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'nn measuremsuts described in this report are eoneomd -l.thth.
production of udution and of vtbueimny cxcitod nlmlu when
electrons move throuh gases under the influence ot s clcetrlc !nl.d.
First, ve describe our -uourounu of the production of photono - the
result of the eonuim of elactrons uth argon atoms 1n 'lnt 1- Imm

as the frcc-!t.t or bre-utnhlmg proe.u. Smond. we dtcenu progun

during this contract period tmrd the -munnt of eoefncicuu for

the vidbrational excitation of the homonuclear molecules H,, D, nnd‘oz.

The msasurements of the coefficlents for the production of free-

free radiation in thg collisions of electrons with argon atoms were
completed and the results were submitted for publication during this

coutract period. Rather than rework this material for this report, we

‘have incorporated the msnuscript of this paper as Sec. II. Briefly, the
results of this work are that we have verified to a much higher degree

of accuracy — 155 — than previously the utilicy of a cinic theory for

_pudicun. tln -gnu\uh ot free-free radiation at mesn electron ener-

gles between 1 and S eV, As a tunlt of this werification one can con-
fidently m free-free emission s a diagnostic for moderate suergy
plasmas, such as those occurring in high power switching devices,
charged pearticle besm propagstica, rarve gas-halide lesers, snd fa the
Sonesphere. ummwamumum

mmnnlu(lu. n)uladuummulm




(Reference 1), the cross section for thé emission of free-free ‘radistion

at 500 nm by electrons in argon i{s that shown in Fig. 1. PFigure 1

also shows the spplication of this théory to helium and to nitrogen

(ufcmcu 1, 2). |

Scct:l.on 111 of thin rcport ducribn the ruult- of vork during
FY 82 on the dcvolopunt of techn:lquu for tlu msurount of excltntiou
coofﬂ.cicnu for the ptoduct:lon of v!.butimny excitcd l!z. "2 and )
by low energy electrono. Succnltul mrcnnts of the vibutiml
oxcitation of Dy -nd B using these tcchniqm were made a few weelu

after the end of the FY 82 report period.
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SECTION IX

MEASUREMENT OF FREE-FREE EMISSION FROM
LOW ENERGY ELECTRON COLLISIONS WITH Ar

‘1. INTRODUCTION

Interest in the diuion of free-free radistion (bremsstrahlung)
resulting from the collisions of low energy electrons with rare gas -
atows has incressed with the demonstration by Pfau and Rutscher (Raf— :
ereacs 3) that ftee-ttu ed.u:lon is responsible for much of th: vilible
continuum emitted by rare gas discharges. Other eaission mcuremtl :
using the dhchatgc technique have been reported (References 4~6) slong
with numerous measurements using the shock tube technique (References 6,
7). The inverse process of the sbsorption of radistion by free elccgrou
has beon of even grester interest because of the Mrtanee of this
energy tboorption and electron heating mechaniss in the laser induced
btukdm of gases (hfounco 8). Both of these topi‘cs have been in-
vestigated m great dcun ‘theoretically (lc!omcu 8-15). PFinally,
- there have hon a nombet of recent experimental and theoretical investi-
gations of narrow resonsnce structure iu the free-free absorption cross . _‘“
' ucuon (h!m 15). ' lcmu of tho narrow vl.dth -ul relatively
. um tutcmc«l mtﬁhém of tnu- me- to tht mugd froi-
free cross uceim oe dm!ieﬁa 1: oar nnwvdy -Jow cnorgy reso-
lution oxurhnto. we will ot be cmnd vuh thuo futum.

' The mcm massrements of free-free extssion ‘were ocarried out
using the electron me: cch tethaique vnneh we have ucl pmmly
(Idm 16-18) for -uuumn of uunun m!ﬂ.eunn !w o




veakly radiating states of molecules. In these experiments s photo-
electrically produced electron current drifts through the gas under the
nction of a spatially uniform, time nodulatc@ electric field. About
one in 108 collisions of the electrons with the gas atoms results in
the esission of a visible photon. A small fraction (~1 in 10%) of these
photons is selected by wavelength and resches the sensitive ares of the ?
detectof. The absolute photon flux is compared with that from a stand-
ard lamp and the ratio is used to calculate the excitation coefficient.
The principal advantage of the present technique over the discharge E
technique used in previous experiments (References 3-6) is that the
electric field E and gas density N can be easily varied and accurately
determined and that the theory of the experiment need not take into ac-

count electron-electron and electron~ion collisions (Reference 19). A

disadvantage of the drift tubé technique is that the emitted intensities

are about 10% smaller than in a typical discharge experiment.

2. THRORY OF EXPERIMENT

In this section we briefly review the results of theoretical cal-
culations of free-free radiation and of the excitatfion coefficients
which are relevant to this experiment. We then derive the equations

necessary to relate the observed signals to the excitation coefficients.

a. Free-free niuiqn theory

Yor our purposes it 1is eonmunt to divide the free-free cdulon
continuum into a m of opoctul. hndl of frequency width dv and to
rturd the eoluuon process luunc to emission of nuatton in m.




band as an inelastic collision between the electrons and gas atoms. The
spectral intensity I, in units of photons per unit volume and per unit

frequency interval and per unit time is given by (Reference 3)

1/2

Lo =a N "y g (evde!/2eedae = k@ 2 L ()

Here n, and N are the electron and neutral atom or molecule densities, v

and ¢ are the electron speed and energy, f(c) is the normslized electron

energy distribution and Qgg(c,hv) and kfg are the cross section and rate
coefficient per fractional band width dv/v for emission of a photon of
energy hv by the free-free process. Figure 2 shows theoretical calcu-
lations of the cross section per fractional bandwidth off(e,h\r) as ob-
tained by a variety of theoretical approaches for hv = 1.78 eV. The
dashed and solid curves are from the quantum mechanical calculations of
Ashkin (Reference 12) and of Geltman (Reference 13). The solid circles
are our calculations using the very simple formula of Kas'yanov and
Starostin (Reference 10) for hv << £ and momentum transfer cross sec-

tions used previously (Reference 17) for Ar. This formula is

3 1/2
& a” (e-hv/2)(e~hv)
Qglev) =50 55 177 0u(e)

1/2
=t x W1 -1 - e ) (2)

where ¢ is the fine structure constant (1/137), Ry i{s the Ryddberg
(13.6 eV), € 1s in eV, and Qu(c) 1is the cross section for womentum
transfer collisions of electrons with the atom or molecule. Calcule-
tions sade using the formula of Holstein (Reference 11) and the total

and momentum transfer cross sections of Hayashi (Reference 2) are shown
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Pigure 2. Theoretical cross section per fractiomal dandwidth for the
emission of 1.78 eV photons vs. electron energy. The solid
and dashed curves are from Geltmsn (Reference 13) and Ashkin
(Reference 12), respectively. The circles and squares are
our calculations based on the formilas of Kas'yanov and
Starostin (Reference 10) and of Holstein (Reference 11),

respectively.




by the triangles in Fig. 2. The differences among the various theoreti-
cal cross sections shown in Fig. 2 are less than 30X over most of the
electron energy range. Most of the difference between the cross section
calculated using Eq. (2) and those calculated using Holstein's formula
results from the fact that in Eq. (2) the Qg is evaluated at . whereas
in ‘Holstein's formula the cross sections are evaluated at ¢ - hv/2.
The differences among the cross sections are larger near threshold,
e.g. a factor of 3 at 2 eV for Ashkin's results vs. our application of
Holstein's formula shown in Fig. 2. The large differences between the
calculations at electron energies above 20 eV are caused by differences
in the momentum transfer cross sections used in Reference 17 and those
of Hayashi (Reference 2). As we shall see, our experiments are not
sensitive to cross sections at either _of these extremes of energy. The
cross sectious predicted using the older formula of Firsov and Chibisov
(Reference 9) and the total scattering cross sections of Hayashi are
mich larger than the valuqc shown in Fig. 2. |
Excitation coefficients for free-free emission were calculated from
the cross sections generated by Eq. (2), by Geltman (Reference 13) and
by the Holstein formula (Reference 11). The electron enexgy distribdu-
tions for Eq. (1) are calculated using the numerical procedures of Frost
and Phelps (Reference 21) and the cross sections discussed by Tﬁchtlmu
and Phelps (Reference 16). The calculated free-free emission coeffi-
cients will be presented with the experimental results ia Sec. 1I.4.
Although not directly useful in this paper heunu‘ot the assumed
Maxwellian electron energy &.stubuuon. we note that there is good
agreement smong a number of theoretical calculations (References 6, 13,




14) of free—fres emission sad sbeorption coefficients for electroms fn.
Av. The Naxwellisn electron energy distributions are appropriate io
shock tube experiments (Reference 7) and to discharge experimests st
high fractional ionisation (Reference 4). '

It is important to keep in mind that throughout this paper we have
not followed the usual convention of oxpru.oihg the free-fres emission
in terms of a ipectul intensity, i.e., cross section or excitstion
coefficient per unit spectral bandwidth, but rather have defined cross
sections and rate coefficients per fractional 'hndudch. This uscon-
ventional formulation has the advantages of yielding numbers which are
independent of units used to measure bandwidth and of yielding cross
sections and excitation coefficients which are readily compared with
cross sections and excitation coefficients for the production of ex-
cited states which emit lines or molecular bands. .In our experiments
the fractional bandwidth of the detection system is typicaily 0.1.

. be Model of experiment

The signal produced by the photon detector Sgs is obtained by
integrating Bq. (1) over the drift tube volume V and over frequency v,
taking into account the optical system and detector characterietics,

1... [}

s-uﬁauchammnmm°m (3)
£f v etV e w M

vhere f,(v) 1s the fractional transuission of the windows betwesn the
collision chamber and the detector, D(v) 1s the respomsitivity pec
photon of the detector, swplifier and recording systea as a md
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v, £3(v) is the fractional transuission of the interference or other -
filter inserted betwesn the collision chismber and the detector, AQ, is -
the s0l1d angle of the detactor as seen from the center of ‘the colliston
chamber, and n(r) is the efficiency of the detection system at variows
points in the collision chamber relative to that at the center of the
chamber (lcfomet 16).

Equation (3) can be rewritten ss

8 m‘r’f Ry, (v)D (.“’x (£)av )
T AR At U {,'."--‘1 .

We define a geometrical factor Ggs by the relation
Gee -{ n.M:)dVI{ a, & . (3

We note that Gﬁ is equal to the G factor defined by Lawton and Phelps
(Reference 16) in the limit of no diffusion. Sincs ionization and
attachment can be neglected in the present experiments at low E/N in
pure Ar, the electron density n, can be sssumed to be independent of
position ia the electric field direction. If, as in previons papers
(References 16, 17), we neglect the effects of radial variastions in
the electron density, thean the expression for G“ reduces to a constant
equal to the average of n(r) over the active portion of the drift tube.
This constant was 0.97 for the infrared detector and 0.80 for the photo-
multiplier detector.

In the usual case of & slow variation ia f,, kee(v) snd D(v) with
v compared to thet of f£4(v), the tueqm‘onr v in Bq. (4) cen be writ-
ten a8 f,(vgdkge(vy)D(vg)<fgd> Av. Here <f4)4v is the "srea” wnder the
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filter trenemisston curve sad ¥¢ is the photon frequency. st the pesk .of-
the transuission of the interference filter. Equation (4) can now be- .-
approzimated W

Se¢ = 25-'3 f‘.. £ (v,_)kn,(v )D(vi)« > & | - (6)
where L 1s the separation of the cathode and anode of the drift tube.
1 1s the curreat through the drift tube and e and w, are .th electron
charge and drift welocity. HNote that because of the absence of signifi-
cant attachment or lodutton. the q factor of Reference 16 is equal to
unity and so is omitted from Eq. (6). Measurements at significantly
higher E/N would require that corrections be made for ionization. Prom

Bq. (6) we note that since the free-free emission signal increases ﬂth

‘the fractional bandwidth Av/v of the detection system, one should use a

wide band width interference filter or a very low resolution monochroma-~
tor for wavelength selection.
The reference signal S, reaching the detector from the reference,

f.e., the blackbody or the calibrated tungsten strip lamp, is given by

8, =408 f' £, (0L, (v)e(vIBOVIDIYVIE, (W)dv (¢))

vhere AQ, is the solid angle of the detector as seen from a ud.ttnj
aperture (Reference 16) of ares a,, f,(v) is the transmission of the
windows betwsen the reference source and thé collision chamber, ¢(v)
is the emissivity of ths reference scurce, B(v)dv number of photons per
sscond emitted by s blackbedy per wnit of surface eud per vait solid
sngle. As discuseed 1a Reference 16, the referenics sources wewd lerys




endugh to completely f£i1l their limiting spertures as sées from the '
Using Eqs. (4), (5) and (7) rather than Bq. (6) for greater scow~ .
racy, we find that the ratic of the fr;c-fru enission quul to the

reference signal is

£ (v)k, (vID(v)E, (v)dviy
f! RO, e 41 {"“‘“v VIR VIS

- . ®
W, «, [7 £, 00,00 D0 M ()0

If we define a free-free excitation coeffictent age(ry) by
¢“0¢1) - kff(‘i)'h. ’ l o {2
then

aggOy) Cpp Sgg

Tam (10)
 + Sunsht 4

where here A, is taken to be the wsan wavelength tuudttod by hcot-‘
ference filter and A
[t o, O.)tO.)l'().)D'(L)fl(l)G.
Coghy) = —5=F -y . an
Yo e o o.){ ]n'o.) LN
w7t E l 7{ ) ;f

°"t

D'A) = D(v)/bv and WB(v)v = B’ -

lquucn (11) was ueed for smalysing the dats presented fn thia paper.
Ve mote that the formsls fer determintng age(\s)/N from the mm
dats, 1i.e., Bq. (10), 4is very much like Bq. (17) of Lawtos ﬂ !hhl
(Raterence 16) for determining ay/R for the G2(b!L) metestables.




3. BXPERIMENTAL APPARATUS AND nocmun

A schematic of the drift tube technique used for dctcid.mlou of
the free-free excitation coefficients is shown in Fig. 3. Ultraviolet
radiation from a continuously operating 100 W high umduu sercury lamp
is passed through broad band interference filters with maximum transmis-
cun.lt 190 nm and then through a qum window coated on r.b instide
with a semi-transparent, cathode film of cﬁapoutid Pd-Au alloy. The
resulting photoelectrons enter the parallel plate drift tube filled with
Ar st densities from 3 to 15 x 1024 grom/m3. The snode voltage is wodu~
lated so as to periodically apply a known electric field B and so pro-
duéc electrons with a modulated mesn emergy. The photons emitted in the
free~free transitions are detected with a photoconduetin detector for
the infrared or with a phqtomltipncr for visible nnhngthp- The
fruf‘fm emigsion signal is compared w;th the signal from a hollow
cavity blackbody for the infrared and with a calibrated tungsten ribbon
lamp for the visible wavelengths.

The drift tube used in these experiments and shown in the schematic
of ﬁg. 3 is the same as the one used previously (References 16-18)
to msasure excitation in wolecular gases. The electrode spacing was
38.4 mm and the cathode dismeter was 60 mm. The accelerating voltage
ranged from 60 to 3100 V end the total curreat in the ca-period wes 0.02
to 0.09 yA. Measurements are upor:d at total ges densities of 3 to
15 x 102* a™3. Argon of nowinal 99.999% purity was fed tato the tube
directly from e Iguh pressure cylindar.
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!lnmmn: x.Suluu -hutgnprmd the sero~
Mnumuunltmmuﬁutpmaa-cgthp-
surensnts of the 1.27 um emission from the alAP‘ state of 0y, m..m.
nmdinc period was followed by a dead tims of 15s !or eo-otu' pro-
cessiug of the data. The Ulquid-¥z cooled, iatrimsic pt-dv- d-toetor
had responsivity and NEP (moise equivalent power) ef 7= m’ VN and
1x 10-15 WHz"1/2, respectively, at 1.3 pm. The signal m- :u "de"'%
output of the detector for step function infrared input -lml emutl
of rapidly and slowly rising components, tho tiss coustants of”ltdch- )
were about 10 ms and 3 s, respectively. As described in Reference 17.‘4
this problem was overcoms by using an smplifier containing differentia-
tion and addition circuits which compensate for the 3 s response and
partially m.n for the 10 ms response. The compensation d.rgutu
were sdjusted for a square wave output signal using the chopped signal
from the blackbody as an input u.gul.

A minicomputer was used s a data acquisition and mlyuu mm
The signal from the compenssted smplifier was sampled every 0.1 s using
an analog- to-digital converter. A set of data was ngorul in the eor
puter and then snalysed (Referemce 17) to reject spikes due to coemic
rays. Sim to tlnr:y-m sets of data were additively accumalated
and mrqd in the computer.

The -anulnt of the sensitivity of the hueuu m«- !oc tn-
frared Tadietion emitted from the cemter of the collieion chagber wae
. tubs from the detector. A chopper ia fremt of the souron sedwleged the

13




blackbody enisaion with & period of 20 s. An aperture al.’iﬁ“hhﬁ-
ter was placed in fromt of the source 0.47 m from the detector so as to

490 K the intensity at ths detector was compirable to that observed for

the free-free emissfon and was large compared to ﬂ,, thérme! beckgroutd
signal. The spatial varfation of the detection effictercy n(z) wis
measured using a small diffuse light source which was scanned over the

drift rc'gion as described in Reference 17.

b. Visible wavelength oyctei '
" The detection system and reference light source for the measure-

ments of free-free emission at 500 and 650 nm waus a modification to

that described by Lawton and Phelps (Reference 16). An improved photon -

counting system wvas used to integrate the photomultiplfer signals during
the on and off times for the high voltage applied to the drift tube.
The photo.iltipli‘er counts and the digitized average cathode current
were transferred to the minicomputer after a praset time interval. An
interference filter with 68X transmission and a band pass of 68 nm FWEM
was used for the measurements reported for 500 mm. Measurements at

650 um were made using an interference filter with 65X pesk transmisstion
and & bend pass of 33 nm YWEM. As pointed out previously (Reference
16), the final results are insensitive to the magnitude of the fnter-
ference filter tmnl’nioﬁ. The filter charscteristics werd msssured
separately using a commercial spectrophotomster: A sulti-alkali photo-
 wltiplier in s UV transiitting envelops with & slowly wirying eestus
efficlency Vetween 250 ‘and 600 mm wes wied with thess filters. The

16
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. free~free emission coefficients for clegttom in Ar. Pigure & ghows en

oz(.‘u molecules at 1.27 ¥® and yield excitation coefficients consis-

prineipel difficulty encountered in these massurements was that of the
calidbration of the neutral density filters used to ndueo th'oiml |
from the standard lamp to values in the linear range of the photon.
counting system.

| Ve estimate an uncertainty of +20% for the Mltut msasured
excitation coefficlents for both the infrared and visible waveleagths. -
The significant changes in these estimates from those of Reference 16
are the absence of a contribution to the uncertainty from a radistive :
nlottu. a more accurate nuuromt of tho sperture srea ($4%), and a

more accurate determination of the electron current (tsz). }

4. TFREE-FREE EMISSION DATA

In this uction we summarize the results of measurements of the

example of the infrared emission signals ¥hich led us to the conclusion

that the drift tube §.¢mqu could be used to measure free-free emis-

sion coefficients. m. wavefora was obtained during msasurements of

02(014) production in & mixture of 0.05% O, in Ar at a total gas din.lty x
of 1025 a3 and an E/W of 3 x 102! Va?. The exponentially rising and |

falling portions of this waveform are interpreted as emission from

tent with those reported in References 16 and 17. When the exponen-
tially varying portions sre subtracted from the cbeerved wavefora cne is
left with a rocﬁnguh: nvcton which we iaterpret as free-free
enission emitted in collisions between electrons and argon atoms.
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This iiitctﬁrctition is supported by the fact that in pure :Ar only tho
rceniinhr component of tﬁiﬁmavefom was observed. Although one ex~
pects the free-free ui.nigg iignal to follow the rapid changes in the
electron density, we -uh no cffoft; to observe he free-free emission
vith & time r«olutioﬁ better than the 0.1 s value normally used 1§ the
02(a's) experiments. Winkler, Michel and Vilhela (Reference 21) have
observed changes in the tree-fru emission .frou afterglén in Ne and Ar
on a microsecond time teilo; The principal clues to the identity of -
the signal were the slow variation of the signal with E/N and with wave-
length, as discussed in the remainder of this section.

The free-free emission coefficients for pure Ar at wavelengths near
1.3 pm are calculated from the observed magnitude of the infrared signal
using iqc. -(10) and (11). The averages of several runs are shown as a
function of E/N by the squares in Fig. 5. Similarly, the triangles and
the circles of Fig. 5 show the averages of results of uuureunﬁu near
VSOO and 650 nm, respectively. Plots of the free-free emission coeffi-
cient versus wavelength for E/N values of 3 x 10721 yu? (squares) and
2 x 10;21 V-z (triangles) are shown in Fig. 6. Note that when appro-
priate corrections are made for the effects of attachment, the free-
free emission dauv of Fig. 4 and other data from O)-Ar mixtures obtained
during msssuremsnts st 1.3 um are consistent with the 1.3 um data shown
in Pig. 3.

The solid curves of Figs. 'S and 6 are the result of calculations of
freefres entesion coefficlents which we have mede usisg Bq. (2) for the
free-free doﬁ}q cross section and the electron emergy distributions
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Figure 5. Free-free emission coefficient per fractional bandwidth for
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electrons in argon vs. E/N. The error bars shown at low E/N
for 3500 and 600 nm are the statistical uncertainties asso-
ciated with photon counting. 7The x snd + are representative
dsta from References & and 5, respectively. The solid curves
calculated values obtained using Eqs. (1) and (2). The
dashed curve shows results cslculated using Bolstein's for-
mula (Reference 11).
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which we have calculated. For this purpose, it is convenient to write
Eq. (1) as

1
®gg  kgg ) 2. R
- - o - ;;(:) {; €0 (e)f(e)de . (12)

Here age is the number of free~free photons emitted per unit distance of
electron drift and per fractional band width. According to Eq. (12) the
normalized excitation coefficient is expected to be independent of the

- argon density. Our electron energy distributions were calculated using
the electron-Ar collision cross section data discussed in Sec. II.3 and
in Reference 17. The dashed curve for A = 650 nm of Fig. 5 was calcu-
lated using the Qgg(e,hv) values for A = 650 nm calculated using the
theory of Holstein. In this case the momentum transfer cross sections
of Hayashi (Reference 2) were used in the calculation of f(e), although
the Q.(c) values of References 17 and 2 agree for ¢ < 3 eV and differ by
less than 10X for ¢ < 15 eV. The aff/l! values calculated from the theo-
retical cross sections of Geltman are not shown in Pig. 5 since they
differ from the results obtained with Eq. (1) by less than about 5% for
E/N > 0.3 x 10721 va2, The decrease in the calculated age/N values for
!/N greater than 4 x 10721 va? 15 the result of sn increase in the slope
of the drift velocity vs E/N data as well as a decrease in the slope of
kge vs. B/N at E/N where inelastic collisions are important (Refersaces
16, 22). The calculated mssn slectron energies vary from 1.2 eV at
E/K = 2.5 x 10722 Va? to 5.4 oV st R/N = 1 x 10-20 Va2, The dashed
curve of Fig. 6 was obtained by intorpohtion of mﬂu of ‘ulenhttou
by Pfeu, Rutscher and Winkler (Reference 22). The lower emissicn coef-
ficients obdtained by thess suthors compared to those we calculate st the




same E/N appear to be the result of their use of somewhat larger Qu(e)
values for electron-Ar collisions with a resultant lower msan electron
energy and lower Ggg/N.

Yor E/N balow 3 x 1072! vaZ, the agreement between experiment and
the theory of Kas'yanov and Starostin (Reference 10) as shown by the
solid curves, is°within 152 or the statistical uncertainty of the data
in spite of the fact that the bw values are comparable with the photon
energy. Although the vtlnoutiul curve calculated using the formulas of ‘
Holstein (Reference 11) lies well outside the statistical uncertainty of
our data, it is just within the confidence limits we have assigned to our
results. The relatively large experimental values and rapid increase of

the age/N coefficlents relative to theory for A = 1.3 yn at E/N values

above 4 x 10721 va? gre consistent with a/R values which we calculate
for the emission of line radiation by highly excited Ar atoms. The ex-
cess of the measured signal at 650 nm at E/N > 5 x 10721 yu? varies wuch

less rapidly with E/N than expected for highly excited states of Ar.
Although this discrepancy may indicate an error in the values of Qu(c)
at electron energies above about 10 eV, further measurements of the
spectral distribution of the radiation should be sade so as to verify
that the emission at the higher E/N is free-free radiation.

Absolute measuremsnts of free-fres emission signals from electri-
cal discharges in Ar are reported for wavelengths froa 300 to 300 om
by Vasileva, Zhdanova and Mnatsskanysn (Refersuce 5) and for 480 mm by
Golubovskii, Kagaa and Komarova (References &, 23). Their results were
sbout (75 £ 20%) end (100 £ 20%), respectively, of their theorstical
values. Representative experimsntal data obtained l!y’ these authors




at 500 nm are shown in Fig. 5. The E/N range of their low curreat
discharges sets the mean electron energy in the ranme of 4-5 V. 'nn

sgreemant bstween experiment snd theory shown for these authors is re-
markably good when one considers the problems of the determination of
the electron density and of the effects of gas heating on the analysis
of their experimental data (Reference 23). The results of Vasileva, et
al. (Reference 5) and of Rutscher and Pfau (Reference 3) also provide
teasts of the theoretical predictions of the waveleagth dependence of

the free-free emission.

5. DISCUSSION

The results presented in this paper show the usefulness of the

electron drift tube technique for the measurement of free-free emission

coefficients for electrons in gases. This technique makes possible mpa-
surements of free-free emission coefficients under much more accurately
known experimental conditions for a wide range of msan electron energies
(1.2 to 5.4 eV) than was possible using tha discharge technique. The

free-free emission coefficients for photon energies bestween 1 and 2.5 eV

and for mean electron energies bdetween 1.7 and 5.0 oV agree with theo-

retical predictions to within :15%. At 650 nm snd wean electron ener-
gles from 1.7 eV down to 1.2 eV the experimental and theoretical agree
f within the statistical uncertainty of less tham $25%, while at meea

electron energies sbove 3.0 eV the apparemt discrepancy between thaory
and experiment incresses with glectron eénergy. Unfortumstely, the msen
electron energies required to produce a messurable signal ave too ldrme




to enable us to work in the threshold electron energy range where the
various theories are more easily diltinﬂllm. l@uaut«nnts of free-
free emission at very high demsities of pure gases or shesorption mea-
surements using low mean energy electrons might make possible a choice
from among the theories. Free-free ewmission measurements (Referance
24) st extremely high gas densities (~1029 u~3) ghould provide data for
testing theories sppropriate to conditions in which the time between
electron-atom collisions is c&qurable to the photon frequency, but
under much wore accurately controlled conditions than in the laser
breakdown experiments (Reference 8) carried out at these densities.
Such high density emission experiments should provide a valuable com~
plement to electron mobility measurements at high gas densities where
dopattutéc from the binary eollici.oq model of electron scattering may
occur (Reference 25).

On the basis of the success of the simple formula for calculating
free-free emission coefficients for argon, one is encouraged to recom-
mand the use of this formula for other gases for which the momentum
transfer cross section is kanown. Obvicusly, it would be desirable to

test the formula against experiment for other gases, e.g., He and Nj.




SECTION IIY

VIBRATIONAL EXCITATION OF HOMONUCLEAR MOLECULES

The objective of these experiments is to develop and apply tech-
niques for the measurement of coefficients o: the pro@ucgion of vibra-
tionally excited homonuclear molecules by low emergy electrons. The
molecules of particular 1ntetelt are Hy, Dy, and 0y. Reliable data for
the electron excitation of H, and D2 molecules is essential to the ac~
curate modeling of the role of these excited levels in negative iom )
sources and in hydrogen filled thyratrons and switches. Thus, it is
kaown that the rate of negative ion formstion in Hp and Dp is & strong
function of the degree of vibnuoul_. cxcitatioq produced in an electri-
cal discharge (Reference 26). At the present time there is sbout a fac-
tor of two uncertainty in the slope of the cross section near threshold
for vibrational excitation of Hy by electrons (References 27,_ 28). In
the case of Dy, the only cross section data st energies of interest to;
discharges appear to be the result of an analysis of electron transport
data which, for the similar case of Hy, sre known to be significantly
in error st the higher energies (Reference 29). The interest in vibra-
tional excitation of Oy arises from the fact that this process dominates
the energy loss by electrons in air with mean energies between 0.2 and
1 eV, i.e., the energies of electrons predicted to be found in plasmas
produced when high enargy electron basms propagate stably throush eir.
At the present time there is & factor of two discrepancy between the
Better of the two sets of cross section data obtained weisy electres




beam techniques (Reference 30) and results we have derived from elsctron
transport data (Reference 16). , .

The upcthnul‘ arrangemsnt used in these msasurements is identi-
cal with that used for the infrared measurements described in Sec. II,
except for changes in _thn infrared detector and its uiocin;od q;i-
fiers. The basic approach to the mesasurement of the densities oﬁ vi-
brationally excited homonuclear molacules is to mske use of excitation
transfer from the homonuclear molecule to a heteronuclear molecule which
radiates in the infrared. The theory of the experiment (Reference 31)
shows that the largest signals will be obtained when the vibrational
energies of the two molecules are in close resonance, as in the well-
known case (Reference 31) of the Na(=l) and C0,(001) levels and in the
less well-known case (Reference 32) of 0y(v=1) snd CS5(001). 1In the
case of molecules in close resonanca, our analysis suggests that an
optimum mixture typically contains 0.2% of the infrared emitter and
that most of the energy is stored in homonuclear molecules. Generally,
the collisional relaxation of the homonuclear molecule in the pure gas
1s slow, as for Ny, Hy and Oy, 8o that the added gas determines the rate
of collisional deexcitation and thereby the fraction of the energy ra-
diated before collisionsl deexcitation. Counsiderstions such as these
lead to the prodicuon_that fh largest otﬁlo will be obtained for
D-CO mixtures. Smaller signals are expected for Hy-CO and Dy-C0p mix-
tures with the signals from Hy-C0z and 02-CS3 significantly lower be-
cause of faster collisional deexcitation. An importamt factor in the
planning of our experiments is the availability, on a part-tims besis,

of a one~of~-a-kind, very large area InSH detector for msasurements of

n




the C0, and CO emission. The best detector we could purchase for thu
C32-02 msasurements at 6..5 ua hu a detectivity vlueh is a factor of 30
smaller. - ' '

'We bave therefore esphasized the D, snd H, experimeats during the
'cloaing months of this contract period. The best wsy to summarise this
work is to note that during the two months since the end of this con~
tract period we have made an extensive series of mcasurements of the
vibrational excitation of Dy and Hy using CO and CO, as the infrared
emitters. Analyses of the data to determine vibrational excitstion

coefficients for Hy and D; are now under way.
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SECTION IV

CONCLUSIONS

The msasurements of excitation coefficients for the production of
free-free photons reported here serve to demonstrate the usgfulneu ‘of
simple theories for the calculation of free-free emission in gases. On
the basis of this work and of theory and experiment at very high elec-
tron energies we have made predictions of free-free emission cross sec-
tions for several gases over a very wide range of electron enefgies. It
would, of course, be desiradble to test these predictions experimentally,
particularly in the energy range of 20 to 100 eV where the poorly-knowm
effect of inelastic éo’llini.oiu could result in increase of the cross
section which we estimate to be about 20X. Experimental measurements
at low electron energies in other gases would also be important.

The development andA application of techniques for the measurement
of rates of production of vibrationally excited honohuclur molecules is
expected to provide important new information for use in the prediction
of the characteristics of gas discharge devices and atmospheric plasmas.
The work carried out during this contract period has recently led us to
successful measurements of the vibrational excitation of Hy and Dy mole-
cules. The production of these excited states is of particular curremt
faterest because of their importance in proposed negative ion .purcds
and in switching devices.
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