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Abstract

The critical ionization velocity u of Ne, Kr, Xe, Cl2, 02, CO,
COj, NH3 and B20 is investigated experimentally in a coaxial
plasma gun. "tfether with experimental data obtained in earlier
experiments i j present results make it possible to make a
systematic : vj>arison between the critical ionization velocity
for atomic *J molecular gases. It is found that atomic and
molecular f.»js tend to have values of critical ionization
velocity Ml v:h are respectively smaller and larger than the
theoretic* values. The current dependence of u is found to
be differ t for atomic and molecular gases. A number of
atomic ar.£ molecular processes relevant to the experiment
are discussed.



I Introduction

The critical ionization velocity

where

e : elementary charge

V^ • ionization potential

• : nass of neutrals or ions

m s poBtniatcri by Alfvén 1954 in his theory of the origin of the solar sys-

tem. According to Alfvén's hypothesis a strong interaction leading

to efficient ionization will occur when the relative velocity

between the plasma and the neutral gas exceeds u . The critical

ionization velocity effect has later proved to be relevant in a

number of E x B experiments (see review by Danielsson, 1973).

The effect has also been invoked to explain certain astronomical

and space observations (Srnka,1977, Lindeman et al, 1974). Although

experimentally well established the critical ionization velocity

phenomenon is still not well understood theoretically (see

review by Sherman,1973 and later theoretical work by Raadu, 1978).

In an atomic gas there is no ambiguity as to which mass and ionization

potsntial (provided that more than one-fold ionization could be

neglected) should be used in eq. 1. However in a molecular gas,

due to various molecular processes, the newly formed ions and the

most abundent ions could have masses different from those of the

original neutral particles. Further, the ionization could be dis-

sociative or non-dissociative. Eq. 1 is thus not uniqely defined

for a molecular gas. It has also been found experimentally in

coaxial gun experiments carried out in H.,N2,He and Ar (Eninger,

1966) that molecular gases, depending on the discharge current,

tend to be able to adopt two different values of E/B whereas

atomic gases tend to adopt only one value. It is the purpose of

this report to treat certain aspects of these matters more in

detail. Here will be presented results of measurements of E/B

(E is the electric field strength,, B the magnetic field strength) as

a function of the discharge current and the filling pressure for

discharges in the noble gases Ne, Xr and Xe and the heteronuclear

molecular gases CO, C02 , NH3 and HjO.Also some results from me a-



surements in the electronegative gases O2 and Cl2 will be shown

for a more limited range of discharge parameters. This report

also contains a discussion of various atomic and molecular pro-

cesses that could be relevant to the experiment. The experimental

data presented here together with Eninger~s earlier results make

it possible to make a systematic comparison between the critical

ionization velocity for atomic and molecular gases. The data for

the cosmically abundent gases CO, CO., NH, and H_0 could also be

of direct astrophysical interest.

II Apparatus, parameter range

The apparatus used is a coaxial plasma gun with a radial dis-

cnarge current and azimuthal magnetic field. The discharge cur-

rent is kept constant during the experiment by means of external

resistors. Descriptions of the experimental equipment have been

given earlier (Eninger,1966, Axnäs, 1972). In most gases the dis-

charge current is varied from 20 A to 5 kA and the neutral gas

filling pressure is varied from 10~ torr to 1 torr. The

parameter range chosen is of particular interest for the following

reasons.

1. A considerable amount of experimental E/B data for pure gases

(Eninger, 1966) and gas mixtures (Axnäs, 1?78) is available

which makes comparisons possible

2. Electron temperature and density are determined for H_ at p = 0.1

torr, Id = 100 A. (These discharge parameters will be refered to

as Standard Discharge Parameters, S.D.P.)

3. It is experimentally established that anomalous j.onization

occurs in the coaxial gun in H-, S.D.P.(Axnäs, 1972).

The electron Hall parameter (WT) is much larger than unity in the

whole parameter range whereas the ion Hall parameter (for molecular

ions in molecular gases) (wt). takes the following values: p s

0.01 torr 1.1 <(wi)i< 13, p = 0.1 torr 0.35 < (<OT) A < 1.7 and

p » 1 0.1 < («T)i < 0.5.

Ill Results

The measured E/B as a function of the discharge current and the

filling pressure is shown in figs. 1-3 for atomic gases and in

figs. 4-7 for molecular gases. In the figs. 1-7 the u carre-



sponding to the formation of different ions are marked with arrows.

For this the ion mass and threshold energy of formation is used in eq. 1.

111:1

The measured E/B values for Ne, Kr and Xe are grouped around

the u in about the same way. A two powers of ten change of the

neutral density will result in a change of the measured E/B

of about a factor 3. Similarly, a change of the discharge current

a bit more than two powers of ten will change E/B by a factor of two.

We observe that E/B for the atomic gases increases approximately

monotonously with increasing current.

In fig. 8 the results for the intermediate filling pressure

p = 0.1 torr from figs 1-3 are assembled. E/B-measurements in

Ar are also included. We can observe that all the experimental

curves come in the "ejqpected order" given by the theoretical values.

ni:2 MQ.lecular._gasss

In figs 4-7 the measured values of E/B as functions of 1
<j

are shown for molecular gases. Some of the values are taken from

earlier investigations (E/B data from H,- and N.-measurements are

taken from Eninger (1966)). In figs 9-11 the torr data are put

together. Two features are clearly seen from figs 4-11. pirst-

ly all the molecular gases except Cl, have an E/B somewhat larger than

the crit ical one. Secondly there i s a minimum in the E/B vs cur-

rent curves at about 103 A (figs 9-10). Cl2 is obviously different from the

other molecular gases in both these respects. In figs 11 and 12

the measured E/B for a number of gases are plotted vs the theo-

retical u . The molecular mass and the molecular ion formation e-

nergy are used for calculating u,, for the molecular gases. It can

be seen that for Id - 100 A al l the molecular gases are above the

45 deg. line and all the atomic gases are below. When the dischar-

ge current is increased to 10 A al l points come closer to the 45 deg.

line i . e . closer to the theoretical values.

IV Collision processes

The experimental results show that there is a difference in the



behaviour between molecular and atomic gases. We shall first list

a number of possible processes which can occur in a molecular

gas and later discuss how relevant they could be.

1) Predissociation of the neutral gas leading to an increased

neutral number density

2) Dissociative recombination leading to increased charged

particle loss

3) Dissociation and vibrational excitation (rotational excitation)

leading to electron energy loss

4) Formation of atomic ions due to:

a) dissociative ionization

b) predissociation of the neutral gas

c) electron or photon dissociation of the molecular ions

d) ion-molecular reactions

5) Formation of negative ions.

Other atomic and molecular processes may of course also be

important such as resonance radiation trapping, creation of meta-

stable neutrals and contamination of the neutral gas due to elec-

trode material release. However since there seems to be no ob-

vious difference between atomic and molecular gases as regards

these processes, they are not discussed here.

The plasma properties of the coaxial gun are best known for

certain experimental parameters (Gas: H,, Discharge current:

100 A, Neutral density: 3.5-1021nf3). It was found (Axnäs, 1972)
18 1

that nfi - 2*10 m , T 7 eV (T is equivalent temperature

since the electrons could be nonmaxwellian). Further it was

found that the neutral gas was exposed to the plasma for 10 s

(i.e. the current sheet passes a poin*. in 10~6s).

The different processes to be described In § IV:1 - IV:5 will
be evaluated for H2 plasma with the properties above. In some
cases it will be possible to extrapolate to other parameters and
other gases.

IV: 1 Dissociation_of _32_by_ elect ron s^ions^and^ghotons

The dissociation rate due to electrons is

dnM

dt e H2



— ** 2 ne<^v>At w h e r e n i s t h e nuinber density

2 J is the dissociation cross
section

v is the electron velocity

If At = 10~6 s, ne= 2 1018 m~3, a is taken from Engelhardt

et al. (1963) and <av> is evaluated for T •«• 7 eV, we get

-3
3-10 3

In a similar way the dissociation rate due to ion impact could
An u

be estimated. The ratio —-2 has about the same value as for

electrons. Larger discharge currents will increase the dissocia-

tion.

The radiation from the current sheet can dissociate the neutral

gas in front of it. The photon dissociation cross section has

been calculated by Dalgarno et al. (1969). The total dissocia-

tion during the experiment (10~ s) could be overestimated by

using the total photon excitation cross section for H2 given

by Engelhardt et al. (1963) and the maximum dissociation cross

section given by Dalgarno et al. The number density of the H

produced through photodis^ociation is less than 1% of

the molecular density. It is therefore concluded that photo*

dissociation is negligible for S.D.P. However, for the largest

discharge current (5 kA) it could be of some importance.

IV:2 Dissociatiye_£ecgmbination

Volume recombination could occur in different ways. Molecular

ions could recombine with electrons through dissociative

recombination which has a comparatively large cross section.

Thus Hi ions have a recombination coefficient a * 10" m s~

whereas H+ ions have a collisional-radiative recombination

coefficient less than 10"19 m3s"1 {Barnett et al. 1977). In the

coaxial plasma gun however it was found for H. (S.D.P.)(Axnäs

1972) that wall recombination dominates. Yet for larger discharge

currents (larger plasma densities) it is possible that dissocia-

tive recombination may be important.



IV:3 Electron_ener2y_loss_due_to_rotational_and_vibration

The ele'trons in a partly ionized plasma will lose energy through

elastic and inelastic collisions with the neutrals. In an atomic

gas eiectronic excitation is the only possible inelastic colli-

sion, whereas in a molecular gas also rotational and vibrational

excitation is possible.

Electron collision cross sections for elastic, vibrational ex-

citation dissociation, photon excitation and ionizing colli-

sions are given for H2 by Engelhardt et al. (1963). Calculations

of the corresponding rates for 7eV electrons show that approxi-

mately half of the electronic energy losses goes to vibrational

excitation and dissociation. This is in good agreement with

measurements by Corrigan and von Engel (1958) who have mea-

sured different electron energy loss mechanisms in H2 as functions of

E/p. According tc Corrigan et al. about 60% of the electron

energy goes to dissociation (a few percent to vibrational ex-

citation) at E/p = 100 volt cm torr . E/p » 100 gives an

average energy of about 7eV if results of Lawson et al. (1965)

are somewhat extrapolated. Thus the extra possibilities of

excitation that arises when the neutral particles are in the

molecular state could obviously cause considerable electron

energy xosses.

IV: 4 Fomation_of_atomic_ions

a) Dissociative ionization

Ionization cross section data for H2, N2, O2, CO and CO2 given

by Rapp et al. (1965) show that more than 90* of the ions formed

through electron impact ionization (at energies less than 30 eV, as

relevant to the critical velocity] are molecular. Thus dissociative

ionization is relatively unimportant.

b) Ionization of hydrogen atoms

It was shown in IV:I that for S.D.P. the predissociation of

the neutral hydrogen gas v/as small. Thus, since H-atoms and H 2

molecules have roughly the same ionization cross section, the

production of H through ionization of hydrogen atoms is less

important at S.D.P. ht the largest densities (largest currents)

it 13 possible »-.hat it could bo important.



c) Electron and photon dissociation of molecular ions

Electron and photon dissociation of the molecular ions H2

could be estimated in the same way as for the neutral molecules.

Electron and photon dissociation cross sections for H~ are

given by Massey et al.(1969) (p. 954 and 1153 respectively).

Electron dissociation is estimated to 2% and photon dissocia-

tion to less than 1%. Because of the low ionization degree electron and

photon dissociaticn should be of minor importance for H^ at S.D.P.

d) Ion - aolecular reactions

The primarily formed molecular ions could be transformed to
atomic ions through ion molecular reactions . The H, -ions origi-

—6"nally produced will comparatively soon (1C s, at S.D.P. conditions)

be transformed through the reactions.

H 2 + + H2 "* H 3 + + H 'ov^ = l*10"15 n^s"1

H2
+ • H2 - H

+ + H + H2 <ov> = 1.8-10"15 m 3s~ 1

Cross sections are given by Giese et ai. (1963) for the first

reaction and by Vance et al. (1965) for the second reaction.

The reaction rates (for S.D.P. conditions) have been calculated

by Axnäs (1976). Ion-molecular reactions are obviously of great

importance in hydrogen discharges and could probably be of im-

portance for other molecular gases.

Formation_of_nega£ive_ions

Molecular gases can in general more easily form negative ions

than noble (atomic) gases (Mcoaniel 1964). However also the

formation cross sections for the molecular gases are small

compared with those for positive ion formation. The ratio between

the formation rates (due to electron impact, T = 7 eV) for ne-

gative and positive ion formation is a few per cent for Cl- and

less than one per cent for the other gases discussed here (cross

section data: Brown 1966, Center et al. 1972). Detachment will

probably make the corresponding density ratios still smaller. Due

to the small negative ion density the ion-ion recombination rates

will be small although the ion-ion recombination rate coefficient

is of the same order of magnitude as the dissociative recombina-

tion rate coefficient. The negative ions should thur, contribute

rather little to the total deionization of the plasma.
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V Discussion

Two experimental features characteristic for E/B in molecular

gases will be discussed:

1) The terdency to adopt larger E/3 than atomic gases.

2) The minimum in the E/B vs lp curve which is observed for

molecular gases but not for atomic gases.

The ions and the neutrals can be dissociated through various

dissociation processes into fragments with smaller mass, which

according to eq. 1 will give larger values of u (the ionization

potentials for molecules and atoms are not significantly diffe-

rent) . Among those processes listed above (§4) the only one for

S.D.P. in H2, which is fast enough, seems to be ion-molecular

reactions.

Processes not directly involving the critical ionization velo-

city mechanism could of cource also be operative. Thus the fact

that a large part of the electron energy is lost in different

molecular excitation processes could be important. In order to

"compensate" for the energy losses the discharge voltage (and

hence E/B) has to increase.

a) Neutral gas motion

For the largest currents (103 - 5-103 A) an increase in E/B

is observed both for atomic and molecular gases. At larger

currents the neutral gas will move wi:n respect to the gun

due to momentum transfer from the plasma. In fig. 2 the

snowplow velocity u (Eninger, 1966) is plotted (for I.*60

kA).

u8p * | * P
 p | (5)

where L, is gun inductance per unit length

I J is the discharge current
I. is the current causing the applied magnetic field
b

p is the mass density

A is the annulus area

If all the allied momentum is assumed to 1x3 transferred to the neutral gas its
velocity will be equal to u after the current sheet has passed. This velo-

city will al3O contribute to the total radial electric field



(and hence to E/B) In fig. 2 j + u is also plotted(p » 0.1

torr). The u + J values are larqer than the observed E/B values but

they have the saise current dependence. I t is therefore quite

possible that the increase in E/B tcr larger currents is due

to the motion of the neutral gas.

b) The E/B minimum for larger currents

It was observed earlier in coaxial gun experiments (Eninger

1966) that E/B /s I. curves for the molecular gases K, and

N 2 have a minimum at about 1000 A. Such a minimum was not

observed for the atomic gases He and Ar. It was suggested

by Eninger that the observed ainlBun in the E/B vs Id curve could be

characteristic to molecular gases. The results frcra E/£ measurements in

five other molecular gases (NH3, H20, CO, Oj and COj) show

that also these have the same current dependence as H~ and

N2- Also the new E/B measurements of the atomic gases Ne, Kr

and Xe show the same current behaviour as was fcund earlier

(Eninger 1966) in He and Ar. These facts lend strong support

to the idea that the decrease in E/B for larger currents is

due to the molecular state of the neutral gas.

When the discharge current is increased,the plasma density

and probably also the electron temperature will increase.

This will enhance the rat > of the processes treated in IV:1,

2 and IV:4a, b, c These processes will however lead to in-

creased dissociation of the molecular ions and neutral mole-

cules and hence according to eq. 1 lead to a larger E/B,

contrary to what is observed. Dissociative recombination

will as well lead to an increased charged particle loss

which also should tend to increase E/B. Neutral gas

dissociation will also give a larger neutral density which

according to experiments tends to decrease E/B, fig- 1-7 (see

also Eninger 1966). However in order to decrease E/B 50% (the

observed decrease in E/B when Id is increased from 100 A to 1000

A, Eninger, 1966; in a IU discharge a much larger neutral density

increase is needed than the largest possible h-re (a factor two

for a diatomic gas). It. ts therefor* concluded that the neutral

density increase is of ninor importance. If the neutral gas is

significantly dissociated, the loss per electron due to
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molecule excitation wi.ll decrease which will tend to decrease

E/B. Since the plasma parameters are not known for larger

currents it is not possible to decide whether the dissocia-

tion is large enough.

The Cl2 discharge has not the same features as the discharges in

the other molecular gases. Since n and T are not known for the

Cl2 discharge rate calculations could not be done. However two

distinguishing properties of Clj should be emphasized: The

low dissociation energy (2.5 eV, Kondratév, 1964) and the

pronounced electro-negative character of the gas.

Conclusions

The experimental data presented in this report strongly indicate

that molecular gases tend to adopt E/B > u (u from eq. 1 with

molecular mass inserted)whereas atomic gases adopt E/B < u .

Further there are clear indications that the observed minimum

in the E/B vs I, curve is characteristic co molecular gas dis-

charges.

In the absence of a quantitative theory applicable to the coaxial

gun it has not been possible to establish the reason for these

differences. From a more general point of view (and with know-

ledge ox T , n and the interaction time for S.D.P. in H2) many

of the processes discussed in § 5 can be ruled out as being

irrelevant. However two processes - ion-molecular reactions and

electron energy loss due to molecular excitation - could still

be important in explaining the larger E/B adopted by the mole-

cular gases.
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Figure Captions

Figs 1-7 The measured E/B in Ne, Kr, Xa, Co, Co2, NH3 and H20

as a function of the discharge current I, and the

filling pressure p. The curves are dotted where there

are few experimental points and the curves hence are

less reliable. The arrows at the vertical axis indi-

cate u obtained from eq. 1 using the ion (indicated

in the digures to the left of the arrows) mass and

the ion formation energy.

Fig. 8 The measured E/B in He, Ne, Ar, Kr and Xf> at p = 0.1

torr as a function of the discharge current. The theore-

tical values of u are Indicated by horizontal lines.

Fig. 9 The measured E/B of NH^, CO and CO» at p = 0.1 torr

as a function of. the discharge current.

Fig. 10 The measured E/B in H~, H2O and Cl~ at p = 0.1 torr as

a function of the discharge current. The theoretical

values of u for Cl0 are indicated with horizontal

lines.

Fig. 11 The measured E/B plotted vs the theoretical u . The

theoretical values of u for molecular gases are cal-

culated using the molecular mass and the formation
2

energy of molecular ions, p = 0.1 torr, I- = 10 A.

Fig. 12 The same as fig. 11 but ld » 10
3 A.
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riments the present results make it possible to make a systema-

tic comparison between the critical ionization velocity for atomic

and molecular gases. It is found that atomic and molecular

gases tend to have values of critical ionization velocity which

are respectively smaller and larger than the theoretical values.

The current dependence of uc is found to be different for atomic

and molecular gases. A number of atomic and molecular processes
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