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ABSTRACT 

A device for generating a highly ioni:z;ed hydrogen plasma is described. 

The plasma is contained in a cylindrical tube 86 em long and 15 em in di-

ameter immersed in an axial magnetic field of about 15 kgauss. The ion 

density is 6Xlo
15 

ions em -
3

, the degree of ioni:zation is probably 90 to 100%, 

0 
and the temperature is about 10,000 ~· The plasma is formed by a switch-

on ionizing wave, and then decays in several hundred microseconds by a 

volume recombination process . 



't 

-3- UCRL-9528 
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John M. Wilcox, AJL·an W. DeSilva, Williarri:S. Cooper III, 
Pierre Pellis sier, and William R. Baker 

Lawrence Radiation Laboratory 
· University of California 

Berkeley, California 

January 12, 1961 

INTRODUCTION 

In a device for generating a highly ionized hydrogen plasma, the 

plasma is contained ~n a cylindrical tube 86 em long and 15 em in diameter 

immersed l.n an axial magnetic field of about 15 kgauss. The ion density is 

6Xlo
15 

ions/cm
3

, the degree of ionization is probably 90 to 100%, and the 

temperature is about 10,000°K •. The plasma is forrried by a switch-on 

ionizing wave, and then decays in several hundred microseconds by a volume 

recombination process. This device was developed in the course of experi-

" . 1-4 ments on Alfven wave propagatlon. 

We first describe the geometry and the method of plasma prepara-

tion, next describe the plasma properties and the methods whereby these 

have been measured, and then de~:~cribe several of the electrical and 

mechanical details of the construction of the device. Finally we speculate 

on the effects of changing the tube dimensions, the magnetic field strength, 

and the gas pres sure and composition. 
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.. ' PLASMA. PR;EPA~ATION' ' 
' -

The georn,etry employed ~s _s_ho.wn ~n Fi,g. 1. An,~le<;tri~tally con

ducting tube 'about ~ meter long and i 5 em iii cii~rn~ter ''is placed in an axial 

magnetic field of about 15 kgauss. on.e end of the tube (the "driving" end) 

is sealed with a pyrex plate in ~hich is mount~d a coaxial molybdenum 

electrode 5 em long and 5 em in diameter. :The', other end of the tube can be 

sealed with a pyrex plate, a coppe:r:- pl9-te, or in almost any way desired. 

The tube is.filledwithhydrogen gasat a pres~ure ofO.l mm !{g (100 fJ.) 

which flows continuously through the syst~m. The ionizing ener_gy is supplied 

by a lumped-constant pulse line which has been charged to 10 kv. The pulse 
;. . .. . :., . . . ·-' 

line is connectec;l ~hrough a series resistor R and an ignitron switch to the 
. " . . • . . ~ • I . 

coaxial rn.olybdenum e.lectrode. The ground side of the pulse line is connected 

to. the tub~. 

WQ.en the high voltage is applied to the coaxial electrode a local 
·' 

electrical breakdown of the gas occurs and a radialcurrent flows. 
' ~ . . . ' . 

This 

radial current, together with, the axip.l magnetic field, exerts an azimuthal 
( 

force on the plasma (Fe = j{' Bz)' which causes it to rotate and thus develop 

a back em~. which tends to reduce the radial curre!J,t flow. By a process 

that is not completely understood the ionization proceeds along the length 
.. . . . . . ' . . . ' 

of the tube. Magr1etic-probe m~asure_ments have indicated that t.he width of 

the ionizing front (i.e. , the transition region between a warm highly ionized 
. ~- ~ . . 

rotating plasma and an essentially neutral gas) is a few centimeters. This 

process has been called a "switch-on" ionizing wave, because as the front 
\ . 

passes by, an azimuthal component of magnetic field is "switched on. 11 

The progress of the ionizing wave down the tube is observed with 

radial current probes (Fig. 2). This probe consists of a 1/4-in. -diameter 

metal button mounted in a hole in the tube wall and insulated from the wall. 

•• 
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A radial current pas sing from the plasma to the button is returned to the tube 

through coaxially mounted resistors, and the resulting resistive voltage 

drop is observed with an oscilloscope. When the ionizing wavefront reaches 

a radial current probe, we observe a sharply rising signal. The progress 

of the front down the tube as meas·ured in this way is shown in Fig. 3. The 

velocity-~ of the wavefront, which "in this case is 5 cm/!J.sec, can be changed 

by varying the experimental conditions. 

If the ionizing current continues to flow after the wavefront has 

reached the far end of the tube, impurity lines characteristic of elements in 

the pyrex plate are observed spectroscopically. Therefore the ionizing 

current is shorted out (crowbarred) with the ignitron switch shown in Fig. 1 

just as the ionizing wave reaches the end of the tube. This stops the energy 

flow from the pulse line to the tube, and also abruptly stops the rotation of 

the plasma, in the same way as a rotating motor or generator will a·bruptly 

stop if its armature is shorted out. The kinetic energy of rotation of the 

plasma is recovered electrically in the form of a reversed current flow, 

as shown in Fig. 4. In this case the crowbar was applied 20 f.i.Sec after the 

ionizing current began to flow. The reversed current can be clearly seen. 

After the crowbar has been applied the current oscillates with a half period 

of about 10 f.i.Sec. This period is controlled by the inductance of the crowbar 

circuit, since the rotating kinetic energy can be recovered from the plasma 

in a time given by the length of the tube divided by the Alfven velocity. Thus 

in pr~_nciple, at least, if external inductances were minimized the current 

could be brought to zero in less than 2 f.L sec, since the Alfven velocity in 
0 

this case is about 4.5Xl0 
7 

em/sec. 
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PLASMA PROPER TIES 

The properties 'of this plasma h~v~ ·been d~duced frbin ~·pectro~dopic 
. . . ' :' . 1·-4' ' . . . -· 

observations, Alfv-en wave-propagation ·experiinentsi - and magnetic-probe 

observations. 

' ' ' 5 
The plasma density as a function of time has been measured by 

observing the Stark broadening of the first th~ee hydrogen Balmer lines, H , 
a 

and H 

" 
The light from a 5-cm-diameter cylinder of plasma iri the 

center of the tube was focused on the entrance slit of a monochromatori as 

indicated in Fig. 5. The light from the monochromator strikes a photo

multiplier tU:be whose output is displayed on an oscilloscope. With the mono-

chrornator set at a particular wavelength on the profile of a spectralline, 

the light intensity of that wavelength is obtained a~ a function bf time .. Sl.x 

shots are averaged together, because the i~tensity v'aries by about 20o/o from 

shot to shot. The monochromator is then set to look at another wavelength 

on the-line profile, and the p~ocess repeated until the particular spectral 

line has been covered~ Cross plots then give the line profile at any time; 

A typical result is shown in Fig. 6, which shows the experimental profile of 

H!3 at a time 50 p.sec after crowbar. The solid curves are obtained from 

' ·. 6 
the theory of Griem, Kolb, and Shen, who estimate an uncertainty of 

about lOo/~ in their theoretical profiles. The the.oretical variation of the line 

p.rofile ·~ith temperature and density is indicated. Experimental profiles 

for H and H taken atthe same time also agree well with the theory 
a. 'I 

calculated for an ion density of 5Xl0 
15 

ions/ em 
3 

and a temperature of 

0 
10,000 K. 

The ion density as a function of time 'fs shown in Fig. 7. Because 

the plasma diffusion times. both along the magnetic field and perpendicular 

to it, have been estimated to be at least of the order of 10 msec, i.e., 

G 

•• 

., 
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much longer than the observed decay time, the. decay probably takes place 

by a volume-recombination pro·cess. The density measurement by Stark 
,. 

broadening, with the use of our spectroscopic equ.ipment. become.s un-

certain below a denstty of about 10
15 

ions/cm
3

• The density region below 

about 10
13 

ions/cm
3 

could be measured with the. microwave interferometry 

technique; this has not as yet been done. 

For measurements early. in the decaying plasma, the measured 

Alfv~n wave velocity Va_ agrees well with theory if the known magnetic field 

B and the ion density p measured from Stark broadening ~a= B/(~0 p) 1 /j 
are used. The mass density of neutral atoms present would probably have 

to be included in the density used in the Alfven formula, since atom and ion 

motions are closely coupled owing to the large value of the charge-transfer 

cross section (see the discussion of this point iri Refs. 3 and 4). Thus the 

agreement of the experimental wave velocity with the theory when the 

measured ion density is used indicates that the neutral density is small at 

early. times. in the decaying plasma, and thus that the plasma is highly 

ionized. The neutral density has not been measured di.rectly. We may note 

that the ion density as a function of time in Fig. 7 extrapolates back--approxi

mately to 6 or 7Xlo
15 

ions/cm
3

, which is the density of neutral atoms 

present before the gas is ionized. 

From the measurement of the attenuation of Alf~n waves it is 

possible to set a lower limit of about 10,000°K to the temperature of the de-

caying plasma soon after crowbar, as discussed in Ref. 2. 

The radial variation of plasma density has not yet been measured. 

spectroscopically. In the course of the Alfven wave experiments, however, 

the radial distribution of the magnet~c field associated with the wave was 

measured with magnetic probes immersed in the plasma. Qualitative.:; agree-
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ment between theory and experim~nt is observed., indic~ting that there i9 not 

a large radial :variation in the plasma pr0pe.rties, These observations al~o 

indicate that the radial tt:1mperature gradient in the decaying plasma may 

increase with time. 

The shape of the experimental line profiles of Ha., Hf3' and Hy 

agrees well with the theory, which was calculat~d by assuming a u:qiform 

plasma density.. This indicates that the plasma observed with the mono-

chromator is fairly homogeneous. Magnetic probes with a sensitivity' of 1 

gauss immersed in the plasma do not "see u any noise signals from the de-

caying plasma, which suggests that the amou,nt .of magnetic turbulence is 

.. very small. 

The amount of impurities present in the plasma was estimated by 

admitting a small amount of methane or carbon dioxide into the tube and ob-

serving with a monochromator the resulting increase in intensity of a carbon 

or an oxygen spectral line. The particle density of carbon or oxygen de-

termined in thi-s way is about 0.2o/o. · 

It may be noted .from Refs .. 3 and 4 that the decaying plasma is 

electrically isolated from its container, even though the conducting tube has 

a much higher conductivity-than the plasma. For instance, in the Alfven 

wave experiments it was found that the boundary condition to be applied was 

appropriate for a glass (i.e., nonconducting) tube .. As observed experi-

mentally, a high-:-density current flow from plasma to wall can maintain 

electrical contact betweenahem. 

• 

•• 
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Details of Construction 

Most of the cost and effort is involved in providing the magnetic 

field,. In these experiments a continuous magnetic field was used because 

water-cooled magnets, silicon rectifiers, and alternating current capacity 

l 

were available. In most cases it is more convenient and economical to use 

a pulsed magnetic field with a half-cycle time of 10 msec, supplied_by an 

electrolytic capacitor bank •. We have constructed such pulsed magnets and 

capacitor banks for use with other experiments. 

A uniform magnetic field can be obtained with a simple close-wound 

coil by using only the central volume, i.e., by avoiding the volume within 

two wire diameters of the coil or within one coil diameter of the ends, as 

shown in Fig. 1. For coils of practical dimensions, about one-half the 

volume is useful uniform field. It is possible to design coils that enclose 

a greater fraction of usable volume,- but such coils are more difficult to 

fabricate and trim satisfactorily. In the design discussed here the annular 

volume between the tube and the coil is available for experimental probes 

and diagnostics. 

The capacitor bank is designed from energy considerations. The 

energy supplied to the magnetic field must be stored in a capacitor bank at 

some practical level which is dependent upon switching, connecting cable, 

and coil-insulation problems. In order to use s:tlanda'lrdl welding cables for 

connections and for simpllifi;ie_dlc.oil construction, the upper limit for bank 

voltage is set at 5 kilovolts. Since the magnetic energy in a 20-kgauss field 

is about 2 joules/ em 
3

, the total energy calculated f~om the coil dimensions, 

2 
including I R losses and about 25o/o for the fringing field, is 150 kjoules. 

The required capacitance is then 12,000 microfarads. This value is rather 

easily attained with electrolytic capacitors. The bank is subdivided into 
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; ;_ ~' 

twelve modular sections to prevehf the·entir~ ·bank from participating in an 

. ·.' ' . . . .. . . . - ·' . ~ . . .. . . 
internal failure should one occur. The switching is accomplished with one 

ignitron for each section. 
'i 

A Circuit diagra~ for. a typical modular se~tion 
. . . .. . ~ . .. . . . . . 

is shown in Fig. 8 .. The output of each section is connected to the magnet 
.. -··· .. :, . ., :.·· . '.· .. :; ;' .·· ' - . "} 

coil thro\1-gh a pair of No. 1 welding cables, which should be at least 15 feet 
.J. 

long. The inductance associated with these cables provides isolati~n and 
..• 1 .,• .·',.' 

protects each modular unit from a failure in another unit or in the coil. In 
; . 

three years of operation into various loads the capacitor replacement rate 

has been less than l/2o/o per y~ar. There has been no occasion on w4ich 

bank troubles have interfered 'with experimental work. 
:. .. ' 

With the capacitor parameters determined, one can now design the 
.\ . . . .,·. . . 

magnet: coil. In order to minimize the large stray field caused by leads to 
:. ' ... 

a single-layer solenoid, a two-layer coil is used. To provide access to the 
I. • 

. center of the machine, the coil is split into two identical units connected in 
. . . ;_ , ' ' ... ; . 

series. Provision of an epoxy~fiberglass- bonded outer shell and epoxy 

impregnation between turns supplies the strength necessary to resist 

magnetic forces. The coil is close wauna with No. 1 T W Thermoplastic-

insulated standard commercial copper wire with the first layer wrapped on 

an 8-in. -diameter commerCially available epoxy-fiberglass tube having a 
.·-, '· -

l/8-inch wall. Each layer is painted with epoxy resin. The interlayer 

insulation is two tu~ns of 1/32-in. -thick epoxy-fib~rgla'ss laminate. After 
!' '"! 

the second layer of ~ire has b~en wrapped, five layers of 1/32-in. -thick 

fiberglass fabric are wr~pped. wlth ep~xy r~s.in b;ushed in bet~eenea~h layer. 

The coils should be fi;;~ly ~~u~ted, and if they are separated by 
. f· 

an inch or two to pr~vide a~~ess for diag~a'stic ~quipment, attention must 
' ~ ' . . .• ; ! "' ~ . ' 

be given to the fact that1 an axial force of several tons will tend to bring 

them together when the magneti~ field-is applied. 

.. 

•• 
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The ionizing pulse line must supply the ionization energy plus the 

kinetic energy ofthe rotating plasma, and should be charged to about 10 kv 

so as to have an electric field large enough. to break down the gas. We used 

ten 7. 5-f,J.f capacitors, with two 5550 ignitrons in parallel used for switching, 

as shown in Fig. l. Output is brought to the tube with six RG-8/U coaxial 

cables. The pulse line is enclosed in a shielded box to minimize the radiation 

of high-frequency noise and transients. A series resistance R of one ohm 

was used. This was constructed from a strip of stainles steel 0.00 l-in. -

thick, 1-.in" wide, and 9 £t long, insulated with glass tape and folded to form 

a compact unit. The crowbar switch is a 5550-ignitron tube connected as 
I 

shown in Fig. 1 and actuated in the same manner as the switching ignitron. 

Commercially available delay circuits can be used to provide the necessary 

delays for the switching and crowba:~;ring ignitrons, . i. e. , after the magnet 

is pulsed on there m~st be a delay of several milliseconds until the magnet 

current has reached its maximum value. At this time the switching ignitron 

is fired; there is then a delay of about 15 f.J.Sec, and then the crowbar ignitron 

is fired. The circuit used to fire the ignitrons is shown in Fig. 9. 

The voltage between the coaxial electrode and the tube, and the 

ionizing current, should be monitored with an oscilloscope. The voltage 

can be measured with a resistive divider made up of ten 1000-ohm 2-watt c::e:..:,:·~ 

carbon resistors connected in series with a terminal resistor of 51 ohms 

(or. whatever may be the characteristic impedance of the coaxial cable that 

is used to bring the signal to the oscilloscope) .. In general, we find that for 

-' short pulses a 2-watt .carbon resistor can take 2 kv and dissipate 10 joules. 

The ionizing current can be conveniently measured by integrating the output 

of a simple air-core current transformer mounted alongside an unshielded 

section of the cable. 
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Gas breakdown at low pressures can be 'facilitated by installing a 
. 

spark plug in: the center of the coaxial electrode. 

The tube mu-st be constructed of a material that has the necessary 

mechanical strength and that will,perrilit the penetration' of the pulsed 

magnetic field into the volume. Simple skin-depth considerations do not 

describe the case in which full field penetration into a volume is desired. 

The L
1
/R time for the t:u·lr>ej: must be small compared with L 2C, where 

L
1 

and R are the inductance an:d resistance of the tube considered' as a· 

. 
single turn, and L 2 and C are the inductance and capacitance of the 

magnet coil and capacitor bank. For this case we selected a 6-in. -diameter 

stainless steel tube having .a 1/16-inch wall. The end plates are attached 

by standard vacuum techniques. If organic . 0 rings are used for vacuum 

seals, they must be shielded from contact with the plasma. The electrode 

must also be constructed of thin-wall material in order to allow penetration 

of the magnetic field. 

Changes in Experimental Conditions 

A particular set of conditions has been described. For a proposed 

experiment it might be desirable to change the plasma density or composition, 

the degree of ionization, the size of the tube, or the magnetic field strength. 

Although any proposed change would have to be investigated experimentally, 

it may be useful for us to speculate on possible changes. Figure 3 shows 

that the ionizing~wave proceeds down the tube at a constant velocity. This 

suggests that the tube could be made considerably longer (or shorter). We 

have used a 20-cm-diameter tube in an ion cyclotron resonance experiment, 

and believe that the tube diameter could be increased ·further if desired. ; 

Presumably the voltage on the ionizing pulse line would have to be increased. 

The ionizing pulse line could be replaced with a capacitor in many cases. 
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Stainless steel would probably be satisfactory for the electrode 

material. Brass should not be used for this purpose .. 

Two changes in the shape of the driving electrode have been tried. 

A small electrode, 1/2 in. in diametel!: and 1/2 in. long, produced poor 

results, and when the tube was disassembled and inspected the electrode was 

badly pitted; this suggest~ that the elect.ric field strength and current density 

were too high on this small surface. A 2-in. -diamete,r·, 1/ 4-i:n. -long electrode 

was also tried, again with poor results. The. ionizing current flowed normally 

for a few jJ.s.ec..:anddfu.ienabriiptlyd;xcr .. e:afie w.lth an accompanying voltage drop, 

suggesting an internal breakdown along the insulator. 

A range o~ magnetic field strength from 7 to 20 kgauss has been 

covered in the Alfven wave work, although the Stark broadening measurements 

have been performed mainly at 16 kgauss. The field strength could probably 

be increased; the lower ~imit of field required has not been determined. 

-3 Below a hydrog~n gas pressure of about 10 mm Hg (1 f.J.) the tube 

does not break down, at least with our 

h 0 f -3 In t e reg1on rom 10 to a few times 

present geometry and applied voltage. 

-2 
10 mm Hg the spark plug mentioned 

above is necessary in order to obtain reliable breakdown. At low pressures 

there may be a larger amount of impurities present, also an anode sheath 

voltage drop may appear. The pressure can certainly be increased above 

our operating point at 0.1 mm Hg; however, if the pressure is increased 

too much it may not be possible to obtain a high degree of ionization. We 

have briefly tried gases other than hydrogen and the tube seems to operate 

in a similar manner; however, no detailed study has been made. If any of 

the above changes are made, the design of the electrolytic condenser bank 

and ionizing pulse line must be suitably modified. 
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. I 

MU -20358 

Fig. 2. Gemnetry of the radialcurrent ·probe. The 1/ 4-in. 
diameter button is connected to the adjacent wall 
through six parallel 5-ohm resistors. The maximum 
voltage drop is less than 1 volt .. 
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Fig. 3. Position of the ionizing front ~time, as measured 
with radial current probes. 
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Fig. 4. Oscilloscope traces showing ionizing conditions. 
The top trace is voltage on the driving coaxial 
electrode at 2400 volts/ em and the bottom trace 
is current from the pulse line at 104 amp/em. 
The horizontal scale is 10 f.Lsec/cm. The current 
was crowbarred 22 f.Lsec after the voltage was 
first applied. 
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Fig. 5. Monochromator geometry. 
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Fig. 6. H8 profile, showing several theoretical 
profi'les for comparison purposes. 
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MU-22430 

Fig. 7. The observed time dependence of the ion density. 
Errors (not shown) in the experimenta~ points are 
estimated to be ± l.Oxlol5cm-3 late in the decay 
period. Solid line: least-squares fit, decay rate 
assumed proportional to the square of the ion 
density; dashed line: exponential decay assumed. 
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.. This report was prepared as an account of Government 
sponsored work" Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

Ao Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

Bo Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 

this report" 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employme~t or contract 
with the Commission, or his employment with such contractor" 






