal length, 8 the laser beam divergence, éz_ég the laser beam
diameter. The volume of the focal region is then given by V= (V2-1), tre
boundaries of -his vnlume corresponding to the half-power points of the focused
radiation. To test the effects of diffusion-like losses on the development of
breakdown, measurements were made of the breakd-wn threshold as a function of the
initial plasma formation volume, Since the laser beam divergence and dismeter
remained constant from pulse %o pulse, the focal volume was conveni=utly changed by
using different focal length lenses to focus +the laser radiation. The experiments
to examine the focal volume dependence of the threshold were carried out using the
neodymium and ruby laser pulses to produce breakdown in argon, helium, air, and neon
at a series of pressures from atmospheric pressure to 2000 psi using lenses with
focal lengths from 3 cm to 15 cm. The results obtained are chown in Figs. 7, 8, and
9. A characteristic length associated with diffusion-like losses ig the diffusion
length, A , which for a cylindrical volume is given by ij’ ({')2 + (&~ )2 , and the
breazdown thresholds for argon, helium, air, and neor are shown in Fig, 7 as a
function of this parameter. As indicated above, if diffusion-like losses are not
important in the development of the breakdown, the threshold should be independent
of A, It is apparent from the figure, however, that this is not the case; breakdown
within small focal volumes {small A ) requires several times the threshcld field
strength as for the larger volgges studied. From Fig. 7, the breakdown varies with
the diffusion length as E GLA over the range of focal lengths used, and experimentally
the slope is the same for all of the gases studied, Some leveling oi'f of this slope is
observed for the largest focal volumes, and further studies are plannea to extend the
measurements to still larger diffusion lengths. The resuits obtained indicate that
diffusion-like losses are definitely involved in the development of breakdown, and
from the finite slope of the curves, the loss-free ( A—~@@) breakdown threshold for
the gases studied lies at still lower electric field strengthe, As a result, the
magnitude and nature of the diffusion-like losses must be known in order ‘o develop
an adeguate theoretical prediction of the experimental breakdown threshecld,
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The breakdown threshold due *to neodymium and ruby laser irradiation as a
function of pressure for different focal length lenses are shown in Figs, & and 9
for helium, argon, and air, the curves labeled by the appropriate diffusion lengih.
It is observed experimentally ithat with neodymium irradiation for the larger focal
velumes with both helium and argon & pronounced minimum is present in the breakdown
electric field vs. presgure. With A =9.2x 1073 cm, the threshold minimum occurs
at approximately 5 x 10" mm Hg for helium and for argon at 2.5 x 10t mm Hg, Ho
minimur is srrzarent in the -reakdown data for the shorter focal length lenses, For
air *he minimum is not so distinct and, if present, lies at still higher pressures.
With ruby irradiation, no minimum is observed in either the air or helium breakdown
threshold curves, and that {or argnn is less distinct and is shifted to higher
pressures {~ 7 X 10% mo Hg).

In the course of these experiments it was observed that the breakdown location
for the larger focal length lenscs occurred at a distance downstream from the focus,
particularly at the bighest pressures, For example, with the 15 cm focal length
lens at a gas pressure of 2000 psi, the breakdown occurred at approximately 17 cm

rom the lens. It was also observed that with the long focal iength lenses
frequently more than one breakdown developed alcng the beam axis, Further studies
of these phenomena are being undertaken to determine their causes and their effect
on the development of breakdown.

Frequency Dependence of Breakdown

From the breakdown data obtained with the ruby and necdymium laser irradiation,
the frequency depenuence of the breakfown threshold can be obtained, The ruby and
neodymium laser heams have different divergences, and in determining the frequency
dependence, the breakdown thrrshold must be compared feor equal values of the diffusion
length parameter, A . Shown in Fig. 10 are the breakdcwn thresholds for argon, helium,
and air with ruby and neodymium irradiation for a A of 2.4 x 103 cm. The lower
frequency neciymium pulse gives a lcwer breakdown threshcld then for ruby at low
pressures, the ratio between the thresholds being approximately 1.8 at atmospheric
pressure, At high pressures the neodymium data approaches {helium) or crosses {argon)
that for ruby as a result of the minimum observed with neodymium, For the breakdown
of air, us shown in Fig. 10, the ratio of the neodymium to ruby breakdcown threshold
reuwaing approximately constant over the pressure range studied.

THECRIES OF OPTICAL FRBEQUENCY BREAKDOWN

A number cf papers have recently been published proposing theories to explain
the electrical breakdown of gases by optical fre&uepcy radiation. For completeness,
both these theories and those proposed earlier3’ will be discussed in order to
evaluate the present status of the theoretical understanding of optical frequency

reakdown,
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Direct Electron Stiripping

From Figs. 6 %tc 10, the breskdown threshold optical freguency electric fields
range from 128 4o 167 volts per cm dependiug on gas and pressure; and such high fields
might distort the coulomb atomic field sufficiently that the electron is no longer
bound, For hydrogen the bindlng field experienced by the ground state electron is
£ = E$?’ vhere a, is the radius of the first Bohr orbit. This field is 5.3 x 107
voltscﬁer em; snd it is evident that the breakdowa field strength of even 107 volts
per cm are not large enough to result in direct electron stripping.

At some atomic radius, however, the applied field is greater than the coulomb
binding field, resulting in a potgntial maximum with a decrease in potential at
5t1ll greater radii. At only 107~ cm from the nucleus, the potential it such that
the ground stiate electrorn may tunnel through this potential maximum. (10‘6 cm is
considerably less than the wavelength of the radiation used, so that the uniform
field apprroximation is a valid one,) Estimates of the rate of ionization by this
process have heen made by Bunkin and Proxefov,5 and their calculations show that
field strengths of several times 10 volts per cm would be . equired, These field
strengtus are oue to two orders of magnitude larger than deterriined experimentally
for breakdown, and this, therefore, does rot ap: ear to be the rate-limiting pr ess
in the breakdcwn.

Compton Collision Energy Transfer

Electrons in the gas can receive snergy from the incident radiation by Compton
collisione with photons in the laser beam, Averaging over all asngies the differential
Compton cross section times the energy transfer per collislon for the low-energy
photons (hv<<fncz} considered here, the power transferred to a1 electron by this
process is given by

. 3.2, by~ Eims
§% * 2 ro hy o2 C hy

where r is the classical electron radius., For the conditions of breakdown P, is
approximately 2 x 10-1 eV/sec electron. The breakdown occurs in a time of the order
of 107" sec, and an energy transfer of 2 x 1079 ev ver electron is certainly not
sufficient to cause the ionization of gases whose ionization potentials range from
13 to 24 eV,

Photoi~nization and Multiple Photon Absorption
The energy of the ruby and neodymium laser photons is 1.78 eV and 1,17 eV,
respectively., The gases studied in the treakdown experiments require from 13 to
24 eV for ionization and from 10 to 20 eV even for excitation. As a rusult, it is

not possible for direct photoionizatior to cause the ionization observed,

It is possible that an atom could absorb either sequen-ially or simultaneocusly
a number of photons and become ionized by some form of multiphoton process., 1In

9
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sequential multiphoton absorption, an election initially in the ground state is raised

= %o a virtual state which per:sists for a time of the order of 10712 t0 10-13 seconds.
During this time a second plioton can be sbsorbed, ralsing the atom to a still higher
virtual state, By a succession of such abscrptions the elszctron could resch the first
excited state from which, by further multiple photon abrsorpti-.s or photoionization to
nigher energy levels, the ionized state is eventually reuct.ed., However, to reach even

- the lowest lying levels of argon and helium would e u'.e, respectivaly, 7 and 12

successive photon absorptions. Assuming even a 0% probability for each abscrption
process, this would imply a 10° order difference petween the intensities of the laser
radiation required for breakdown in argon and ueliurm, The experimentally observed
ratio cf laser beam intensities is only a factor of three, and on this jasis, sequential
maltiple photon absorption will not account ior the development of optical frequency
breakdown.

Gold and Bebb6 have carried out a csemi-classical calculation of multiphoton
absorption in the noble gasas. They calculate the transition probability for the
simultaneous absorption of the number of photons required to icnize the atom and
under ruby irradiation for Xe, Kr, Ar, Ne, and He require the sbsorption of 7, 8, 9, 13,
and 1k photons, respectively. The predominant terms in their caleculsted transition
probabilities are the contribution of high-order "near resonant” absorption steps.

It is pointed out in the paper that, because of the high-order dependence of the
absorption on photon flux for such processes, even gross errors in the matrix elements
calculated will not materially affect the predicted breakdown threshold. The calculated
breakdown thresholds, however, are three orders of magnitude larger than obtained
experimentally. Gold and Bebb argue that photon fluxes several orders of magnitude
larger than the average measured value may be present in the beam due to multiple
sxial mode mixing. Due to the different divergences associated with such axial modes
and the aberations of the simple spherical lenses used, the different axisl modes will
not be preserved at the lens focus but instead will be smeared out within the focal
volume. The ‘eared-out modes can locally interfere in the focused beam, but such
interference .s more accurately descrived as fluctuations in the local photon density.
Such fluctuat’ons, for an interference type phenomenon, occur within a volume of the
order of the wavelength cubed. Because of the large photon density in the focused
beam, in a volume of A% these “luctuastions are less thaan one per cent, of the average
photon density, and it would appear that the intersity variations of two to three
orders of magnitude suggested in the article by Gold and Bebb do not occur. PRecause
of a set of strongly coupled levels in neon, Gold and Bebb calculate that neon should
break down more easily than argon even though its innization potential is considerably
greater than that of argon. The ratio they calculate for the threshold electric field
required for neon to that of argon is approximately 0.8. As shown in Fig. 6, neon
experimentally has a higher breakdown threshold than argon over the entire pressure
range studied (of the order of 1.7 times greater), and it does not appear that the
multiphoton thecry of (Gold and Bebb is a valid description of optical frequency
breakdown.

7
Tozer' has also proposed a multiphoton absorption theory in which the statistics
of photon density fluctuations in the irradiating beam are taken into account. This
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differs from the situstion proposed by Cold and Bebd in that the fluctuations
considered here are not within a volume of A31ecult1ug from random mode mixing in
the beam but instead are the statistical variastion in the number of phatons within
the interaction volume of the atom. The interaction volume is approximated as a
cylinder of end area o , the multiphoton absorption cross section c¢f the atom, and
length ct, where ?“ﬁﬁ;“--the uncertainty time for an interaction involving energy
he . For the expsrimental breakdown beam intensity, sny reasonable choice of o
gives a number less than one for the number of photons within the interaction volume
whose fluctustions therefore can be quite large, Tozer considers the effects of such
fluctuations on the simultaneous absorption of sufficient photons to directly ionize
an atom and, on the basis of his calculations, predicts both a pressure and a volume
dependence for the breakdown. At high pressures Tozer calculates that the breakdown
threshold 11eld strength should vary with pressure as £ P~ '/Nv yhere N, is
the number of photons which need to be sbsorbed simultaneous.y to raise the atom to
the first excited state. The predicited threshold monotonically decresases with
pressure and offers no explanation for the ipcreasing vreakdown thresheld observed
experimentally (see Fig. 9). Tozer's theory predicts & volume dependence of the
breakdown electric field strength of the form F AV ”éNp For helium i rraaiatnggith
a neodymium laser beam, the predicted volume dependence would then be E @y
Experimentally, from the original data used in plotting P& 8 and 9, the volume
dependence of the breakdown threshold was determined to be EﬁiV’s 9, a result
which differs by a facter of three in the exponent from that predicted. On the
Lasls of discrepancies botween the predictsd and the experimental pressurs and
volume dependerce of tThe breakdown threshold, it would not seem that the multiphoton
theary uffered bty Tozer plves 2o edequets scoount of the optical frequescy ges
breakdown,

Microweve Breakdown Theory

Cascadg theories have been developed to explain gas breakdown at microwave
frequencies” and employed by scme t¢ explain opticsl frequency'breakdown49 In the
microwave theory, free elesctrone gain energy from the appiied eleciromsgnetic field
as a result of elastic collisions between the electrons and the atoms or ions of
the breakdown gas., These coliisions randomize the ordered oscillitory motion of the
electrons in the electromagnetic field, resulting in & net increase in the electron
temperature, When they attain sufficient energy, the electrons make inelastic
ionizing collisions with the gas atoms, producing a second generation of electrons.
The Iincreased electron population again gains energy from the applied field and
produces additional generations, the cascade process, for sufficiently high field
strengths, ultimately leading to electrical breakdown of the gas,.

The rate of gain of energy by an electron in an electric fieléd, E, is P = eEv.
Jolving for the classical motion of an electron in a sinuscidal electrie field of
amplitude E and frequency w , the average power ebsorbed by an electron from the

Tield is
r ,
5. P 2
© 2mim | vm®+
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where ¥ m is the momentum transfer collision frequency. For a given breakdown
volume, at low pressures the dominant loss process is diffusion and at high pressures
is elastic energy transfer tc the gus atoms. Assuming that only these two loss
processes are important, the rate of :nergy gain by an electron is given by

22 - ry -
P,z L5 __ym -.—Du—-Mﬂupm

where D is the appropriate diffusion coefficient, M is the mass of a gas atom, and
U is the average electron energy. For a cw applied field, breakdown will cccur

for Ppet >0 , and the breakdown threshold occurs at P, = 0. At low pressures
where ym<<w, if only diffusion is important the breakdown condition becomes

NG
- xiun (g v )

At higher pressures, the electron energy is dissipated primarily in elastic collisions
with the gas atoms, and the cw breakdown threshold occurs for

For many gases the momentum transfer collision frequency can be represented as
a coastant times the gas pressure; i.e., Vm = Cp. Using this relationship, the cw
threshold condition at low and high pressures becomes

B = 1/2
A!-_P. %— (-% U Us)/ low pressures
E = 4
/2 nREG
(Cz p? + wz) —Zé—n- (-%) high pressures
. 4

This cw theory gives for the breakdown threshold as a function of pressure the
decreasing E field al low pressures and increasing E field at high pressures observed
experimentally {the increasing E field definitely observed thus far only with N
irradistion). Similarly, the theory predicts the decreasing breakdown threghold with
diffusion length although the 3ependence observed experimentally is EQ A”
compared with the £ @A ~1 predicted,

The irradiating field, however, is not cw but is pulsed with a duration of less
than 100 nsec. On this time scele, for the gases and average electron energies
expacted during the breakdown, electron diffusizn, even free diffusion, is not an
important process; i.e,, few vlectrons are lost from the breakdown volume during
the time of its formation. Thus, even at low pressures, for a pulsed E field the
breakdown threshold should be independent of breakdown volume for the conditions of
these experiments, From Fig. 7, this is definitely not the case, and it appears
that some form of diffusion-like loss other than simple electron diffusio. “s
limiting the breakdown,

12
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If it i- assumed that no losses occur snd that all of the energy imparted to
tne electrons from the irradisting field goes into ionization, the epergy input rate
calculated from the microwave theory could account for the ionization observed and

N the development of breakdown for the small breakdown volume cases, However, from
Fig. 7, it is evident that the diffusicn-like losses present are not insignificant
and must be considered in evaluating the net energy input tc the electrons. Jver

. the range of focal lengths studied, these diffusion-like losses are still important
at 240 psi and diffusion lengths of 1.5 X 107 cm, and from the decreasing curve of
Fig. 7, the infinite volume or diffusion-like loss-free breakdown threshold for
helium lies at an E field substantially below the 1.3 x 10° volts per cm measured for
these conditions, By comparison, the loss-free microwave calculations give a
breakdown threshold of 2.4 x 10° volts per em and is evidently not a valid model for
optical frequency breakdown.

There is, in addition, a serious objection to the application of microwave
breakdown theory at optical frequencies, In the microwave theory, the electron
between collisions oscillates in response to the applied electromagnetic field.
The electron velocity then has the form

V{1) 2 vo+ %—E(;) (Cos & — Cos wt)

. where § 1s the initial phase angle of the field; i.e., the phase angle of the field
at the previous collision. The maximum change in velocity between collisions is
then

Vmarx = Vo + 2(%)

giving a maximum energy change of an electror between collisio.s of

: 2g2
-2 et ) , L, [2TE
Aenmfzmwﬂmw)*zm(m%ﬂ)

For an electron with energy sufficient to cause ionization in argon and an applied
field equal to the breakdown threshold, at uicrowave frequencies AE ~ 2 x 1071 ev.
Micrciave photon energies are of the order of 1072 to 10~ eV, and thus the electron
ehsorbs and emits many microwave quanta per cycle and the electron motion may
properly be considered classically. At optical frequencies, for field strengths
vhich result in breakdcwn,ll& is again ~ 2 x 1071 eV, but the photon energy in

the case of a ruby laser is 1.7& eV. The change in the electron energy between
collisions is, in this case, a small fraction of the unit available energy, and it
is more reasonable to describe the interaction between the electrons and the optical
frequercy field by a quantum picture.

Inverse Bremsstrahlung

During an atomic collision an electron may emit a photon by the process of
bremsstrahlung. From detailed balance considerations the reverse reaction, inverse

13
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bremsstrahlung, can also occur in which an electron during a collision with an atom

or an ion in the gas absorbs a photon of energy from the radiation field. Calculation.

of this inverse bremsstrahlung process, first proposed to explain optical frequency gas -
breakdown in Ref, 3, have been carried out as part of a parallel Corporate sponsored

program by Professor L. Brown and Dr, P, Mallozzi of Yale Universit;, acting as

consultants to the Research Laboratories. Tnese calculations show, under conditions -
where the photon energy is greater than the classically calculated electron oscillation
energy, that during a collision an electron exchanges energy with the applied electro-
magnetic field in increments of the photon energy. This result differs in kind from

that obtained above using the classical microwave theory as applied to optical

frequency and is important in developing an understanding of the physics of the cptical
frequency breakdown process,

The calculations which have been carried out have been made for conditions where
the collision frequency of the electrons in the gas is much less than the radian
frequency of the applied field, For electrons whose energy exceeds the field photon
energy, these calculations give algebraically the same rate of energy gain by the
electrons as the classical microwave theory, while for lower energy electrons the
inverse bremsstrahlung rate is greater, For these calculations the atom in an
electrcn-atom collision is characterized by an effective Z, approximately 0.3 for a
typical atom. The inverse bremsstrahlung collision frequency is a function of the
second power of the effective Z, As the ionizing cascade proceeds, the ions formed
provide a higher Z (Z = 1), second body, for the inverse bremsstrahlung collisions.
Calculations are being made tc determine whether the electrons formed remain in the
vicinity of the ions sufficiently long that they gain energy at the faster rate this
larger effective Z provides and, in this way, lead to the lower breakdcwn threshold
observed experimentally.

A phenomenological application of the inverse bremsstrahlung mechanism has been
made by Wrightlo in a paper in which he points out a significant difference between
the microwave and optical frequency cases, At optical frequencies, an atom upon
being raised to the first excited state by a collision with an electron can be
rapidly excited to higher states and ionized by direct photoexcitation and photo-
ionization processes., Microwave photons with energies of 10‘5 to 107Y eV are too
small to cause such direct excitation, and the ionization must all result from
collis .ns with electrons heated by the incident radiation, Calc:lations have been
carried out viewing the stimulated bremsstrahlung and inverse bremsstrahlung
processes as elements of a one-dimensional random walk of an electron along an
energy axis. With the large energy increments involved in the inverse bremsstrahlung
process, for typical atoms studied only ~ 10 absorption steps are necessary for an
electron tc excite or ionize an atom in a collision compared with the trsusands of
steps required in the microwave picture, With so few steps, fortuitous collisions
could result in a more rapid ionization in the inverse bremsstrahlung picture even
though the average rates as described above are the same. The calculations, however,
show no enhancement nf the net ionizaticon rate for the large photon inverse bremssirahiung
model over the rate predicted by microwave theory unless the number of photons involved
is of order 1, 2, or 3.

il
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An experimental test cf the effects of this photon inerement snergy transfer
associated with optical fregquency breakdown is being undertaken in which measurements
will be made of the development of breakdown in cesium vapor under ruby and neodymium
laser irradiastion. An electron upon interacting with a ruby laser photon has
sufficient energy to directly excite the first excited state of cesium, and subsequent
photoexcitation and photoionization can lead to rapid ionization of the cesium,

Under neodymium irradiation, however, an electron must interact with more than one
photon before it has sufficient energy to excite the cesium. Measurements of the
breakdown threshold of cesium vapor with ruby and neodymium laser irradiation are

being undertaken to determine whether the photon unit energy transfer associated with
inverse bremsstrahlung energy absorption leads to a markedly different breakdown
threshold in the two cases, With argon or the other gases studied to date, tne ratio
of the number of photons absorbed for excitation is small, With either ruby or
neodymium irradiation many collisions are involved, and the calculations indicate an
energy gain rate and icnization in these gases similar to that calculated by microwave
breskdown theory. For the cesium, however, the ratio of the number of photon absorptions
required is two or more, and the inverse bremsstrahlung picture predicts a much greater
difference between the twc thresholds than the microwave breakdown model.

TWELVE-MONTH STATUS EVALUATION AND FUTURE PROGRAM

During the first twelve months of this contract, the following specific objectives
have been accomplished:

a., Studies of gas breakdown by optical frequeacy radiation have been carried
out In argon, helium, neon, and air over the pressure range from
atmospheric pressure to 2000 psi using the .69 4 and 1.06 1 radiation
from high-intensity ruby and neodymium lasers, respectively. With both
rub, and neodymium radiation, breakdown in air was observed to require
the highest field strength with successively lower field strengths
required for the breakdown in neon, helium, and argon. At low pressures
with either ruby or neodymium laser irradiation, the breakdown threshold

was observed to decreagse with pressure varying approximately asvﬁg s

b. Measurements have been made of the attenuation of the incident giant
lagser pulse by the breakdown plasma. For beam intensities slightly
above the breakdown threshold, it was observed with both ruby and
neodymium radiation that more than half of the laser beam energy can be
absorbed in the pl. mroduced by the breakdown and that over 90%
attenuation of the laser beam can occur during the later portions of
the giant pulse, Measurements of the attenuation of an optical beam by
the breakdcwn plasma 8t times following the incident giant pulse have
been carried out using the cw beam from a helium-neon laser and show
that the same 90% absorption is present for times of the order of

15
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milliseconds after the formation of the plasma.
demonstrate an extremely long lifetime for the breakdown plasma and
indicate that plasma losses in the afterglow are extremely small.

Measurements have been made to examine the eifects of diffusion-like
losses on the breakdown threshold by varying the focal volume within
With both ruby and neodymium radiation,

Ce
which the breakdown 1is formed.
the breakdown threshold for all of the gases studied is inversely
related to the dimensions of the breakdown region; i.e,, breakdown

within small focal volumes requires a larger optical frequency electric

field than is necessary for larger volumes, These measurements have

been carried out from atmospheric pressure to 2000 psi, and at all

pressures the same effect is noted, The volume dependent breakdown
threshold implies that even at pressures as high as 2000 psi,diffusion-
like losses play a significant role in the development of optical
frequency breakdown and that the loss-free breakdown threshold
lies at still lower electric field strengths,

d. In the experiments with neodymium irradiation, for the larger focal
volumes with both helium and argon a pronounced minimum has been
obgserved in the breakdown electric field vs, pressure curves. With

ruby irradiation no minimum is observed for helium and that for argon
is less distinct and shii.ed to higher pressures,

- e. Using the breakdown data obtained with ruby and neodymium laser
irradiation, the freguency dependence of the breakdown threshold has
been evaluated, For either argon, helium, or air the lower frequency
neodymium radiation gives a lower breakdown threshold than for ruby
at low pressures, At high pressures the neodymium data approaches
(helium) or crosses (argon’ it for ruby as a result of the minimum
observed with neodymium; for air the ratioc of the neodymium to ruby
breakdown threshold remains approximately constant over the pressure

range studied,
classical models of the breakdown process are not adequate to explain

f.
the phenomena observed at optical frequencies.
theories recently proposed are unable to predict the magnitude of the
E field required for breakdown or the pressure and volume dependence
Calculations of the inverse bremsstrahlung

Theoretical studies have been carried out which show that existing
Multiple photon

obtained experimentally.

cascade theory of the breakdown process have been carried out for

optical frequencies where the photon energy 1s greater than the
classically calculated electron osciliation energy and show that an

electron exchanges energy with the applied electromagnetic field in

This result differs in kind from that

increments of the photon energy.
obtained using the classical microwave theory and offers an experimental
test to examine the validity of the inverse bremsstrahlung model.

gl
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on the basis of these results, the following ereas are outlined for irvestigation
during the next contract period.

a, The presence of diffusion-like losses assoclated with the developrent
of breakdown by optical frequency radiastion has been demonstrated in
the experiments, but wae origin and nature of these losses 1s not yet
adequately understood. Existing theories of the optical frequency
breakdown process have made no attempt to include the effects of
diffusion-like losses, and in order to evaluate these theories, studies
are planned to exiend the measurements to focal dimensions such that
these losses are no longer significant in the development of breakdown.
Other forms of losses are undoubtedly present, and studies will also be
mede of these as they effect a breskdown, In particular, measurements
will be made of the rate of expansion of the breakdown plasma in an
effort to determine the blast wave kinetic transport losses assoclateu
with the optical frequerncy breakdown,

b. The theoretical- studies have shown that the photon unit energy absorption
of the inverse bremsstrahlung model will give results substantially
different from those predicted by the formulas of classical microwave
theory only in the case where excitation or ionization of the gas atoms
occurs in 1, 2, or 3 energy absorption steps. An experimental test orf
this photon increment energy transfer associated with optical frequency
breakdown will be made by measurements of breakdown in cesium vapor
under ruby and neodymium irradiation.

c. A cascade theory of the development of breakdown requires the presence
of initial electrons to start the multiplication process, Experimental
studies are planned to examine the effects of initial ionization within
the focal volume on the breakdown threshold to determine what portion
of the breakdown time is associated with the production of initial
jonization and the subsequent cascade multiplication.

17



Dg20272-4
KREFERENCES
1. R. G. Tomlinson, "Multiphoton Ionization and the Breakdown of Nobi Gases,”
Phys. Rev. Letters, Vol. 1k, No. 13, Merch 1965.
2. R. G. Tomlinscn ard E. K. Damon, "The Breasdown of Noble and Atmospheric Gases
by Ruby and Neodymium Laser Pulses," Presented at Physics of Quantum Electronics
Conference, San Juan, Puerto Rico, June 28-30, 1959.

3, R. G. Meyerand, Jr., and A. F. Haught, "Gus Breakdown at Optical Frequencies,"
Phys. Rev. Letters, Vcl. 11, No. 9, November 195",

4. R. G. Meyerand, Jr., and A. F. Haught, "Opticasl-Energy Absorption and iHigh-Density
Plasma Production," Phys. Rev. Letters, Vol. 13, No. 1, July 196k.

5. F. V. Bunkin and A. M. Prokhorov, "The Excitation and Icnizaticon of Atoms in a
Strong Rediation Field," Soviet Phys. JETP, Vol. 19, No. 3, September 1964.

6. A. Gold and H. B. Bebb, "fheory of Multiphoton I[onization," Phys. Rev. le’ters,
Vol. ik, No. 3, January 1965.

T. B. A. Tozer, "Theory of the Ionization of Gasas by Laser Beams," Phys. Rev.,
Vol, 137, No. 6A, March 1965.

8. S.C. Brown, Handbuch der Physik (Springer-Verlag, Berlin, 1956), pp. 317-335.

9. R. W. Minck, "COptical Frequency Electrical Discharges in Gases," J. Appl. Phys.
Vol. 35, No. 1, January 196L4.

10, J. K. Wright, "Theory of the Electrical Breakdown of Gases by Intense Pulses of
Light,"” Proc. Phys. Soc., Vol. 84, 1964,




D920272-4

LIST OF FIGURES

Fig. 1 - Q-Spoiled laser Systen

Fig. 2 =~ Giant Pulse Wave Forms

Fig, 3 - Breakdown Charge Ccllection

Fig. 4 ~ Attenuation of Nd+3 laser Beam by Breakdown Plasma
Fig. 5 - He-Ne Keam Attenuation by Breakdown Plasma

Fig. 6 - Breakdown vs. Pressure

Fig. 7 - Breakdown vs. Diffusion Length

Fig. 8 - Breakdown vs, Pressure and A - Ruby

3

+
Fig. 9 - Breakdown vs, Pressure and A -na

Fig. 10 - Breakdown vs. Frequency and Pressure

19




AG. |

0920272-4

SH31117dS Wv3g

FNJOWYIHL

1730 3HNSSI¥d HOIH

HOoHUIN

(¥) SNV HSV4

aoy ¥3sv1

W3LSAS ¥3SV1 a31710dS-0

.g’

3401 H3INdILTNWOLOHd

¥3Z1I¥v10d

' HOHHIN
v 2,

AX

T30 YN




D920272-4

RUBY
LASER
INTENSITY

NEODYMIUM
LASER
INTENSITY

GIANT PULSE WAVE FORMS

10 n sec/div

20 n sec/div

FiG. 2




De20a7e~-.

BREAKDOWN CHARGE COLLECTION

-

ELECTRON | Ve
WAVEFORM W}_F_ | 'fF WAVEFORM

a 1( SN

1008 -9'“? ‘l\\ 0. "‘i_ 1008

mmé T COLLECTION> 7T %nom

ELECTRODES
, OMa |\ ceLL  lOMa
10 F [O1uFJQOKF]| __l-— 90 VOLT — TI QOIuF| O, F | 1OF
= BATTERY = T T T~

T T T

1

{ON WAVE FORM
0.6 x10'2 ions/div

ELECTRON WAVEFCRM
061x l0'3 electrons /div

2usec/div

FIG.3




D920272-4 FIG. 4

ATTENUATION OF Nd%s LASER BEAM B8Y BREAKDOWN PLASMA

PARTIALLY
REFLECTING
MIRROR

GAS BREAKDOWN —NO BREAKDOWN

i

. OPTICAL INTENSITY

10 n sec/div

cscane T




E

DS20272-~-4 FiG.S

He-Ne BEAM ATTENUATION BY BREAKDOWN PLASMA

PHOTOMULTIPLIER TUBE

FOCUSING
FOCUSING LENS

LASER BEAM,

L BREAKDOWN
(AT LENS FOCUS)

He-Ne LASER

100 % B

|
|
‘{ ATTENUATION
|
|
|
|




FIG 6

0920272-4

(R WW) IYNSSIHd

»0l s 2

- N

I | |

e

NOOYY

I OIRETY
NO3IN
IV

wo . 0I1¥¥2:=V
NNIWAQO3N

WNIN3H

UNSSIYd SA NMOOXVINE

20!

(wd/ s4ion ) Q1314 3 suu

Q314 3 7

(W3/8j0A)




~
)
vy
(W) (wd)
2 2-0! s 2 ¢-0! 2 z-0! ¢ ¢-0!
I I T § ; ! S
— 401 450!
3
w
m
;n
Q
NOSNY _
< NOSMY
o
WNI3H 2 IRED
o
3
] =
-¢ v 1§
0156 02 = IUNSSINJ 0184 Op2 = JIUNSSINd
ASNY PN
01 L 20!
<
[}
~ HL1ON371 NOISNSSI0 SA NMOOMV3IHE
~
o
N
N
Q

(wo,zir0A) Q72i4 3 sw)

i

s i" ey




D920272- 4

rms E FIELD ( voits/cm)

rms E FIELD ( voits/cm )

rms E FIELD (volts/cm )

BREAKDOWN VS PRESSURE AND A - RUBY

23 HELIUM
5 -
34 T
75
2 10.2
i
4.0 Wy ]
|o6 Ax1073em
1 i § 1 . \I
103 8 104 S 10°
AlR
5 23 I\;
34
\ Y
)
2 7.5
Auo'3cm
(] | | | i |
10
|03 ‘04 2 L] |05

PRESSURE (mmHgq)

FIG. 8



0D920272-4

FIG. 9

*3
BREAKDOWN VS PRESSURE AND A -Nd

L
_ 16 ARGON
E 24
Q _ T
s ! |
§ 2 2 g I L
= I
o ol L —
i 6.9
2 ~d
w IOGL 92 \
» ‘ =~
E AxIO'Scm
- ] | | 1 1
|°3 2 S 104 2 3 103
sl HELILM |
16
-~ \T - I -
5 = 1 1
- 24 I\[_‘ T -
= | T -
= 69
-J -
W
@
w '06 -
[ _J
E
5 ] ] { : |
'03 2 5 |04 2 5 105
io7
- AR
£
3
3 I\
e st 14 1
g E ‘—I _i
o s § -
z : E—
e 51
® 92 T T
I T
E 4 + 1
- Ax10°3cm = 4
l06 1 1 | L ]
103 2 S ‘04 2 ] 109
PRESSURE (mmHg)

f}

|
L i



p920272-4 FiG. 10

BREAKDOWN VS FREQUENCY AND PRESSURE

7
0
ARGON
- A:2.4xi0%cm
€
-
= °r
©
>
o
-
W
L 2k NEODYMIUM
L
[
E
6 | | | ]
10 - 5
|03 2 5 |o‘ 2 n
o7

HELIUM
A:24xi103cm

sk I\Rusv - i Bk ,'1,.;' )

rms E FIELD ( volts/cm)
/

-]
-

ber
-
s
-

AIR

E A:24x10%:m
g RUBY
2 S
-9: NN\k
= T
D NEODYMIUM = —— F—
e
w VA od
"
E
] i } 1 i |
i0
PRESSURE (mmHg}



