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LASER-INITIATED, REDUCED DENSITY CHANNELS FOR
TRANSPORTING CHARGED PARTICLE BEAMS

I. INTRODUCTION

Recent charged particle beam fusion reactor designs propose using multiple diodes, protected from

the target by a high density gas blanket, with reduced-density, laser-initiated, current carrying plasma

channels to transport and combine the beams.' Multiple diodes are necessary to reach the required

beam power levels. Low density, electrically conductive, and current carrying channels are necessary to

minimize beam particle scattering, neutralize the beam electric and magnetic fields, and provide mag-

netic guide fields.2'3 Beam transport experiments to date have used wire-initiated electric discharges and

wall stabilized z-pinches 2 '.' 4 to create such channels but neither approach is suitable for a repetitively

pulsed fusion reactor.

Previous experiments have shown the ability of cesidual levels of ionizatio.' in air, resulting from

C02 laser-induced, aerosol-initiated air-breakdowns, to guide long electric discharges at low applied field

strengths and at large angles to the field direction5. The production, by this same means, of V-shaped

electric discharges demonstrates the feasibility of producing multiple channels intersecting at the target

location 6.

In this experiment" we have used a Nd:glass laser, focused into aerosol doped air, to produce long

strings of laser breakdown beads. The disturbance caused by these beads was used to guide a high vol-

tage electric discharge. Following this discharge there evolved a straight, radially uniform, low density,

electrically conducting channel. We estimated conditions in this channel from electrical circuit meas-

urements and from the channel dynamics as seen in open shutter and Schli. ren photographs. We also

Manuscript submitted October 14. 1980. I!
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observed the later disruption of the channel through turbulence and we used a simple model to esti-

mate the resulting conditions.

Because the high voltage discharge was of short duration (- 6 •sec) compared to the hydro-

dynamic expansion time of the channel (- 30 i.sec), there was no current flowing in the channel by

"the time it had evolved to the low density, atmospheric pressure state. However with the use of a suit-

able high voltage switch, a second curient pulse can be created in the low density channel to provide

the magnetic guide field required for transporting particle beams. 8 The second discharge must be fast

enough so that no hydrodynamic or magnetic instabilities can develop in the channel before the desired

current has been achieved. Rise-times of 5 to 10 Asec are adequate.

II. APPARATUS AND EXPERIMENTAL PROCEDURE

The apparatus used for this experiment in shown in Figure 1. A Q-switched 60 J Nd:glass laser

was used to produce string, of laser breakdown beads.9 As used the laser had a peak power of

-1.5x 09 W, a pulse width of -40 ns (FWHM) and a divergence angle of -04x10- 4 radians. The

laser was focused with a -5 m focal length lens resulting in a minimum focal spot --. 2 cm in radius

with a peak on axis intensity of - L.6xOIO1 W/cm2 . The laser intensity never reached the clean air

breakdown threshold of -3x 010l W/cm2, however, the breakdown threshold was lowered by the pres-

ence of aerosols'O. The aerosols were produced by burning black gunpowder. A variac controlled, hol

nichrome wire ignited the powder in a small tray. A desk fan dispersed the aerosols throughout the

enclosure. In a few minutes a nearly uniform dispersion was achieved. The enclosure was ---3×3x5 m

and -2.5 g. of gunpowder was burned to yield an aerosol loading of -. 1j g/Acm 3. When the air in the

enclosure was not stirred, aerosols capable of causing profuse breakdowns persisted for - I hr.

The high voltage pulse to dri%,e the electric discharge was provided by a small Marx generator ( V

. 360 kV. C - 015 AF, R, ,, - 4.5 f). L1111 -- 6.H) which was normally charged to 250 kV in these

experiments. The internal connections of this generatoe are shown in Figure 2. We found that when

f2
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the high voltage pulse was applied between -10 and - 100 ys after the laser had fired, reliable guiding

occurred. A delay time of - 30 As was adopted for the channels used in this experiment.

"The channel was photographed from the side and abov-,' with open shutter cameras. Streak photo-

graphs were taken with a STL model I-D image converter camera. Schlieren photographs were taken

using a Korad model K-I pulsed ruby laser and the optical system shown in Figure 3. Time integrated

spectra were taken of the channel using a Spex 3/4 m spectrograph. The electric discharge current was

monitored with a Rogowski coil and the Marx output voltage with a capacitative voltage divider. The

timing electronics to trigger the Nd:glass laser, the Marx generator, the ruby laser, and the image con-

verter camera were located in a copper screened Faraday enclosure and the signal leads shielded in

copper tubing. The diagnostic signals were brought to the Faraday enclosure ini copper tubine, and

recorded on oscilloscopes.

The channel was also formed in atmospheric pressure Argon. A sealed nonconducting box was

used to hold the Argon which had windows to admit the Nd:glass laser and the ruby laser Schlieren

beam. Aerosols from black powder were again used.

III. RESULTS AND DISCUSSION

The breakdown beads created by the interaction of the Nd:glass laser with the aerosol doped air

extended from -4.5 m from the lens, through focus, to a point -7 m from the lens to give a total

length of tib. string of breakdown beads of -2.5 m. The beads were closely spaced and confined to a

channel -. 2 cm in radius (Fig. 4). Calorimeter measurements showed -15 Jim were absorbed from

the laser beam by the string of breakdown beads.

The electric discharge was guided, provided the laser breakdown beads were closely spaced from

the high voltage to the ground electrode. Discharges of up to 2 nm long have been produced using the

-2.5 m string of laser breakdown beads. If gaps of more than a few cm existed in the string of break-

downs, guidance became sporadic and if guidance uid occur the gaps were bridged by loops in the

discharge (Fig. 5). Otherwise the luminous discharge, as seen in the open shutter photographs (Fig 4),

3
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did not deviate from the envelope containing the laser breakdowns. The discharge appeared to zig-zag

between the breakdown bead locations and to be more diffuse when in the vicinity of a bead. Streak

photographs (Fig. 6) indicated that the laser breakdown beads were non-luminous by the time of appli-

cation of the discharge voltage. Granularity nevertheless remained evident in the luminosity of the

electric discharge.

The Schlieren photographs show that the laser disturbances coalesced in time to form a quasicon-

tinuous region -. 25 cm in radius. The laser energy deposited in this region was thus - 1 J/cm 3.

Greig et al. found that the deposition of similar amounts of energy from a CO2 laser resulted in the gui-

dance of electric discharges nearly perpendicular to the direction of the electric fieid and at velocities

characteristic of the return stroke of a long spark.5 Our closure velocity of -109 cm/s was in reason-

able agreement with their results for a similar applied voltage. Our time range oi - 10 to - 100 IL s for

good guidance was also in agreement with their work. It is therefore reasonable to presume that gui-

dance was caused by similar mechanisms, wherein an electron density between 108 and 1012 cm- 3 per-

sisted, following the laser breakdown, and was sustained by collisional detachment from Oions. The

persistence of this enhanced conducitivity permitted the propagation of a potential wave carrying sub-

stantially the entire high voltage. The ability of our discharge to bridge small gaps in the breakdown

beads supports this hypothesis (Fig. 5). Our observations also indicate that th't residual electron density

varied spacially, being highest where the center of a breakdown bead had been located (Fig. 4).

The expansion of the channel, following the electric discharge, was observed by Schlieren photog-

raphy (Fig. 7). The average channel radius was estimated irom these photographs and plotted as a

function of time (Fig. 8). The discharge first created an irregular ohmicly heated channel -. 25 cm in

radius having the approximate outline of the original aerosol disturbances. This expanded to a -1 cm

radius channel with irregular boundaries but a uniform core. (Also evident in the Schlieren photo-

graphs are expanding shocks due to both the initial laser breakdowns and the ohmic heating ) Between

-30 and - 100 Ms the channel remained at approximately the same radius and was therefore in pres-

sure equilibrium with the surrounding atmosphere. Thereafter the channel both became turbulent and

4!,



NRL MEMAORANDUM REPORT 4380

expanded in radius again. A superimposed whit, light and Schlieren image, taken 12 As after the

discharge voltage was applied, suggests that, as the channel expanded to pressure equilibrium, the

crookedness of the initial discharge determined the roughness of the edge of the expanded channel

(Fig. 10). Schlieren photographs taken at both electrodes and in the middle of the channel showed it to

be uniform from end to end (Fig. 11). Time integrated spectra were taken of the channel and showed

no contamination that could be attributed to the use of aerosols (Fig. 12).

The initial expansion of the discharge heated channel to a stable -1 cm radius appeared to take

place without convective mixing between the hot channel gas and the outside air. Furthermore,

diffusion will not be significant on the time scale of this expansion. Thus this channel contained only

the matter present prior to expansion and had a density of - 1/20 atmospheric corresponding to the

-20:1 volume change which took place. The temperature of the channel, for times of -30 to

-100 As, may be estimated by assuming pressure balance with the outside atmosphere. IThe establish-

ment o, pressure balance is consistent with sound velocities inside and outside the channel. The

molecules in the channel were both partially dissociated and hotter to equal the pressure of the higher

density outside air Letting nj represent the post expansion molecular density, T, the temperature and

� a the fractional dissociation we may write

T (1 + a)n,. TO (1)

The ratio of molecular densities is given by the volurme change as 20:1. As the fractional dissociation,

a, is a functon of the final temperature, self consisten~t values of T, and a must be sought. The quan-

tity (1 + a), as a function of temperature, may be determined from the tables of Burhorn &'d

Wienecke'l which give the equilibrium com )osition of air at elevated temperatures (Fig. 13). Using

this Figure, the temperature and fractional dissociation are found to be T-5030°K,a-.2. Burhorn

and Wienecke also tabulate specific enthalpy as a function of temperatue from which energy per

molecule (W) As a function of ter',)etature at 1 atmosphere has been ploted (Fig. 14.). Using this

graph we find E,,-2.7 ev./mol.

I 5
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Assuming the channel expanded adiabati, y, we may find the pre-expansion conditions. We may

write

Pi Pf(2)

where P and Vare pressure and volume, y is the ratio of specific heats, and subscripts f and ,relate to

the final and initial states respectively. Zeldovich and Raizer12 give the effective y for standard and

reduced density air as a function of temperature (Fig. 15). The value y-1. 2 is appropriate for the tem-

perature range in this situation and yields an initial pressure of 36 atmosp.:eres. Zeldovich and Raizer

also give temperature and energy for standard and reduced density air as a function of pressure (Fig.

1•). From this figure we determine the i nitial temperature and energy to be 7j-7000°K and E1-4.6

ev./mol. This corresponds to an energy deposition of -3.5 J/cm of channel length.

The electrical energy deposited in the channel may be determined from the electrical characteris-

tics c• t.he discharge. The voltage and current signals closely approximate the response of an under-

damped RLC circuit of constant r" Fig. iP). It is therefore possible to determine the circuit inductance

and resistance from measurern~e-s of the period, T, and the camping constant 8

L 41 - S2 (3)

R - 2L8. (4)

Measurements were made on both the shorted Marx generator and the Marx generator driving a .5"m

channel. Thus it was possible to determine both the internal Marx resistance and the channel resis-

tance. The total stored energy (CV2/2 = 625 1.) was divided between the internal and channel resis-

tance giving an energy deposited in the channel of -3.5 J/cm, which is in good agreement with the

value deduced from the channel dynamics and supports the adiabatic assumption.

After -- 150 gsec the channel became turbulent and ex.,anded again. With no external sources of

energy, expo.nsion was only possible because additional outside air was being entrained and mixed into

the chann.1 The hot gas in the channel possessed energy of vibration and dissociation in addition to its

6
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Kinetic energy. When mixing began, and cooled the channel, .Atis extra energy was released, wi-ch pro-

vided the i.mipetus for continued expansion and mixing. The process happened continuously and in

such a way as to maintain atmospheric pressure but was also rather non-uniform. However, we have

adopted the simple model of alternating small steps of mixing and adiabatic expansion assuming uni-

form mixing in order to estimate the temperature and density during this process. Starting from the

Istable, hot channel conditions (r,,n,,,T,,) , we take a small increment in radius and presume the cold

outside air within this layer mixes thoroughly with the channel. Within this ncw radius the molecular

density, ni, and energy, e,, are obtained by conserving partices and enkrgy.

n r;- )
n - + 2.55 x 1019. (r? ro (5)

r1
2  r,2

1.65 x 10 11(r, - r, +) 0,,nor,"S=, + -•- ev. (6)

From this energy, using Figure 14, we find a new ,emperature, T,. The dissociation, a, at this tem-

perature is found from Figure 13 allowing us to evaluate the hypothetical pressure

= (1 + a)njT,
P, - 7.65x 1021o.aim

We now allow the adiabatic expansion, without further mixing, to bring the channel back to

atmospheric pressure. The final radius is then

r - rP,2f cm (8)

where the appropriate y for temperatures near T, Is found using Figure 15. Because no new particles

have been introduced we have

I= nr- cm' 3  (9)

knowing atmospheric pressure has been re-established, we find

= 7.65x 1021 K (10)
S (1+a)nf

II 7
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where it is generally sufficiently accurate to use the value of a at T,. Lastly we, may find the final

energy, E f by again using Figure 14.

These final conditions, (n,,rf,Tf) are now taken as new initial conditions and the whole process

repeated. In this way temperature and density as a functior; of channel radius are determined and by

reference to Figure 8 they may be determined as functions of timve. These results are shown in Figure

18.

"Channels formed in Argon (Fig. 9) showed the same turbulence, at It , times, as those in air.

While the total internal energy of the Argon will not include rotational, vibational or dissociation con-

*i tributions, th. .., will be excess energy due to atomic excitation (particularly metastable states).

IV. CONCLUSIONS

We have guided a fast high voltage discharge with laser-induced air-breakdown to produce a

straight, radially uniform, reduced density channel. The channel is stable for -70 /is, thereafter

becoming turbulent and expand--,g. During the stable phase the channel temperature is -5000 0K.

The elevated temperature results in an electron density1 3 of _ 1014 cm"3. This results in a electri-

cal conductivity of - 30 (ohm-m)-' determined by electron-neutral collisions. It is therefore possible

fcr a second lower voltage but high current discharge to be conducted through the channel. Such a

seond discharge, provided it has a rise time of <5 t~s, will produce magnetic guide fields before the

channel expands further or kinks. Methods of impressing this second discharge are presently under test

at NRL.

fhe size (r- 1 cm) and density (p-p1/20) of the stable channel are determined by the electrical

energy input, the background gas density, and possibly the diameter of the laser beam. The combina-

tions of channel radius and density which are achievable will be investigated in future experiments.

Our channel is presently limited to - 2 m in length by the properties of the Nd:glass laser. Air

breakdowns of up to -60 m in length using Nd:glass lasers have been reported however, 4 and it may

Si i i !I / I In I l~l m il8
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be possible 'o guide an electric discharge over such distances. Our laser will be upgraded in the near

future to permit investigation of such long breakdowns.

We have used aerosols to initiate the air breakdown. However, any absorbtion mechanism which

re'lilts in a residual electron density of < 109 cm= 3 along the laser path could be used to initiate the

channel produc".n process. Thus, while our specific methods may not be directly applicable to any

given reactor scenario, they nevertheless allow us to investigate the properties of the channels formed

by laser guided discharges and it appears channels suitable for a charged particle beam transport may be

formed by this means.
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ARRANGEMENT FOR PREPARING
CHANNELS IN THE ATMOSPHERE

CHAMBER TO ALLOW CONTROLLED
./ AEROSOL CONCENTRATION

BEAM AEROSOL INDUCED
DUMP BREAKDOWN LASER

GRON + HV ELECTRODE BEAM

ELECTRODEEETO

MARX
GENERATOR

Fig. I - The experimental arrangement used to produce the laser-initiated. reduced density channels.
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ALL RESISTORS,10 K

ALL CAPACITORS, .1 pf

-OUTPUT

Fig. 2 - The internal connections or the -360 kV Marx generator.

UNDEVIATED RAY

___________ SLIGHTLY DEVIATED RAY, PROPERLY FOCUSED

BLOCKED RAY

Q SWITCHED CHANNEL 1 mm PINHOLE LIGHT SHIELD CAMERA BODY AND FILM
RUBY LASER

RUBY LINE FILTER LIGHT BAFFLE

Fig. 3 -The Schlieren system. incorporating object to film planc i~n3.ging and image size reduction.
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FU

"•i 1 rn

ab

5 CM

-[-A

e f
Fig 4 - Open shutter and Schlieren ohotograp~is a) Open shutter camera viev% of an entire string of laser
breakdown beads b) Open shutter camera view of a -1 m electric discharge guided by the laser breakdo%%n
c) Open shutter caimera close-up of the laser breakdown beads d) Open, shutter ý.amer~a Jlose-up of tlicguid-
ed discharge e) Schlieren photograph of the laser breakdown beads after - 30 IA si e just prior to the applica-
tion of the high voltage discharge f) Schlieren photograph -1 As after the start of the high voltai discharge.
e approximately at the first current maximum
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I'

3 cm

Fig 5 - An open shutter photograph showing a loop in the electric discharge resulting from a gap in the laser breakdown beads
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GUIDED DISCHARGE
(1 m, 2 kA)M 30s

4

LASER + AEROSOLS -0

Fig, 6 - A streak photograph showing the laser breakdown and the subsequent guided electric discharge. A
-250 01 current limiting resistor was uZed in series with the Marx generator to give comparable exposures for the
laser breakdown and the discharge.
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ONSET OF LARGE SCALE

_0 LASER BREAKDOWN BEAD SIZES

I I I 1A

10 100 1,000

TIME (Pus)

Fig. 8 - The average channel radius as a function of time as determined by Schlieren photography.
The points represent individual shots.
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CALIBRATION LINES IN THE4LINES CHANNEL

3126 HN-

3132 H-"

~3239N 11

13437 N 11

3650 Hg~

-113713011
3663 Hg- 3727011

-3838,0011
-3682011

4047 HV ~ ~-3919 N11 1956 N 1 91,N1
404 Hg-399504.44 N N 11~ ~

-401,444,045N~l4072 011,40760 11
4078 Hg-- .- 4097 N 11, 4103011 4105011

"'ý4119, 4120, ý4121 4122 0 11
-423, 422N11 4133,4134 N 11

~-4237,4242 N11

4348Hg--4 0H
-4415.4417011l
-- 4447 Nil1

z-,459S 0 11
4601, 4607 N 11

-4649, 4851 0 11

-4861,4867 N Ill

-4937 N 1l

5461 Hg- _,,-5496 N 11

-- 5535 N 11

-5676, 5680 N 11
5770 Hg =5686 N11

I ~-.. -5718 N 11

5790

=ý589U Na I
5896 NaI

Fig. 12 - The time integrated visible spectrum~ of the channel. The
spectrum is dominated by N1l and Oll lines

21



RALEIGH, GREIG, PECHACEK, AND LAIKIN
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1 1,1

t*1 , I • , I , I , I ,

0 1 2 3 4 5 6 7

T (10' 0K)

Fig. 13 - The dissociation of atmospheric pressure air as a function of temperature,
as computed from the tables of Burhorn and Wienecke."

" I' I I I I I I I I I I
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I
1-7

-kT2

S103 104

T (OK)

Fig. 14 - The total interna energy (kinetic + rotational +
vibrational + dissociation) per original molecule, for air at
atmospheric pressure, as computed from the tables of
Burhorn and Wienecke.
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1.25 --

1.2 -- Qoo-

1.15 --

2 10 12

(103 -K)

Fig. 15 - The effective adiabatic exponent. y, for normal and reduced
density air, as a function of temperature, as given in the tables of
Zel'dovich qind Raizer.12

104-

!/

103 1 I ) I l ! , ! !

P (atm)

Fig, I A The temperature and total internal energy of normal
density air as functions of pressure, as given in the tables of

_->• Zel'ovich and Raizer.12
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01

-50

o-0

I (WA)

0 2 4 6 8 10 12 14 16
TIME (IL sec)

Fig. 17 - The voltage and current for a .5 m guided electric discharge.

6

"l g / c m 3 )

5ý T

c24
-~ I ,-

2 1 -

.1 .2 .3 .4 .5 .6 .7 .8 .9 1 1.1 1.2 1.3 1.4 1.5 0

TIME (ms)

t 'Fig. 18 - The temperature and density of the channel as functions of time.
These results are computed by the methods discussed in section I11.
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SPECTRUM OF THE CHANNEL

1)CALIBRATION 
LINES IN THE

LINES CHANNEL

3126 Hg

3132Hq-

0 •3329 Nil

.13437N If

3650 Hg _3

"3683 Hg- - .3727 11-3750O0II

-3838011
- 3882011
-3919NI1 3956NII

4047 - 3995 N Ir 3973 N 1I
-4041, 4044,4045 N 1140720O1,4076OI

4078 Hgl-* • 14097 N II, 4103011,4105011
'•4119,4120,4121 4122 0 11"I1•'• 

-ý4133, 4134 N 11
- 4237,4242 N 41• __4317, 4320 0 11$ 4358 Hg- - 4340 H I

- 4415, 44170 II
---- 4447 N II

- - 4530 N II

- 4631 N II
- 4700, 4705 0 II

- 4803 N II

-5005 N II

- 5180 N II

5461 Hg• __,5496 N 11
-5535 N 11

• - j 5 6 6 7 N 11
-- 5676 N It

•:5770 Hg _ -- '-711 N If

S•: ,932 N II

75942 N I1

Fig. 12 - The time integrated visible spectrum of the channel. The
spectrum is dominated by Nil and O0l lines.
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Fig. 18 - The temperature and density of the channel as functions of time. These results

are computed by the methods discusscd in section III.
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