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Summary

The results obtained from a basic research program conducted by the
United Aircraft Research laboratories during the period from June 1, 1564, through
May 31, 1965, under Contract IA-31-124-AR0-D-221 to investigate the basic contami-
nant reactions in re-entry wakes are summarized herein. Three different experi-
mental laboratory investigations were conducted to determine the effect of the
presence of impurities which exist in re-entry wakes in the form of alkali metals
and their compounds on the electron number density and effective collision fre-
quency .

In the first experimental investigation, electron cyclotron resonance
techniques were used to measure the equilibrium electron number density and effec-
tive electron collision frequency in sodium hydroxide vapor over the energy range
from 0.09 to 0.126 eV. The equilibrium number densities detected in these experi-
mental investigations indicate that by using the JANAF thermochemical data, an
electron concentration is predicted which is an order of magnitude higher than the
present experimental results at 12009K and a factor of 5 higher at 1466°K for so-
dium hydroxide pressures of 1 to 10 mm. The effective cross section determined
from these measurements, which shows a strong velocity dependence, is approximately
10 em™ um~t,

In the second investigation, a modified Ramsauer beam experiment was used
to determine the total collision cross section of sodium ions with several of the
atmospheric constituents, such as oxygen, nitrogen, and nitric oxide, over the en-
ergy range of 1.08 to 10.35 eV. The cross section for these interacticns ranges
from 65 cn~l mm-1 at energies of 10 eV to approximately 310 cm~1 mn~L at enexgies
of 1.08 eV. The energy dependence of the cross sections indicates that no chemi-
cal reactions occur between sodium ions and the various atmospheric species at
these energies.

In the third investigation, a crossed-beam double modulation technigue,
in which an electron beam was interacted with a molecular beam of sodium hydroxide,
was used to study negative ion production by electron impact. Over the electron
energy range of 0.05 eV to 10 eV, negative currents were detected which could be
directly attributable to the interaction of the two beams. The magnitude of the
cross section for the interaction exhibits a meximum of 3 x 10‘16 cm? at an en-
ergy slightly less than 2 eV. Further investigations are required to definitively
determine the species formed by the interaction.
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ELECTRON-MOLECULE COLLISION FREQUENCY MEASUREMENTS

Introduction

The electrical transport properties of re-entry wakes which influence
the effective radar cross section are determined by the magnitude of the electron
density and the electron collision frequency for momentum transfer. A knowledge
of these two parameters is fundamental to an understanding of the physics and
chemistry of such flows and reactions. Of particular interest are the transport
properties of the alkali metals and many of their compounds because alkaii metal
impurities in re-entry wakes can cause significant increases in the electron con-
centration.

The most versatile and accurate methods for the determination of very
low-energy electron collision cross sections and low electron concentrations are
microwave techniques. Of these, the electron-cyclotron resonance microwave tech-
nique (Refs. 1, 2, 3) is the most sensitive. With this technique, independent
measurements can be made of electron density and collision frequency. The col-
lision frequency is determined from measurements of the line width of the miecro-
wave cyclotron resonance absorption spectrum, and the electron density is deter-
mined from measurements of the absolute magnitude of the absorption together with
the total area of the absorption curve.

Bz2cause of the extremely high sensitivity that can be achieved with the
electron-cyclotron resonance technique, the properties of plasmas with low degrees
of ionization can be investigated. For the case of the alkali metals and several
of their compounds, sufficient ionization can be produced sclely by thermal oven
heating of the vapor of these materials, due to their low ionization potential,
to produce detectable signal levels. Because a true equilibrium plasma can be
generated by simple oven heating of the vapor under study, it is insured that in
complex systems, such as sodium hydroxide, various species are not preferentially
produced over those that would be present under conditions of true thermodynamic
equilibrium.

The purpose of the present investigation was to experimentally determine
the electron number density and the effective collision frequency existing in a
thermally generated sodium hydroxide plasma over the temperature range of 10000 to
1500°K. These measurements were to be made using cyclotron resonance techniques
similar to those previously employed to measure the collision frequency of elec-
trons in cesium vapor over the energy range of 0.05 eV to 1.0 eV.* One of the
results generated by this experimenteal investigation was that the electron con-
centration was lower by a factor of 10 at a temperature of 1200°K and lower by a
factor of about 5 at a temperature of 1466°K compared to that predicted by ther-
modynamic calculations based upon the JANAF thermochemical data. Measurements
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indicated that less than 107 electrons cm"3 are generated at 1200°K in this vapor
even with pressures between 1 and 10 mm, but between 107 to 108 electrons are
generated around 1466CK for the same pressures. It was also decermined that the
collision frequencies measured indicate a rather low cross section, approximately
2.5 x 10'16 cm2, for momentum transfer collisions in the superheated mixture.

Also the measured difference between the dc and ac collision frequencies indicates
a rather strong velocity dependence on this cross section.

Theory of Microwave Power Absorpticn in a Plasma Under
Cyclotron Resonance Conditions

When the cyclotron frequency of the electron is equal to the frequency
of an applied microwave electric field, the collective motion of a group of elec-
trons is in phase with their acceleration due to the applied microwave electric
field, and they are able to absorb an apprecigble amount of the rf power. The
shape of such a cyclotron absorption curve as a function of frequency in a fixed
magnetic field is related to the electron heavy-particle collision frequency, and
the total power absorbed integrated over all freguencies is directly related to
the electron density. The area of the integrated power absorption spectrum is
independent of the velocity dependence of the collision frequency so that the
electron density can be rcadily measured indepsndent of the species ‘involved.

A good electrical anaiogy of a plasma in a dc magnetic field ic a sim-
ple electrical inductance and capacitance (L-C) tank circuit. If there is no
resistance in this tank circuit, the frequency response for power absorption is
monoehromatic. The inclusion of resistance in the tank circuit lowers the Q of
the circuit and broadens the spectral line width. The magnitude of the line
width can be directly related tc the magnitude of the resistance in the tank
circuit. Electron collisions play the same role as the resistance in the tank
circuit. They represent a viscous damping force on the motion of the electrons
and contribute tc the real part of the complex electrical conductivity.

The equation describing the electron current flow through a plasma
under the combined influence of electric and magnetic fields may be derived
on the basis of the physizal model for a plasma originally developed by Lorentz.s’
In this apprcach it is assumed that collisions are instrumental in setting up a
nearly spherically symmetric velocity distribution of eiectrons and that small
deviations from spherical symmetry are described accurately enough by the second
term in the spherical harmonic expansion of the velocity distribution function.
Upon substitution of this first order expansion into the Boltzmann equation, two
coupled eguations containing the terms of the expansion result. If it is assumed
that a long wavelength electromagnetic wave is propagating through the plasma in
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the "x" direction, that the ac electiric field associated with the wave is along
the "y" direction, and that an appiied dc magnetic field points along the "z
direction, the relationship between terms of this expansion and the equation for
particle current result in the following expression relating electron current

density to electric field

—~ 47 Nee? “ ~ Wy & v +jw A1 9fo 3 - (1)
R S EVL [ vorrerrar Wi+ WP+ @l ] gu vy (

where

11 - electron mass

e - electronic charge

v - electron velocity

ng - electron number density

J - current density

Ey - electric field intensity

f, - isotropic part (first term in spherical harmonic expansion) of the veloc-

ity distribution function normalized to unity
v (v)~ elastic electron-atom collision frequency for momentum transfer
w - radian frequency of electromagnetic wave
- electron-cyclotron frequency = eBZ/mA(where B, is the dc magnetic flux

“wy

density)
@,3,%— unit vectors in the x, y, and z directions
i = WA

In this derivation it has been assumed that the ac magnetic fields are negligible
in comparison with the applied dc magnetic field, that the plasma is homogeneous,
that the collision friction force exerted on elextrons is due to elastic momentum
t.ransfer encourters with neutral particles, and that electron-electron encounters
have no direct influence on the momentum of the electron gas. The form of the
electric field used in the derivation of Eq. 1 is given by

E = }E,(z,y)ej(wwm (2)
where
t - time
k - phase constant of the electromagnetic wave

The average electromagnetic power absorbed by the plasma is given by

P, = - /2 T
abs / RQLE JdVv (3)
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Pabs - pover absorbed

E* - complex conjugate of electric field intensity
Vv - volume occupied by plasma

R - "real part of"

e

Combining Egs. 1, 2, and 3 results in the following expression for the absorbed
power

- o 2(v) + W+ W) at
Pabs - =27 €2 E2(2,ying 21 L¥ 2 3dvdv
o m fv 'I; y ¥l [vn? + (w-w 2] [viviw+w®] v v (4)

It will now be assumed that the plasma under consideration fills a por-
tion of a rectangular waveguide as in Fig. 1. In the absence of plasma the wave-
guide propagates the dominant transverse electric mode which is given by T

F=jE o LR elr 0 (5)
where
E_ - maximum amplitude of the electric field intensity
a - waveguide width in "z" direction

If it is assumed that the plasma is so rare (fra.ctional power absorbed per wave-
length << l) that the electric field is unperturbed by the presence of the plasma,
then from Eqs. 2, 4, and 5 the power absorbed becomes

(6)

In the analytical development leading up to Eq. 6, it was assumed that the plasma
was homogeneous. For the case of the rarefied plasma under consideration, gra-
dients may exist. However, because there are no significant plasma gradients in
the direction nf the electric field and because of the tenuous nature of the
plasma, the plasma behaves as though it were homogeneous and a simple averaging
process can-be used to account for gradients in electron density. Therefore,

Eq. 6 becomes

Paps = - &7 & oU; f: fowﬁf sINZ T2 ng(xy) (7)
n_n

where the electron density has been assumed uniform in the "z" direction. Upon
integration Eq. 7 becomes

2 () +wl+ 2]
Rbs :-?.%wktf sin2 ZE n, ”M[ T T : g—:nv%vdv
° [Va(v) Wu—wb\z] [Vz(v) +Hw +“’b)2]

v(v) [v(v)?+ wzwg] s

[vz V) Hw- wb)z] [,,z (v)+(w+wb)ﬂ av

v3dvdzdxdy




D-920252-6

2 * yiv)y3 1o /dV * viv)vd 3 1079
Pobs : - ZieEo) [ vvly Ofp dv + vZdte/dy g4, 3
€ m ¢ ‘/; vy} *l'(w-uub)z j; viv) + (w#wb)z (L )
T L S
where resonant term nonresonant term
Ne - total number of electrons in the waveguide

It is apparent from Eq. 8 that near resonance (w~ w. ) the resonant texrm will
be much larger than the nonresonant term when the square of the radian frequency
of the electric field is much larger than the square of the collision frequency,
ices, (wa wb2» vz(v)). Therefore, near resonance the power absorbed becomes

2 © 3
Pobs = - n (eEe ) vivly afola‘l dv
WEITTE T e ]; v2(v) + (w-wp)® (9)

The power absorption will exhibit resonance behavior whenever the cyclotron fre-
quency equals the microwave radian frequency. This condition can be achieved by
holding the applied microwave frequency constant and varying the applied magnetic
field, which was the method employed in this experiment.

The area under the absorption curve of Fig. 1 is given by

. _ _ 7 (eEo)? i vivi v/ dv
A = [:Pobs af) ---6-—,,,9- NeL E-—L’_uuma dvdSl (10)

where
A - area under absorption curve
G - w-w b

Since fl and v are independent, the order of integration is immaterial. Integra-
ting first with respect to ) yields

_ 7 (eEq)? r :
A =-Zleks Ne.Tfov’dfoldvdv (11)

£ significance is the fact that the velocity dependent collision frequency has
been canceled by the first integration. Integrating with respect to electron
velocity yields

. 1 (eEQ)
A= g RN (12)
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Equation 12 points out the significant fact that the area under the absorption
curve is; subject to the assumptions cutlined previously, directiy proportional
to the total number of r~lectrons in the plasma-filled waveguide, independent of
the form of the velocity-dependent collision frequency or the form of the irso-
tropic part of the velocity distribution function. Since the electric field
strength and the volume of the plasma container are presumed to be naown, the
electron density can be determined from a measurement of the area under a single
absorption curve.

The average power incident on the plasma for the case of vhe dominant
TEOl mode propagation can be shown to beT

P | A (‘ - ) ‘ \
INC 1! o wz 4

where

Pine - power incident

Eo - permittivity of fr:e space

po -~ permeability of free space

we cutnff radian frequency (w.= W/o\/ Fo€o )
b waveguide dimension in "y" direction

The fractional power absorbed is now defined

Pac ~Four  Fans
i 1k
pm(: Pth (14)
where
Pout - power incident on piasma reduced by the power abscrbed

Integrating this expression over { as in Eq. 10 results in the following combina-
tion of Egs. 12 and 13

f_mP,b,dQ » ez N w2_|
e A ERVE G (15)

"

Therefore, the electron density becomes

=Ne _ » (l-wcz/m)'n
nes(f=a*2 0 /5% ab (16)

where

A¥ -~ area under absorption curve normalized with respect to the incident
pover
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v - volume of plasma container

Equation 16 relatés the electron density directly to the normalized area under
the absorption curve; all other quantities in Eq. 16 are known.

If it is now assumed that the isotropic part of the electron velocity
distribution is Maxwellian and this form is combined with Eqs. 9 and 10, the fol-
lowing expression results

_gggz . e2 o Ne, _%) m )mj" que-&";: dv
inc ab 7 ATy v2(vi + Q2 (17)
where
Te - electron temperature (equal to the background gas temperature under
thermodynamic equilibriim conditions)
At resonance § = O, and Eq. 17 becomes
2
%?%'ﬂ:o - '2%‘\/%, oﬂb‘“-%) 7( Te mr v‘:‘v;ﬁ 18)
which defines an effective dc collision frequency.8 Therefore,
1
'%’% Q=0 EeT: ‘/'_l:To %‘ﬁ"‘%’.?"&(ce) (19)
Well off resonance, Q 2, »° ’v) and Eq. 17 becomes
FP’::: g>>v2 = '\/-t—o ab 2) T L Qz 3/—( 2“. )‘! v(v)V‘e-%'%;e dv (20)
As in <che previous case, an ac effective collision frequency can be defined.
Pabs -__ _& wc:2 % Vatt{ac)
Pinc |Q%>> v ~ \/_ (|- ) a2 (21)

Equations 19 and 21 relate the power absorbed by the plasma to an ef-
fective collisional parameter, which describes the over-all resistive effect of
collisions. Near resonance the cyclotron motion of the electrons is in phase
with their motion due to the eiectric field, cocllisions impede power absorption,
and the plasma behaves as in the dc case. Far removed from resonance, collisions
enhance the power absorption, and the piasma behaves as in the standard a¢ case.
Although the effective collision frequencies defined by the previous equations
are useful plasma parameters, it should be noted that the averaging of the actual
velocity dependent coliision frequency is different for each case, and consequently,
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the ac and dec effective collision frequencies are not equal. However, if the
velocity-dependent collision frequency is not a strong function of electron ve-
locity over the range of interest, the ac and dc effective collision fregquencies
are approximately the same, effectively independent of the averaging process.

The total mcmentum transfer collision frequency arising from a mixture
of different chemical species is related to the various momentum transfer colli-
sion cross sections by the following relationship:

viv) = 2 nj Qej (v)V (22)
where
nj - neutral particle density of the jth species
er - momentum transfer cross section for electrons and molecules of the jth

species

Thus it is apparent from Eq. 22 and Eq. 17 for the fractional power absorbed

that an analysis of cyclotron resonance absorption spectra (fractional power
absorbed vs.Sl) can result in information leading to the determination of the
momentum transfer cross sections. The extraction of the cross section from the
integral equation is quite difficult and usually requires considerable numerical
experimentation in order to generate a cross-section curve which will be consist-
ent with the measured transport property (i.e., microwave attenuation). However,
thie information is not really desired in this study. The two important measur-
ables in this case are the effective collision frequency, which can be used
directly to estimate microwave absorption and reflection coefficients in re-entry
rlasmas and the measurement of the equilibrium electron density as a verification
of the JANAF thermochemical data.

Outline of Experiment

Microwave System

Conventional microwave spectroscopy techniques are usually designed to
provide a spectral display where the principal parameters to be measured are
line structure and resonant frequency. If the magritude of the interaction is to
be measured, the customary approach has been to compare the observed line to that
of a standard also housed in the waveguide measurement region. This is not pos-
sible in microwave cyclotron resonance measurements in plasmas.

As has been pointed out in the theory, the approach in this experiment
instead has been to compare the absorption magnitude with a similar change in-
troduced by a very precise and accurate attenuator. This was accomplished by
using a parallel substitution technique in a microwave bridge. A description
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and analysis of this attenuator is given in the next subsectiun.

A block diagram of the apparatus is shown in Fig. 2. In taking data,
the microweve bridge was first nulled out for zero signal) and then the magnetic
field scanned automatically. The resultant unbalance as cyclotron resonance was
approached was recorded directly. Finally, two time sweeps were superimposed
on the recording, first with the bridge nulled and then with it unbalanced by a
known amount as determined by the attenuator. Since the microwave bridge output
was linear for small unbalances, the ordinate sensitivity was readily calculsated
in fractional absorption per inch of displacement. The abscissa was determineqd
by the current flowing through the magnet which was directly proportional to the
magnetic field generated. This proportionality constant was determined in a cali-
b.ation usirg an N,M.R., gaussmeter accurate to 1 part in 105. Once nulled, this
bridge would drift less than an equivalent power caange of 5 parts in 10“ over a
three-minute period. The noise level (which determines the sensitivity) was
equivalent to a power change of 1 part in 10*. This level, together with the
minimum line width, determined the minimum electron density which could be
detected.

For a plasma of finite size, several effects other than volume colli-
sions can broaden the cyclotrcn absorption line. Magnetic field inhomogeneities
over the sample volume produce & distribution of cyclotron frequencies resulting
in an instrumental line width in the absence of collisions. Estimates of this
effect based upon the N.M.R. magnet calibration yielded a full width at half
power of about 2 gauss. Doppler broadening of the line width can be produced by
electrons traveling coward or away from the direction of microwave propagation.
However, Doppler broadening effects are small in comparison to pressure broadening
when the ratio of the collision .requency to the frequency of the microwave sig-
nal is large compared with the electron wvelocity to the speed of light. It vas
casily estimated that this condition held for the experimental temperatures in-
volved. At low pressures where the electron mean free path is comparable to the
dimension of the container, along the direction of the magnetic field, electron
collisions with the walls establish a minimum line width which is termed transit
time broadening. This particulsr mechanism seemed to be the one which generated
the observed minimum line width of about 3.5 gauss. Iastly, significant heating
of the plasma by the probing microwave field can produce & broadening of the line
width and also change the validity of the assumption that the electron temperature
is equal to the gas temperature. To show that the cyclotron heating was negligible
compared to the ambient gas temperature required that

2 2
E°M e° |
— e e —— KL k‘r ~
12 m m? 2 9 (23)
where
E - electric field strength of the microwave
Tg - temperature of the gas

PRPNFRYY
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This condition is easily satisfied by using a power level of 10"9 watts ir the
microwavz bridge.

Using measured minimum line widths together with the minimum detectable
signal yielded a sensitivity of the apparatus of 10 electrons/cm3.

Microwave Bridge Attenuator

This device is used to produce minute power changes of microwaves with
a high degree of accuracy and prcecisicn with excellent reproducibility. A block
diagram cf the bridge is shown in Fig. 3. This apparatus works by splitting the
microwave signal into two paths. One path contains two rctary vane przcision
attenuators and the other a rctary vane precision phase shifter. The upper am
as shown in the block diagram is capable of transmitting a highly attenuatcd sig-
nal with respect to the lower arm by setting one attenuator for high levels of
absorption. For this reason a small variation in the power output can ve simulated
with a readable large variation in the other control attenuator. The minimum change
that can be produced is only limited by the magnitude of the fixed attenuation in
the upper arm and the stability of the microwave source and various microwave com-
ponents, The phase shifter is merely used to combine the signals in phase which
simplifies the analysis of the device. To obtain good agreement between a pre-
dicted power variation and the measured -mlue, it was found that *..2 arms of the
bridge must be sufficiently isolated from each cther by at least 60 db of attenua-
tion, and that the fixed transmissicn coefficient of each arm must be accurately
known.

Analysis of the bridge attenuator was carried out in the following man-
ner. The vector fields are the quantity which combines from the upper and lower
paths to produce the output power from the device. Therefore, the analysis must
be expressed in terms of the fields. As pointed out above, the inclusion of a
phase shifter in the device expedites the formulation, in that once the output
is maximized with the phase shifter, the addition of the wvectors can be treated
as addition of scalars, where only the magnitudes are important. This approach
is valid as long as the attenuators do not introduce any phase shift as they are
varied. The rotary wvane attenuators used in this experiment introduced only
about 30 phase shift from one end of the scale to the other. This was small
enough to néglect. The electric field into the device is divided into the upper
and lower arms by the 3 db coupler so that

E;n= vE, + 3E, where y+ 8§ =1

(24)

Eupper + EJ_ower

As the micriwaves pass through the device, both upprer and lower waves ere attenu-
ated. For the top wave there is some minimum insertion loss that results even
with the attenuators set equal to O db so that the field is reduced by some frac-
tion. Then there is the deliberate attenuation introduced by the attenuators.

11
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Superimposing these effects, the reduced field strength just before the waves
corbhire is given by

E&p‘rer = QBPY Eo (25)

where

a - transmission coefficient of the first attenuator
B - transmission coefficient of the second attenuator
p - transmission coefficient due to insertion losses in the upper arm

The bottom wave is similarly attenuated by some insertion loss so that

E)over = #8Eo (26)

where
p - transmission coefficient due to insertion losses in the lower arm

Combiring these two waves at the output directional coupler yields the output
electric field strength

E_ . =E + E! = (aBpy+upd) E, (21)

out upper lower

Expressing these results in terms of power-in and power-out, because these are
the real quantities that are measured by microwave detectors, yields

P
Pl = (a®B%p%y % 4824 2aBpudy) (6)

To evaluate these constants the power transmitted through the device must be meas-
ured when the attenuators are set at 0 & ( @ = 8= 1.00). Power through the top
arm alone also must be measured. For this purpose a shorting switch was included.

Calibration was performed using & thermoelectric type of micrcwave power
detector, which had good square law response over a wide dynamic range and excel-
lent temperature stability. A number of experimental meassurements of the power-in
and the power-out yielded determinations of the products

p2y2= .155t o001
and _;1.2 8%= .206 001

With the first attenuator set at 0 db ( a 2 = 1.00) the second attenuator was
varied in 1-db steps, and the combined power measured. Comparing these
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experimental results witl. the numbers which would be calculated on the basis of
the attenuator dial setti..g and the insertion loss coefficients yields agreement
closer than one per cent. Experimentally, it made no difference which attenua-
tor was designated number one or number two. Thus when the first attenuator was
set on 10, 20, or 30 db to reduce the effect of attenuator number two, high con-
fidence could be place on the calculated effect of varying attenuator number two.

In using this device with the microwave spectrometer, only differences
in power outputs are important so that the final analytical expression for
determining power differences is

P - P ' * t
ut o - a?-a?)(B2p2y2)+ (a-a')2Bpu 8y (29)
Pin
Using the specified accuracy of the attenuators, together with the error associa-

ted in detemmining the insertion lesses, yielded a probable error for specifying
a given power change of about 1 to 2 per cent.

Measurement Cell

The sodium hydroxide plasma was contained in a high-purity magnesium
oxide tube, shown in Fig. 4. This material was found to be nearly unique in
that it did not react chemically with the sodium hydroxide, was capable of opera-
ting at 1500°K, was vacuum tight, and maintained a reasonably constant dielectric
strength with a low loss tangent at microwave frequencies and high temperatures.
The top section of the tube was inserted through the narrow wall of an X Band
(9.375 kmcs) waveguide section containing one-half inch tubular projections on
each side which represented waveguide beyond cutoff to the probing microwave
signal. The main body of the tube carried the sodium hydroxide vapor between
upper and lower oven chambers. The upper oven chamber heated the whole middle
vortion of the waveguide section and magrnesia tube to a uniform high temperature
which in effect superheated the NaOH vapor. The bottom oven chamber; which was
much cooler, established the total vapor pressure of the system. The bottom
section of the magnesie tube contained tlie sclid and molten scdium hydroxide.
Both upper and lower ovens were surround:d by a high-vacuum stainless steel
shell which provided the measurement cell with thermal isolation. A picture
of the vacuum chamber as it fits betweer the pole pieces of the magnet is shown
in Fig. 5. The procedure for working wi.th the chemical was to load the bottom
portion of the magnesia tube with sodiuan hydroxide pellets and assemble the
vacuum system leaving the bottom piece and middle piece of the tube separated.
By pumping on the system and heating tae bottom and top ovens to around 250°C,
all excess water vapor was driven off. Then the two pieces were pressed together
using a mechanical feedthrough.
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The pressed joint at these two lapped surfaces had been previously
checked for pressure tightness, and a leak conductance of 1075 l/sec was meas-
ared. This leak cconductance was small enough to insure that the pressure inside
the tube was effectively that of the true vapor pressure.

The temperatures of the upper and lower portion of the measurement cell
vere mcasured using chromel-alumel thermocouples. The upper oven temperature
was found to be constant within 10K over the volume occupied by the measurement
cell. The very low coefficient of thermal conductivity in the Inconel waveguide
that was used helped maintain this temperature uniformity and also reduced heat
losses to the outside. In order to stop self-welding of metal parts at these
high temperatures, boron nitride was used as a lubricant on the surfaces.

Even though the magnesia tube had a dielectric strength of relatively
fixed magnitude with respect to temperature variation, the magnitude of that
constant ( € & 10) was such that a large portion of the microwave signal was re-
flected from the interface. In order to reduce this reflection to a negligible
value so it would not mask the true zbsorption, symmetrical tuning screws were
placed on each side of the ceramic tube through the broad side of the waveguide.
This reduced the reflection coefficient to less than 1 x 10~3. These tuning
screws were attached to long shafts that fed through the top flange to the ocut-~
side of the oven. This allowed tuning to be done under vacuum at operating
temperatures. Because the plasma was so tenuous, there was very little change
in the reflection coefficient at resonance. Consequently, true absorption was
measured by the microwave attenuation.

Thermochemical Calculations

Prior to making electron density and electron collision freguency
measurements, a computer program was initiated to predict the various species
concentrations in the superheated scdium hydroxide vapor. These predictions
were based on the most recent JANAF thermochemical data for seventeen possible
equilibria. The species considered were: NaOH, (NaOH) » Na, H30, 0,, NaO, OH,
H>, 0, H, Na¥, electronms, Naz, NaH, OH™, O0~, H™. Flgures 6 to 20 show the con-
centration of each species as a iunctlon of temperature. The main parameter in
this analysis was the total vapor pressure of the system. It was seen for the
temperature range considered (1000%K to 1600%K) the order of species concentra-
tion does not change except for the position of (NaOH) As pressure is lowered
with fixed temperature, the dimer tends to separate Lack to the monomer state.
The predominant species was the NaOH monomer at all temperatures and pressures
considered. The concentration of the next most prevalent species, sodium vapor
and water vapor, was an order of magnitude smaller.

Generation of free electrons in the mixture comes directly from the
following reaction
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Na = Na + e (30)

because of the low ionization potential cf sodium and because of the predominance
of that species. It should be pointed cut that the calculation of electron con-
centration using the thermodynamic equilibrium constant was entirely equivalent
to calculating the percentage ionization of suiium vapor by means of the Saha
equation. And since it turned out that electrown =ctachment by OH, 0, and H was
quite small in the NaOH vapor, one check on the computer solution of the seven-
teen coupled equaticns was to compare the percentage ionization of sodium as
predicted by each method. The results in all cases were found to be consistent.
As pointed out in the next section on experimental results, the measured electron
density was found to be lower than that predicted from these computer calcula-
tions.

To resolve this inconsistency, it was decided to further check the
chemistry involved in the system. Onz2 possibility that existed was that the
magnesium oxide tube was reacting with the NaOH to disturb the equilibria. In-
clusion of this compound in the computer program predicted almost zero interac-
tion with the liquid NaOH or the superheated vapor. Figure 21 shows the con-
sistency of the electron concentration even with the magnesium oxide comprising
nearly 100 per cent of the two compounds. All other species were similarly
unaffected.

Another possibility which was considered and may account for part of
the discrepancy is the presence of excess water vapor. A similar computer run
was made with this condition existing. Figure 22 shows a definite decrease in
electron concentration. It is interesting to note that on a percentage basis
most of this decrease takes place at high pressures and that most of the re-
duction occurs with the first 20 per cent excess weight fraction of Héo. Experi-
mentally, it is felt that the bakeout to 25000 before closing the magnesia tube
would have removed any excess water present. There is, however, a possible
5 per cent water of hydration bound up in the crystal that may be released at
high temperatures. This would seem to contribute only a factor of three at
most on the basis of the computer calculations. Upon still further investigation
it appeared that reasonable errors in the measurel thermodynamic quantities (e.g.,
heat of formation of NaOH vapor) that go into the calevlation of the equilibrium
constant could account for a factor of as much as 5 in electron concentration
which would readily account for the variance of results with JAR4F¥ predictions.
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Experimental Measurements and Results

Electron density and collision frequency measurements were initially
attempted with sodium hydroxide at vapor temperatures of epproximately 1200°K
and vapor pressures in the 1 to 10 torr range. The choice of these conditions
was based on the corresponding JANAF predictions of approximately 106 electrons/cc,
which was well within the range of the sensitivity of the microwave system. Under
these conditions, no cyclotron absorption was observed. This result indicated
that the electron density within the magnesia container was less than 105 elec-
trons/cc, which was the lower limit of the sensitivity of the microwave system.
However., as the temperature was raised to approximately 1300°K, absorption curves
were recorded with amplitudes well above the noise level. A typical curve is
shown in ¥ig. 23. This result indicstes a very abrupt increase of electron den-
sity with temperature in this range. Further measurements were made at higher
temperatures in order to determine the electron number density dependence on
temperature. All these observations possessed half widths which indicated that
the spectra were truly pressure broadened. The results of these measurements
are presented in tabular form in Fig. 24 as a function of the two experimental
variables, vapor pressure and temperature. The electron density was determined
from the measurement of the area under the fractional absorption curve using
Eq. 16. It is seen to be a strong function of vapor temperature. The densities
shown in Fig. 24 are approximately S5 to 10 times lower than what would be pre-
dicted from the JANAF data presented in Fig. 15, except for two spurious points
obtained at 1162 and 11649K, which were inconsistent with several previous meas-
urements made at 12000K. The dec effective collision frequency was determined
from the fractional power absorbed at peak resonance together with the electron
density using Eq. 10. The last column in Fig. 24,"Q,,, refers to the shift in
frequency off resonance where the power absorbed hes dropped to one half of its
peak value. Tor the case where the collision frequency 1s independent of ve-
locity,"Sl,, can be shown to be equal to the effective collision frequency. For
the contrasting case where v is a function of velocity,"'{l,, represents an inter-
mediate value between the true ac effective collision frequency and the dc ef-
fective collision frequency. As shown in Fig. 2k4,"Q,,'is approximately two to
three times-larger than vepp (dc ) This is evidence that there may he a fairly
strong velocity dependence of the collision frequency. An approximation of the
effective cross section inferred from the dec effective collision frequency data
in Fig. 2k yields a value of about 5 to 20 em™ mm=1 for the ranges of these
investigations. This wvalue is considerably less than what would be expected
on the basis of the available cross-section information on the sodium hydroxide
vapor constituents.

Although it would have been somewhat more desirable to extract the true
ac effective collision frequency from data taken farther into the wings of the
atisorption curve, the value based on the"&lug is probably correct to within a
factor of 2.
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In conclusion, since spectrochemical analysis on the residue of sodium
hydroxide in the magnesia tube showed no reaction between the container and the
1iquid sodium hydroxide, it is strongly felt that the superheated vapor showing
the cyclotron resonance absorption is the true thermodyramic mixturz of pure
sodium hydroxide vapor.

Consequently, the cyclotron resonant measurement of the electron den-
sity is felt to be a t.ue indication that the JANAF prediction of the electron
densities is high by approximately an order of magnitude,

Summary

Using microwave cyclotron resonance techniques, the electron density
and de effective collision frequency have been measured in sodium hydroxide
vapor under conditiocns of thermodynamic equilibriu for vapor temperatures
ranging from 1000° to 1466°K and for vapor pressures in the 1.0 to 10.0 torr
range as determined from the JANAF NaOH vapor pressure data. Results of this
investigation indicate that the equilibrium electron concentration is signifi-
cantly lower than is predicted by the JANAF thermochemical data. In addition,
the dc effective collision frequency, as determined from the power absorption at
cyclotron resonance, results in an effective collision cross section considera-
bly lower than would te indicated by the available cross-section information
pertaining to the NaOH vapor constituents, which also lends support t¢ the pos-
sibility that the JANAF data may be in error in this range of pressures and
temperatures.
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ICN-MOLECULE TOTAL COLLISION CROSS-SECTION MEASUREMENTS

Introduction

The2 processes governing the degree of ionization and rate of decay of
re-entry wake plasmas are, in part, dependent upon the elastic intecractions be-
tween ions and molecules. Furthermore, it is expected that the important ion-
molecule interactions will involve ions having very low icnization potentials,
since plasma temperatures in the far wake have been estimated to be less than
1 eV. One low ionization potential material which may be present in the form
of an impurity in the re-entry wake is sodium, since it occurs naturally in the
upper atmosphere and is also a heat shield ablation product. Therefore. it is
desirable to know the characteristics of the interactions of low-energy sodium
ions with various atmecspheric constituents. A modified Ramsauer experiment,
similar in design to one which has been previously employed to investigate ce-
sium ion-atom interactions over the energy range from 0.12 to 9.7 eV,9 has been
used to determine the total collision probability of sodium ions interacting
with nitrogen, nitric oxide, and oxygen over the energy range from 1.08 eV to
10.35 eV. The corresponding collision probabilities for these measurements
ranged from 65 em-1 mn~1 at an energy of 10.35 eV to 310 cm~1l mm~1 at an energy
of 1.08 eV with an energy dependence which indicates that no chemical reactions
are occurring between the various species under investigaticn. Further studies
are required to extend the energy raunge to 0.1 eV,

Outline of Experimental Technique

The modified Ramsguer experiment, which was used to measure low-energy,
fion-molecule collision cross sections, is comnrised of a contact ion source,
electroformed collision chamber, and a low-current ion detector. The varicus
components are arranged as shown schematicalily in Fig. 25. A uniform magnetic
field, which was used to energy-select the ions produced by the contact ion
source, was oriented perpendicularly to the plane of the schematic. The unigue
geometry of ‘the coliision chamber served to define three points of constraint,
which were the entrence agperture, the necked-down portion in the center of the
chamber, and the exit aperture. These three points of constraint served to de-
fine uniquely the radius of a circle. Therefore, the energy of any ion which ex-
ited the collision chamber could be determined by knowing the radius of curvature
and the magnitude of the applied magnetic field. At ion beam energies below
several electron volts, smal® electric fields on the order of millivolts per
centimeter can significantly perturb the trajectory of an ion in the magnetic
field. Therefore, 60-degree total included angle re-entrant end surfaces were
employed on the collision chamber to prevent the penetration into the chamber
of the external electric fields produced in other portions of the system. Metal
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interfaces, which could give rise to possible contact potentials within the chamber,
were eliminated by electroformming the collision chamber. In an effort to increase
the current available for cross-section measurements at low energies, a series of
focusing and extracting electrodes were placed directly in front of the ionizer
cap. These focusing electrodes served to extract ions from the ionizer cap and

to produce a well-collimated ion beam.

The collision cross-section measurement consists of determining the
magnitude of the ion current that emerges from the collision chamber as a function
of the target gas pressure wi.hin the collision chamber. The probability of col-
lision, Pp, is then obtained from the relation

‘PXPT

i(p) = i(0)e (31)
where
P - absolute pressure at 273°K
X - interaction path length
i(0) - unattenuated ion current

The total collision cross section Qp is defined at a reduced pressure of 1 mm ard
is related to Fp by

Q= —730 By cn® (32)
o)
where
N, - Loschmidt's number = 2.6871 x lOl9 em™3

By repeating these measurements at successive levels of magnetic f{ield strength,
Pp is obtained as a function of ion energy.

Description of Experimental Componernts

Vacuum System

In making a total collision cross-section mcasurement, it was generally
necessary to vary the target gas pressure in the collision chamber from 10’6 to
103 mm in order to obtain sufficient attenuation of the ion beam. Furthermore;
to insure against the possibility of the ion beam making a significant number of
additional collisions in transit between the collision chamber and the icn de-
tector, which would give rise to an erroneously high cross section, it was im-
portant that the collision chamber pressure exceed the ambient pressure in the
vacuum system by at least two orders of msgnitude. Therefore, in these measure-
ments a vacuum system with an ambient background pressure of at least 10’8 min
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was essential tc prevent secondary scattering events. To meet these requirements,
an all stsinless steel, ultrahigh vacuum system was designed and fabricated. The
resulting system is shown installed with the magnetic field coils in position in
Fig. 26.

The main vacuum chamber ccnsisted of a cylindrical tank 33 in. in diame-
ter and 15 in. deep with a demountable cover. The interior of the tank was divided
into two compartmentz by an ion dense baffle. The icn gun was located in one com-
partment, and the ion detection system, which was an electron multiplier, was
located in the adjacent compartment. The collision chamber protruded through a
close-fitting alumina plate mounted on the baffle and, therefore, provided the
only possible path for ions to get from the gun to the detector.

Each tank compartment was individually pumped through a port located on
the bottom of the main tank by a vacuum system consisting cf an 1800 liter per
second oil diffusion pump, a water-cooled oil baffle, a zeolite baffle, and a
liguid nitrogen cold trap. This combination provided each chamber with an ef-
fective pumping speed conservatively rated at 200 liters per second for noncon-
densable gases, such as nitrogen, nitric oxide, and oxygen, and 3000 liters per
second for condensable gases, such as sodium. In addition to vacuum pumping ports,
each tank compartment had several access ports for providing feed throughs for
thermocouples, coolants, and the various electrode power leads.

Although the vacuum system was .apable of being baked at 6T0°K, it was
not found necessary to do this as the sysiem base pressure after one or two days
of operation was typically 107~ mm on the electron multiplier side and 19~ mm on
the ion gun side. The lower pressure in the gun chamber was due to the breaking
down of residual hydrocarbors by the alkali vepor and to the pumping or gas get-
tering characteristics of the tantalum electrodes.

Sodium Ion Source

Sodium ions were produced by surface contact ionization of sodium atoms
which diffuse through a heated, porous tungsten button. Maximum ion beam current
levels were achieved by using an accel-decel system to extract ions {rom the porous
tungsten cap surface. Proper alignment of the ion beam with the collision chamber
was achieved with a series of deflection plates located along the path of the beam.

The net energy of the ion beam was approximstely controlled by referring
the accei-decel eiectrode pcwer supplies to the ionizer and then biasing the ion-
izer with resvect to the collision chamber. The sodium surface coverage of the
ionizer, though constant for a constant set of operating corditions, was not
vrecisely predictable. Consequently, the effective work function of the ionizer
cap was not known. Furthermore, at the energy levels of interest (0.1 eV to
10.0 eV) the change in the effective work function of the ionizer cap was found

20




D-920252-6

in many conditions to be considerably larger than the ionizer cap bias.? There-
fore, the true energy of the ion beam could only be obtained from a knowledge of
radius of curvature defined by the geometry of the collision chamber snd the
magnitude of the applied magnetic field.

Collision Chamber

The determination of the ion beam energy, which was hased on the assump-
tion of constant curvature of the ion beam trajectory in the magnetic field, could
be seriously in error if any stray electric fields were present within the colli-
sion chamber. At energies of a few tenths of ar electron volt, fields as low as
millivolts per centimeter would produce significant deflections of the ion beam
traiectory in the magnetic field. Therefore, the collision chamber had to be
designed to exclude from its interior any fields arising from neighboring high-
potential structures and to minimize internal thermoelectric fields arising from
metal interfaces. To this end, the collision chamber was patterned after a type
previously used to measure the total colliision cross section of low-energy cesium
ion-cesium atam interactions.9 For exsnple, re-entrant type apertures, as shown
in Fig. 25, with a total included angle of 60 degrees were used for the entrance
and exit apertures of the collision chamber. Analog field plots have shown that
thus particular geometry attenuates external electric fields typical of those
existing in the system to essentialiy zero at the plane of the aperture. In ad-
dition, tvhe colliision chamber shown in Fiz. 25 was electroformed so that there
vere no metal interfaces which could give rise tc contact potential effects
within the chamber. Actual construction of the collision chamber was accomplished
by fabricating a high-purity aluminum mandrel to the chamber shape and then elec-
troplating the desired chamber material over the mandrel to a thickness of ap-
proximately C.060 in. The mandrel was then removed from the electroformed chamber
by using a caustic solution which etched the aluminun but éid not react with the
electroplated material. Electroformed chambers produced by this process have been
found te be leak tight and ccmpletely free from residuasl surface impurities. By
controlling the rate of deposition of the plating meterial ané the surface finish
of the aluminum mandrel, the metallic grain size of the inner surface of the
chamber was maintained on the micron scale. %When the inner surface of the col-
lision chamber used in these measurements was inspected under a micrceccope; it
was foand that instead of a grainy structure, the initisl plating layer on the
inner surface was actually amorphous with no indication of grain boundaries.
Electric fields produced by inhomogeneities in surface grain structure would be,
to the first approximation, expected to peretrste into the collision chamber over
dimensions which are comparable tc the average metaliic grain size. ‘Therefore,
since tne cheracteristic aperture dimersions of the chamber were on the order
of 0.05 in. and the metallic grain size was maintained on the micron scale,
electric fields produced by surface inhomogeneities could not significantly
penetrate intc the chanber. With the absence of even micron size grain bound-
aries on the inner chamber surfaces, possible electric field perturbations were
reduced even further.
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The shape of the collision chamber was similar to that shown schemati-
~ally in Fig. 25. - Dimensiorally the chamber consisted of a 1.5-in. square duct
with a pessage radius of 10.0 in. and a circumferential length of 10.5 in. from
entrance to exit arertare. The diameters of the entrance and exit gpertures were
0.0%0 in. and 0.150 in., respectively, ana the width of the center constraint
was 0.100 in. The resulting minimum scattering angle of the collision chamber
was C.4l degrees. Target gas was introduced into the chamber on both sides of
the center constraint. The chamber was fabricated of pure gold which was se-
lected on the basis of being the only practical electroforming material that
will not acguire surface oxides at the operating temperatures of the system.

The elimination of the possible formation of oxides on the inner surfaces of the
cGllision chamber was extremely critical, since the presence of oxides can give
rise to electric fields within the chamber which can influence the ion beam
trajectory.

Target Gas Metering Svstem

The maximum operating pressure in the collision chamber was estabiishcd
primarily by two factors. First, the pressure ir tlie main vacuum tank had to be
limited to less than 10°6 mm in order to prevent nigh-voltage arcing in the elec-
tron multiplier. Second, a pressure ratio of at least two orders of magnitude
was needed between the collision chamber and the vacuum chamber in order to mini-
mize ion-particle collisionc between the exit aperture of the collision chamber
and the multiplier. Consequently, the maxiuum operating pressure in the colli-
sion chamber had to be maintained below approximately 10-3 mm.

Direct-pressure measuring techniques are extremely inaccurate at typical
collision chamber operating pressures which are 1076 to 10-3 nm. Mcleod gauges,
for example, are subject to significant pressure errors arising from the stream-
ing of mercury vapor from the gauge to the cold trap.lo Consequently, the tar-
get gas pressure in the collision chamber could not be measured directly but wss
determined by regulating the mass flow of the target gas that escaped from the
rollision chamber exit and entrance apertures. 3Since the mean-free path of any
one of the target gases (Np, NO, Op) was at least twice that cf the largest
dimension of the collision chamber at pressures of 10-3 mm, the flow was well
ectatklished in the free-molecular regime. Under this condition the collision
chamber end apertures rormed choked orifices whose conductance depended only on
gas temperature, molecular weight, and aperture area. Since these quantities
were directly messurable with adequate precision, the uncertainty in the meas-
urement of collision chamber gas pressure depended primarily on the accuracy %o
which the incoming target gas flow rate was known.

The itarget gas meteriryg system that was used to provide the collision

chamber with accurately known, preselected levels of target gas flow was pat-
terned ufter a type used to measure noncondensable expeilant mass flows in ion
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engine efficiency tests.1l A functional diagram of the system with its assocliated
calibration system is snown in Fig. 27. The philosophy of the gas flow metering
system was based or the fact that the conductance of the fixed leak depends only
upon the applied pressure. In the system shown schematically in Fig. 27, the pure
gas regulator was used to control the applied pressure to the calibrated leak.

To insure that conductance vas not affected by other factors, the leak was kept

in a constant temperature envircnment and was protected from dust particles with
submicron particle filters. Therefore, by employing a pressure gauge that was
repeatable within the desired level of certainty, the mass flow rate was precisely
known.

The conductance of the fixed leak was calibrated as a function of the
applied pressure. This was done by setting the pure gas regulator at different
pressure levels anrd measuring the rate of rise of pressure in a calibrated volume.
The measured rate of rise was directly proportionail to the conductance of thne
fixed leak at any appliied pressure level. The rate of rise was obtained by meas-
uring the time required for the pressure in the calibrated volume to change from
O to 10 mm with constant pressure applied to the leak. When the calibrated volume
pressure reached 10 mr, a capacitance manometer, which was connected between the
calibrated volume and a 10-mm referernce plenum, indicated a null. The pressure
in the reference pienum was checked with a liquid nitrogen-trapped Mcleod gauge,
which is extremely accurate as an ebsolute pressure gauge in the 1 to 1C mm pres-
sure range.

The mass flow system that was uused to control the collision chamber

pressure is shown in its constant temperature enclosure in Fig. 28. A calibra-

ion curve for nitrogen gas pressure at 2980K within the collision chamber as
a function of the leak pressure (read on the gauge visible in Fig. 28) is shown

in Fig. 29. Calibration curves for nitric oxide and oxygen vere almost identical
to the one for nitrogen. Repeatability of the calibration data taken on differenc
days and after pressure cycling the leak was found to be within G.2 per cent.
However, this level of repeatebility lost its significance due to the combinations
of random and systematic errors that occurred in the calibration process. These
errors were calculated to amount to %0.35 per cent probable and iy .42 per cent

maximum.

Since the pressure in the collision chamber was determined by dividing
the masg flow of the target gas by the total free-molecular conductance of the
end apertures, it was necessary to accurately determine the dimensiors of each
aperture. To this end, the chamber apertures and a precislion scale were each
photographed with a precision microscope set at about 30 power. The total cross-
sectional aperture area was obtained by using s planimeter which was calibrated
by the use of the precision scale. The finite "tuve" length of the aperture was
obtained from a picture taken at an angle of 60 degrees from the plane of the
aperture. The total free-molecular zonductance was then obtained from che thin
orifice equation with the Clausing corrzction for finite length included.i€ With
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the geometrical characteristics of the apertures known the only additional cor-
rections on ~cllision chamber rp.oessure were for temperature and molecular weight
of the gas.

ion Detection System

The basic measurement in the total collision cross-section experiment is
the accurate determiration of the ratio of i(p) to i(C). This measuremenu was made
by observing the ion c¢irrent level emerging from the collision chamber either as
time-averaged current o." as a discrete number of events per unit time. The choice
depended upon the available current level of the ion beam.

The detection system that was used in this experiment was patterned after
one which was successfully used in measuring cesium ion-cesium atom cross sections
at energies as low as 0.12 eV Ions emerging from the exit aperture of the colli-
sion chamber were accelerated by an electric field into the first dynode of a 20-
stage electron multiplier having an ultrastable current gain of approximately 106.
The output of the multiplier was measured by an electrometer input picoammeter at
current levels greater than 10'15 amperes. At very low ion beam current levels,
the output of the electron multiplier was an irregular series of current pulses
which corresponded to the arrival of ilons at the first dynode. In this case tne
output of the multiplier was used to trigger a tunnel-.diode pulse generator. The
output of the pulse generator was registered on a l-mc frequency counter whose
g€ time could be varied from 0.01 sec. to 1000 sec. Thus at very low values
of ion beam current, the data was taken as a discrete nunber of events per unit
time.

Experimental Results

The separate interactions of a sodium ion beam with nitrogen, nitric
oxide, and oxygen gas were investigated using a modified Ramsauer experiment.
Total probabilities of collision were measured over an ion energy range of 1.08 eV
to 10.35 eV for scattering events which produced beam deflections greater than
0.41 degrees. A minimum detectable scattering angle of 0.41 degrees was chosen
in these experiments to insure that the cross-section information obtained could
be analyzed on a completely classical basis. The collision chamber, which was
designed to provide a field frce region through which the beam could pass with-
out suffering any changes in energy, also served to uniquely define the beam
energy. However, due to the required finite size of the entrance and exit
apertures and the width of the center constraint of the collision chamber, the
ion beem was not mcnoenergetic. Geometrically, the maximum energy window of the
collision chamber was =10 per cent of the center energy. An energy distribution
which was typical of thcese obtained in the course of the measurements is shown
in Fig. 3C. For energies above one electron volt, all the energy distributions
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were essentially defined by the geometricel constraints of the colilision chamber,
vwhich is to be theoretically expected.

Cross-section information was taken by observing the attenuation of the
ion beam current as a funztiorn of the target gas pressure in the collision chamber.
An example of a typi:al atteruation measurement obtained with nitrogen as the
ccattering gas is shown in Fig. 31. The prcbability of collision is proporticnal
to the slope of the resulting curve in semi-logarithmic coordinates and can be
determined from Eq. 31. In determining the cross section, the leak pressure,
hence the collision chamber target gas pressure, was increased until the ion beam
current had decreased to at least 25 per cent of its unattenuated value. At this
point the flow of target gas to the collision crmber was interrupted and the col-
lision chamber pressure subsequently returned to the equilibrium base pressure of
the vacuum system within about 20 seconds. If the ion gun was functioning prop-
erly and no drifting in ion beam current level was present, the ion beam would
return to its original unattenuated level. If, after obtaining a pressure at-
tenuation, the ion beam current level did not return to its original value for
conditione of base pressure in the collision chamber, it was assumed that beam
conditions changed during the course of the measurement and, subsequently, the
run was invalidated. Inveriably, failure to achieve initial conditions could be
attributed to drifting of the ion beam current level due to an improper adjust-
ment of the ion gun optics.

The resulting total collision probability data are presented for sodium
ions interacting with nitrogen, nitric oxide, and oxygen in Figs. 32, 33, and 34,
respectively. The collision probability for sodium ions interacting with nitro-
gen (Fig. 32) increased ronotcnically with decreasing ion energy in a manner con-
sistent with elastic scattering interactions. The collision probability data for
the other two gases behaved in a similar manner down to energies of about three
electron volts. None of the gases yielded collision probabilities higher than
would be expected from an elastic scattering interaction. Therefore, chemical
reactions, which would tend to increase the collision probabilities above the
elastic scattering curve, can be ruled out in the one to ten electron volt en-
ergy range.

Below the three electron volt level the measured cross-section data for
nitric oxide and oxygen fell below the classically predicted elastic scattering
behavior for reasons that are not yet fully understood. The attenuation data in
Lhis region continued to produce straight lines in semi-logarithmic coordinates,
and the ion beam current always returned to initial conditions after removal of
the target gas. Inasmuch as the attenuastions were linear, there apparently was
an increase in the ion beam currert that was proportional to the target gas pres-
sure in the collision chamber. Since the target gas leaks from the collisiun
chamber entrance aperture ints the gun region in proportiorn to fhe zollisior
cuaanter prressure, there is a goeod probability that beth the nitric oxide and the
SXyger changed the focusing characterictics of the systenm by altering =ontaz:

=
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potentials on the varicus electrode surfaces. There is an adaitionally good pos-
sibility that the - presence of oxygen increased the work function of the tungsten
contact ionizer, producing increased emission which would tend to partially off-
set the effects of the pressure attentuation. There were potentials in the gun
region that were more than adequate to dissociate nitric oxide. The effect of
ircreased emission due 1o changes in the ionizer work function would be wmost
pronounced at the low ion beam current levels associated with the lower energies.
The solution tc either of these possible effects will be to purposely leak oxygen
into the gun region at a rate that exceeds the maximum leak rate from the colli-
sion chamber by an appreciable amount. This additional amount of gas will not
significantly increase the pressure in the gun region, due to the high pumping
speed of the vacuum system, but will be sufficient to overshadow any contribu-
tion to electrode werk function changes due to the target gas.

A comparison of the data for sodium ions interacting with each of the
three gases on the higher end of the energy range shows the collision probabil-~
ities to be very nearly the same. This it to be expected, since the potential
functions for the elastic interactions scale directly as the polarizability of
the target gas. In this case the polarizavilities of ritrogen, nitric oxide,
and oxygen are essentially the same, varying only % g5 per cent from their average
value. In view of the unexpected nature of the low energy end of the collision
probability curves for nitric oxide and oxygen, this data should be considered
preliminary and further experimental effort will be required before any inter-
pretation can be affixed to the low energy drop off in the cross section.

Efforts to measure cross sections at energies of less than one elec-
tron volt have not been successful due to a low energy cutoff of the ion beam
current. There are nc theoretical reasons that would limit sodium ion beams
to the one electron volt cutoff. In fact, in a recently conducted symmetrical

on-atom cross-section experiment, a cesium ion beam was used that was intellig-
ible down to less than 0.05 electron volts. Therefore, it is believed that a
sodium ion beam at 0.1 electron volts is attainable oy making certain improve-
ments in the components. Several such improvements have already been made.
For example, the addition of vertical deflect plates in front of the collicion
chamber to correct for elevaticn misalignment of the beam has heliped to lower
the energy cutoff of the system. Further lowering of the energy cutoff was
obtained by shortening the isothermal support block on the multiplier end of

the collision chamber until the chamber protruded from the block. The purpose
of the change was to eliminate the off-trajectory deflection of the ion heam
by contact potentials appearing at the end of the support block. Additional
improvements are planned, particularly in the sodium ion beam gun where special
enphasis will be placed on the alignment with respect .5 the collision chamber.
With further investigations it is anticipated that all three collision probabil-
ity curves can be extended down to 0.1 electron volts.
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Atmospheric Gas Ion Source

A new type of atmospheric ion source was investigated during the latter
part of the contract period. The source, which is shown schematically in Fig. 35,
is an application of the hollow cathode discharge that is presently teing used to
provide monoenergetic electron beams for high-power welding. Ions are produced
in the electron beam, which is formed at the aperture of the hollow cathode, and
are accelerated back toward the cathode due to the gradient in the electron beanm.
Use is made of these ions which are at essentially anode potential by allowing
them to pass out the back of the cathode and down a dr..ft tube to the vacuum sys-
tem. As a hollow cathode discharge requires pressures on the crder of 1072 to 10'1
mm in order to operate, gas is Introduced into the discharge region directly.
The only way for it to escape is through the exit hole in the cathode. Thus a
very high pressure ratio can be realized between the discharge region and the
vacuum system where the experiment is to be performed.

A hollow cathode discharge ion source was built and operated in con-

junction with a small 40 liter per second vacuum system. Nitrogen gas was admit-
ted directly into the glass envelope containing the hollow cathode discharge.
The diameter of tle exit hole in the rear of the hollow cathode was 0.12 in. Ions
passed through the exit hole and into a 0.38-in. diameter, 10-in. long drift tube,
After exiting the drift tube into the wvacuum system, the ions were collected by a
target that was connected to a nicroammeter. The cathode and drift tube in these
measurements were maintained at ground potential.

Pressures in the discharge tube were typically 2 x 1072 to 8 x 1072 mm,
and pressures in the vacuum system were between 10-? and 10~* mm. Under these
conditions the voltage drop across the discharge, which wes constant for constant
pressure, was approximately 400 volts. Current through the discharge could be
readily controlled by varying the output of the power supply. Ion currents meas-
ured at the target were approxiiately proportional to the discharge current and
were found to range as high as 10~0 amperes. The high current levels and relative
simplicity of design make this type of ion source extremely attractive for cross-
section measurements. The only factor which remains to be investigated is the
possible production of isnized excited states which could alter significantly the
characteristics of a collisional interaction.

Summary

An ail stainless steel ultrahigh vacuum system was designed and con-
structed for use in a modified Ramsauer total collision cross-section experiment.
The total probability of coliision was determined from 1.08 eV to 10.35 eV for
sodium iong interacting with three atmospheric constituents, nitrogen, nitric
oxide, and oxygen. The probatilities were found to vary from approximately
65 cm™L mml to 310 cm™" mm~+ depending on the target gas and the ion energy.
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On the basis of the energy dependence of the cross sections measured, i is
conciuded that there zre no contributions to the total cross sections dv: to
chemical interactions. Several atmospheric gas ion sowrces have been investi-
gated, and one particularly simple source was constructed and tested which has
produced ion beam current levels sufficient for cross-section measurements.
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ELECTRON ATTACHMENT INVESTIGATIONS *

Irtroduction

The alkali metal compounds that result from the presence of alkali
metol impurities in re-entry waxkes can significantly change the effective radar
cross section of the wake by the formation of negative ions. Electron attach-
ment investigations were undertaken to study the formation of negative ions in
sodium hydroxide, which is one of the possible alkali metal compounds that can
be present in re-entry wakes.

A crossed-beam double modulation technique was used for this investi-
gation in which an electron beam is interacted with a molecular beam of sodium
hydroxide to study negative ion production by electron impact. A monopole mass
spectrometer was constructed t~ mass analyze the species of charged particles
produced by the interactions c. the two beams. Over the electron energy range
from 0.05 eV to 10 eV, negative currents that could be directly attributable to
the interaction of the crossed electron and sodium hydroxide bteams have been de-
tected. The maximum cross section for the interaction was found to be 3 x 10~ cm?
for an electron energy slightly less than 2 eV. Further investigaticns are re-
quired to definitely determine the species produced in the interaction.

Outline of Experimental Tecrhnique

A crossed-beam apparatus, which had been previously used to measure
electron interactions with potassium chloride, was used in the present investi-
gations to study the formation of negative ioas by electron impact in codium
hydroxide vapor. In this experiment a beam of electrons intersects a neutral
beam of sodium hydroxide molecules at right angles within a collision chamber,
which has been designed to prevent penetration intc the interaction region of
perturbing external electric fields. A double oven configuration was used to
generate and superheat a molecular beam of sodium hydroxide. The cross section
for the interactions of the molecular beam with the electron beam was determined
by reasuring the negative current produced by the interaction.

Electron Beam

Shown in Fig. 36 is a schenutic diagram of the crossed-beam apparatus.
Biectrons emitted from a planar Philips Type B electron emitter are constrained
to move along the axis of the collision chamber by the apprlied magnetic field
and are collimated into a well-defined bean by a set of focusing and reiarding
potential apertures located directly in front of the emitter surface. Tne
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ccllimating and focusing apertures of the electron beam optics system were gold
rlated tc reduce contact potential effects and to minimize any pessitle changes
in applied potentizls in the course of the meazsurenents produced by absorption
of sodium hydroxide on these surfaces. The electron beam passes through the col-
lision chamber and intersects the neutral sodium hydroxide beam at right angles.
Thoce electrons vhich do not interact with the neutral sodium hydroxide beam
exit the cocllision chamber and are collected by a positive-biased electron col-
lection elecircde. By applying a retarding potential, Vl’ between the electron
emitter and the modulating zperture, only electrons emitted with energies greater
than eV, overcome the potential barrier and enter the collision chamber. On
reducing this retarding potential by 2n amount AV, an increased number o¢f clec-
trons, thoce with energies between eV, and e(Vl - AV), have sufficient cnergy
16 overcome the retarding potential barrier. The difference between the num-
ber of negative particles collected on the ion collector with and without the
incremental retarding potential, AV, applied is due %o the interuction between
the molecular beam and the electrons with initial energies between eV, ond

e(Vl - AV). By employing phase-sensitive detection techniques, only the dif-
feronce signel is recorded. Thus the negative current observed results from
Lthe interaction of the sodium hydroxide beam with a group of electrons whose
spreud in cnergy is only e AV. An accelerating voltage, V, is used to control
the encrgy of this group of electrons permitting the interaction cross section
to be exumined as a function of electron energy. By this retarding potential
difference technique, which was first reported by Fox and Hickaml3, an electron
beam of known energy, eV, with a narrow, effective energy distribution, AV is
created. In these crossed-beam investigations, the retarding potential d4if-
ference technique was successfully applied to produce effective electron energy
distributions with half-widths of 0.20 eV. Usc of a narrower distribution was
nol warranted becuause the energy dependence of the cross section was not found
to vury extremely rapidly with energy.

Molccular Becam

A molecular beum of sodium hydroxide was produced by heating sodium
hydroxide pellets in a platinum-lired nickel oven. The reservoir portion of the
oven which contained the sodium hydroxide was mounted in a semivertical position
to eliminate creep problems usually associated with molten sodium hydrcxide.
Some degree of superheating of the bewm was achieved by maintaining the front
compartment of the oven zt an elevated temperature in comparison to the reser-
veire Thils superheating of the front end of the oven source also served to pre-
vent condensation of the beam at the source exit hole. Bifilar-wound heuters
were employed to heat the source oven tc prevent possibvle perturbations of the
electron btear caused by small magnstic fields produced by the heater current.
The nickel oven source in these measurements was operated above the Curi~ point
to prevent magnetic field perturtations. Only nickel and platinum werce found
to Le suitable :terials to use in this high-temperature sodium hydrorzide en-
viroment.
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The molecular tear source oven wis loe tiue Zirst of {three vacuunm
chanmbers, which were differentiglly in crder to achieve the highest vacuum
possible in the collision chamter region. A series of small orifices were loca-~
ted along the sodium hydroxide bteam trajectory for the purpose of collimation.
In the second differentizlly pumped vicuuwm chamber, the molecular beam was
chopped mechanically at 100 cps pricr tc passing into the interaction region in
the collision chamber which was located in the third vacuum chamber. The neutral
heum density of the sodium hydrcxide beam was determined by measuring the posi-
tive ion current that was produced at a hot wire surface ionization gause loca-
ved directly beyond the molecular beanm exit pcrt of the collision chamber.

e}

Collision Chamber

Shown in TFig. 37 is & photograph of the collision chamber. The charmber
cmpioyed in these measurements had an inside diameter of l/h in. and a total
length of 1 3/k in. The electron entrance ané exit holes were 1/8 in. and 9/Gh in.
in diameter, respectively, and the molecular beam entrance and exit holes were
both 1/8 in.-square holes. The chamber, which was heated to prevent the conden-
csation of molecules on to the inner surface of the chamber, * .- constructed from
% cingle piece of oxygen-free, hign-conductivity copper in order to minimize in-
ternal contact potentials and to decrease any thermal gradients which might be
produced by the heating. A platinum~rhodium thermocouple was embedded in the
side of the chamber for monitoring the temperature.

Detection System

The -lectron beam was modulated at 1040 cps and retarding potential
techniques as outlined previcusly were employed to obtain the effect of a narrcs
clectron distribution. The mechanical wheel, which was used to modulate the
moleccular beum at 100 cps, was constructed with two additional series of holes
located along the periphery of the wheel that were used to generate 940 and 10LO
signals. By this technique all three detection signals., critical to the meusure-
menits, were phased locked. The purpose for using doulle beam modulati™m was to
employ phase-sensitive detection technigues to detect at the sideband frequency
of 940 cps the signal produced by the interaction of the eclectron beam with the
sodium hydroxide beam. A schematic of the electronics employed in the measure-
ments is shown in Fig. 38. Detection 2t the difference frequency of 940 cps dis-
criminates against the following interactions: (1) The interference of the scut-
tered electrons and negative ions at the harmonics of 100 cps, which are produced
bty the dc component of the z2lectron bewm interacting with the 100 cps moleculur
beam; (2) the interference of the negutive ions at the hurmonics of 1040 cps,
which are produced by the electron beam interacting with the unmcdulated back-
ground gas; (3) the interference of ine harmoniecs at 100 cps, caused by churg.d
particles producad in the molecular team source, which is modulated zt 100 cru;
and (%) the possitle interactions of either tewn with the walls of the chwilor
or the btackground gzs existing in the systen.
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Detectior at vhe difference frequency of 940 cps insures that only the
interactions between the twe beams will produce a2 phaseakle signal. Collection
cf rositive icns is discriminated againsi by the detvector because the ion col-
lecting electrod=s, which were located astride the moclecular team exit pert of
tne ccllision ctamter, were biased positive with respect to ground potential. A
transverse electric field was arplied between the plates of the ion collector.
Pure electron scztiering events =zt GLO cps produced by the interaction of the
1040 election beam with the 100 cps molecular beam were not discriminated against
Ly ithe phuse-sensitive detector system. However, the magnetic field, which was
wpplied along the uxis cof the collision chamber, was adjusted sc that the electron
Lurmor radius was small in comparison tc the radius of the inside of the collision
chumber while the lightest negative ion Larmor radius anticipated in the inter-
uctions was large enough to allow the particles to exit the chamber. By this
technique eleciron scattering interactions could be discriminated from inter-
actions which produce negative ions if perturbing electric fields do not penc-
trate into the collision chamber.

Mass Analysis

A monopole spectrometer was constructed for the purpose of mass analyzing
the various species of ions formed in the electron sodium hydroxide beam inter-
action investigations. The muss spectrometer operates with an rf electric field
upolied between a two-electrode configuration for analyzing ions of different e/m
ralios. BSince the interaction region or collision chamber was run at ground
potentiul, the spectrometer had to hc operated in an unconventional mode; that is,
the whole monopole structure was raised to some accelerating potential. The
spectrometer was designad to have a muss resolution in excess of 100. A minimum
nass resolution of 40 was required to distinguish between the negative ions NuO~
und NaOH™. ne ion detgetor, a 19-stage venetian blind type electron multiplicr
with a gain of about 107, was located at the exit slit of the monopole.

Initial coalibration of the spectrometer was made with a CsCL impregnated
zcolite, which yield a source of positive cesium ions.”™ TFigure 39 is a typical
recordcr trace of the mass spectrum emitted by the cs’ source. Note that the
mass scale in this figure is ncnlinear. The resolution calculated with the Cs+
peck wus ubproximately 42. The insert of the figure is a semilogarithmic plot
of the rclative intensities of the alkali positive ion peaks detected with the
monopole,

Tests on the stability of the celectronics and the uzctual geometric
Lolerunces of tne nonorole spectrometer indicate that the resoiution should e
in excess of 100, well within the resolution of 40 required for the negative ion

xperiment. TIc verify this resolution, u XCl beam was surfaco ionized und the
itive ion spectrum determined. The spectrometer easily resolved thr: isotop .
cf potassiwn, thus yielding a resclution of at least LO.
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& duplicate sodium hydroxide source to the one being used in the nega-
tive ion investigations was constructed and installed in a separate vacuum sys-
term witn the spgectrometer te aznalyze the effusing neutral beam. The first
tests were made by surfzce ionizing the neutral sodium hydrexide team on a1 hot
+upgsten i lampnt. With the rear of the oven at 250°C and the front at 340°¢
at and NaOH were the predominant ions detected. Figure 40 is a recorder

race of the spectrws cbtained. DNote that the ratio INa+/INaOH+ = 2.2, the
source was heated to rear and front temperatures of 340° and 440°C, respectively.
The resulting ratios for ihis conditon were Iyg+/Iygopt = 27 aud IVaOH+/IN°oOH

= 100. After keeping the source temperuture: constant for one hour, another
spectrum was taken with the results I +/Iha0 ;F = 2500 and I ..+ /INa = L40o.
Approximutely the same results were obtained using a crossed-bean appgrqtus simi-
lur in design tc the negative ion investigation system. These large observed
chunges in the molecular species of the effusing vapors indicate a possible
thermodynamically non-equilibrium condition. Although the reason for this
non-equilibrium ic not understood at the present time; it may explain the very
lurge ncnreproduclbility reported in the literature concerning ge temperature
dependence of the molecular species of sodium hydroxide vapors.

Experimental Results

A doublz modulated crossed-beam apparatus has been used to investigate
the interactions of electrons with sodium hydroxide over an energy range from
10 eV to near thermul energies. tectable 940 cps negative currents which
could be directly attributable to the interactions of the two beams were ob-
tained over the entire energy range. Shown in Fig. 41 is a plot of the negative
jon current to the collector detected at QU0 cps and the electron current dis-
tribution as a function of the electron accelerating potential.

The observad negative current arriving at the ion collector i, as u
function of the electron accelerating energy w is given by

i(w) = KNL j;wcru:) e (u)]ld u

where L is the length of ths molecular beam interce;zt.d by the electron beum, N
is the molecular beam density, o (E) is the effective cross section for the ob-
served fgaction which is a function of the absolute electron energy E, und
[ic(u)j du is the electron current in the energy range u to u + du. The
constant K takes into consideration the divergence of the molecular teum between
the point of interaction with the eclectron bear tc the surface ionization gauge
where the moiecular beaw is monitcred, the off. ciency with which the individuzl
species n the molecular team are surface ionized (the efficiency of io‘}zaticn
of sodium hydroxide was assuwied to te equal to that reported for scdium J), and
a2 factor which takes intc account that the icns zre observed zt ihe sidebuznd
fregquency of aL0 cps.
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When the electrcon distritution is narrow compared to the chuange in the
negative currenw over the same energy interval, as in Fig. 4l, then the equation
reduces to

ilw) = KNL ie¢ (u) o(E)

where the observed current i is proportional to the oross section. When the
approp.iate substitutions are made in the zbove eguation, the value of the cross
scction &t the negalive current peak was 3 x ].0’l c 2.

A mcaucpole spectrometer was employed to investigate both the negative
and positive ion species formed from the interacticn of the two beams. In
initial spectrometer measu:iements positive ion species of Na+, NaOH+, and Na.QOH+
were detected. Negative ions were not detected with this system.

In an effort to ascertain whether or not the negative current detected
at 940 cps was produced by electron scattering interactions with the 100 cps
modulated sodium hydroxide beam, electron interactions with helium beams were

irvestigated in the same experimental apparatus. In this case it would not be
expected that negative current signals would be detected because of the iow
heliuwm attachment cross section. Shown in Fig. 42 is the detected 940 cps
phaseable negative current signal obtained from these investigations. The
detected 940 cps signal was found to be phaseable over several orders of mag-
nitude change in neutral beam density. The negative current curve shown in

Fig. 42 can be directly related to a cross section since the electron current
distributica in these measurements was 0.2 eV wide at half height and the nega-
tive current curve was not a rapidly varying function of energy. The relative
shape of this cross-section curve is in fair agreement with the reported total
electron helium scattering cross section.lT The fact that the detented 940 cps
sigi:al in these measurements did not change phase with changes in neutral beam
pressure serves to indicate that multiple scattering of electrons along the beam
is not producing the detectable signal. As pointed out earlier, the experiment
was designed so that the magnitude of the applied magnetic field along the axis
of the collision chamber would confine electrons which interacted with the beam
within the ¢ollision chamber. On the basis of the helium results, there appears
to be o good possitility that electron scattering interacticns in both measure-
ments are contributing to the detectable 94O rps negative current signai. It

is also interesting to note that the magnitude of the cross section determined
from these investigutions is the sare order of magnitude as that reported in the
first part of this report for electron sodiwm hydroxide collision cross sections
for momentum transfer. Supsequent tc these measvrements, the sensitivity of the
monopcle specirometer was improved by a factor of 107, and negative ion species
were successfully detected ir background vapors. Yurther measurements nust be
obtained, however, before these ions can be derinitively attributed to negutive
ions formed ty electron impact on sodium hydrczide.
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Thereiore, on the btasis of these resultis, it should be concluded
that the cross section rerorted for the interaction of electrons with sodium
hydroxide should ve considered as the maximum upper limi%t for pcssible negative
ion formation. It should also be reccgnized that on the basis of the helium
results, a large portion of the d~tecied 940 cps signal could be attributed to
electron scattering interactions. These resuits could also imply that externual
potentials are penetrating into the collision chamber, and therefore, the un-
certainty in the electron energy at lower energies for the data reported in
Figs. 41 and L2 should be at least 0.5 eV,

Summary

Electror interactions with sodium hydroxide beams have been investi-
gated over the energy range from thermal energies to 10 €V. The cross section
for the interaction exkibited a maximum of 3 x 10"k cm2 at an energy near 2 eV.
This cross section shouid be considered only as the maximum possible attachment
nross section for chis system until a definitive mass analysis is obtained of
the species of particlie produced by the interactions.
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Fig. 22 - Electron Concentration in NaOH Vapor with Excess HQO Present
Fig. 23 - Typical Cyclotron Resonance Absorption Curve

Fig. 24 - Table of Results

Fig. 25 - Schematic of Ion Collision Cross-Section Apparatus

Fig. 26 - Ion-Molecule Cross-Section Experiment. Bakeable Ultrahigh Vacuum
System

Fig. 27 - Target Gas Flow Metering and Calibration System
Tig. 28 - Target Gas Metering System

Fig. 29 - Collision Chamber Pressure Calibration for N, at 25°C

2
Fig. 30 - Normalized Ion Beam Energy Distribution

Fig. 31 - Typical Ion Beam Attenuation with Increasing Collision Chamber Pressure

Fig. 32 - Total Collision Probability for Sodium Ions Interacting with Nitrogen
at 0°C

Fig. 33 - Total Collision Probability for Sodium Ions Interacting with Nitric
Oxide at ¢°C

Fig. 34 - Total Collision Probability for Sodium Ions Interacting with Oxygen at
o°c

Fig. 35 - Hollow Cathode Atmospheric Ion Source
Fige 36 - Diagram of Apparatus

Fig. 37 - Copper Collision Chamber

Fig. 38 - Diagram of Electronics

Fig. 39 -~ Calibration Run

Fig. 40 -~ Surface Ionized Spectrum

Fig. 41 - Negative Current as a Function of Electron Accelerating Potential (Elec-
tron Scdium Hydroxide Interactions)
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Fig. 42 - Electrcn Current as a Function of Electron Accelerating Poterntial
(Electron Helium Interactions)
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