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ABSTRACT

Model calculations for a solid fuel rocket plumes indicated a need for
measurements of electron production and loss reactions involving
potassium and atomic chlorine. During the grant period we have used a drift
tube to study H + C1° ;1 HC1 + e, a crossed atomic beams apparatus to

kz

measure the cross section for K+C1 » K' + €17, and a laser generated plasma
to study the recombination of K+ and e. We believe the available data
indicate ky = 1 x 102 and ky = 4.8 x 10710,-7440/7 cm3/sec best describe
the kinetics of HC1 and electrons. As the plume cools, clustering of C1~ with
HC1 becomes important; we measured a three body rate of approximately
1 x 10'25 cm6/sec at E/N = 12 Td. The cross section for collisional jonization
of potassium and chlorine was found to have a threshold at 0.65+ .1 eV and
rise to a value cf approximately 8 x 10'18 cm2 at 1 eV, the highest collision
energy measured. A study of K+ + e recombination in the presence of a krypton
buffer gas shows competition between dielectronic, three body, and molecular
(KKr+) dissociation recombination channels. As part of this study the

photoionization cross section of excited potassium (42P) was measured; the

-17 Cm2

maximum value of the cross section is 5 x 10 at threshold, X = 4550 A.
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1. INTRODUCTION

A 3

Pergament and Jensen "recently have developed a model for estimating the
densities of neutral and charged species for an afterburning 1ime of a solid
fuel rocket as a functiun of distance along the plume. They have compared the
predicted electron densities with experimental radar cross section measurements
of electron density and find agreement at least within an order of magnitude.
The predictions of the model are dependent on the accuracy with which the rate
constants used are known. This report describes the work done under AFOSR 74-
2672 toward rate constant measurements for those reactions that Pergament and
Jenson pointed out as critical to the model and poorly known; dissociative
attachment of electrons in HC1, collisional ionization of potassium and
chlorine, and three body recombination of potassium.

The reactions are closely related in the rocket plume, but diverse
experimental procedures are required to measure the rates of the reactions.
Potassium is a contaminant of the perchlorate oxidizer in some solid fuels,
but because of its low ionization potential, it can make an inordinately large

contribution to ionization in the plume. The first two reactions above

lead to production of a free electron

K+ c1 -kt sct1” (1)

Cl T +H>HCl +e (2)

Three body recombination is & loss mechanism for free electrons
e+ K 4 MaK4+M (3)

The experiments used were crossed beams of variable energy for (1), a drift

tube for (2), and a laser-generated-plasma decay cell for (3).
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2. DISSOCIATIVE ATTACHMENT IN HCI,

A drift tube apparatus was assembled to measure the dissociative attachment

rate in HC1. A schematic diagram of the apparatus is shown in Fig., 1. Photoelectrons

2 sensitized area on

are ejected into the drift region by illuminating a 2 cm
the cathode with uv radiation. The photoelectron current in vacuum for a

freshly prepared copper iodide coating, or for one sensitized by a glow discharge
in hydrogen, approached 10'7A. The emission current dropped upon admission of
gas, however, and stabilized at § x 10°10A. A small fraction of the negative icns
formed in the 2.6 cm drift space passes through an orifice (diam = 0,34mm) into
the mass analysis region.

The negative ions are focussed and accelerated by an arrangement of electro-
static lenses. The lens potentials are set for maximum signal detection and are
not changed during the course of a run. The fons selectively transmitted through
the quadrupole are then accelerated to an energy of 1 keV as they hit the first
dynode of a 20 stage Johnston's Laboratory Multiplier, whose pulse output is
amplified and counted by an appropriate scaler.

The relative concentration of HCl1 to N2 was 730 ppm + 3%. The total gas
pressure was measured by a Texas Instruments quartz spiral manometer, and was in
the range from 0.2 - 5 Torr. The range of E/N was from 1 - 30 Td.

A typical scan of the 35¢17 and 3517 - W35¢1 count rates as a function of
appiied electrode voltage is shown in Figure 2. One striking aspect of Fig, 2

is the presence of cluster fons at very low E/N. This effect {s due to formation

of C1° by dissociative attachment from CC14. which is introduced into the system
as a result of the process used to sensitize the photocathode. The large rate

for dissociative attachment of CC]4 at low energies (maximum at ~ 0.02 eV) and

n

rapid decline of the rate increasing electron energy ' are consistent with the

observed anomolous cluster formation at low E/N.
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The appearance of large numbers of €1~ ions at electron drift energies
below the threshold for e + HC1— H+C1~ made measurement of the rate for this
reaction impossible in the apparatus without modification. We were struck with
the apparent very large rates for cluster formation and proceeded to measure
the rate for formation of the first cluster

C1™ + HC + M-EELC1' « HC1 + M.

Figure 3 shows the results of taking the ratio of the cluster to primary
jon count rates and evaluating Nos the attachment coefficient. It is assumed
here that both the primary and cluster jons are detected with the same overall
probability. (The value ofnzlpexpresses the results per unit HC1 concentra-
tion.) From this data a reaction rate for clustering can be caiculated provi-
ded a drift velocity for C1° in N2 {s known. Since no data are available,
the drift velocity was calculated from the polarization 1imit of Langevin
mobility theory. Thus, at E/N ~ 12 Td, we calculated ko v 1 x 10725 cms/sec

to within a factor of two.

2

The details of this measurement have been published” and will not be

reproduced here. ,
It should be pointed out that 10'25 cm6/sec is a very large rate constant

and implies that at low temperature the clustered fon will dominate. As the
temperature rises the coilisional destruction of the cluster becomes more likely.
Kebar1a3 has measured the equilibrium rate constant for the process and finds
keq = 1 at a pressure of 1 Torr and a temperature of about 600°K. The tempera-
ture dependence is fast; at 1200°K the jon ratio is 1000:1 in favor of the C1”.
However, some consideration should be given to the possibility that cluster ions
may be important in the late plume. Such clustered fons could form nucleation

sites for droplet growth.
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We believ +*he following review of the available measurements may

provide sufficient information to improve the plume model with regard to
e+ HC1 2 H+C1.

In the forward direction this reaction would be a source of C1™ and
a possible rapid energy loss mechanism for fast electrons. The reverse reaction
is relatively fast at plume temperatures and is probably the dominant
reaction for the production of free electrons from C1~ fons in a solid fuel
rocket plume with a perchliorate oxidizer.

For non-equilibrium claculations of particle densities in the plume, the
individual forward and backward rates must be known. Christophuuru4 has
made measurements of the forward rate which gave anomolously high results at plume
temperatures. We have found that this difficulty is 1ikely due to an impurity
in the gas., Mass analysis of the ions formed at low E/N shows that they are
highly clustered, and we have measured the rate for the formation of the first
cluster, Christophouru also measured the cross section for this dissociative
attachment in a crossed beam experiment, so that the threshold energy for the
process is known. A measurement of the reverse reaction has been made by

5 at 300°K in a flowing afterglow. This Jow temperature measurement can

rehsenfeld
be extrapolated to several thousand degrees with the results of a theoretical
treatment of associative detachment by Herzenberg7. The sum of these measure-
ments yields an estimate of the reaction rates which should improve the model-
ing of the plume electron density profile.

Christophorou's beam experiment gives a threshold for e + HC1 -+ H + C1~

of 0.64 eV, so that the exponential term in the general rate form, k = Ae'AE/kT,

becomes -7440/T. Figure 4 is a plot of Christophorou's swarm measurement of
attachment in HC1 in which his measurement of ow versus E/P has been transformed
to k versus 7. The rate in cm3/sec is related to ww by 3.5 x 1016 k = ww, The
E/P scale is transformed by means of a table of measured electron mean energy as a

function of E/P 1., nitrogen given by ChristophorouG, where T 553-. A fit of
7

o~ 1O S e ) o
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k =A to the high temperature end of the curve in Fig. 4 should deter-

mine the preexponential constant A. Recent measurements of attachment rates

27,28

in HCg indicate that the rapid rise at low temperatures seen in Fig. 4

is not due to attachment to HC:, but the cause is still unexplained. The

dashed curve is a plot of k = he SE/KT or A= 5 x 10710 and aE = 0.64 eV,

10

The dash-dotted curve is for A =1 x 10 '~ and AE = .86 eV which Pergament

1

and Jensen’' used in their model calculations.

At plume temperatures of the order of 1600°K the exponential term will
-1 3

forward = 5 X 10 °° em”/sec.

However, the rate of the reverse reaction is about 10'9 cma/sec so that the

depress the rate two orders of magnitude so that k

equilibrium concentrations will strongly favor e + HC1 over H + C17,

7 has shown that for temperatures below a few thousand degrees,

Herzenberg
the cross section for associative detachment is essentially equal to the
Lagnevin spiraling cross section for collision partners that will form a
molecule in which the dissociation energy is larger than the electron affinity of
the ion. Essentially all of the collisions result in A~ + B + AB + e, 1f EA(A) +
KE < D(AB). The Langevin cross section depends on the polarization potential

and leads to an expression for the cross section of

2 21‘
(2n_ae )
g =
E

Since the reaction rate 1s approximately given by:

K = 3V = o/2E7,

where o = polarizability, e = atomic charge, £ = kinetic enerqgy, and

11 reduced mass, the rate is
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and k is independent of energy. This leads to a maximum value of the rate

constant of 2 x 10'9 cmalsec. assuming a value of o for H atoms of 7 x 10'25

cm® . Fehsenfeld's measurement of 1.0(4 .2)x 10°2 cm®/sec at 300% is a

factor of two smaller than this maximum value, Herzenberg's analysis leads to
an energy of 0.3 eV (or 3600°K) below which the rate should be constant. For

-9

the plume model, then, a constant rate of 1 x 10 cm3/sec should be appropriate.

10
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3. THREE-BODY RECOMBINATION IN POTASSIUM

; ' Electron-ion recombination and other collisional processes for systems
@ of alkali vapor in the presence of high pressure (~1 atm) noble gas have

; ' been of interédst in connection with alkali exciplex laser(a'g) and rocket

i exhaust plume‘studies. Electron-ion recombination studies to date, reveiwed
in ref. 10 and ]L have been mainly concerned with hydrogen, noble gases or
atmospheric gases constituents, except for the experiments on C4]2'13) Most
experiments employed an electrical discharge at low pressure to produce the

ionization.

A novel technique was developed to measure the loss rate of ions
B and electrons of the alkali metals due to 3-body recombination. The technique

H involves fonization of the potassium by a pulsed laser, two photon process and
analysis of the recombination using the time dependence of a 1ine in the

b recombination spectrum of the potassium, Such a laser initiated plasma has the

advantage of high plasma density ([e]w1014cm"3). a well defined geometry for
the plasma region and, importantly, a short (~4nsec) impulse source so that

E fast decay rates can be measured and diffusion can be neglected. g
In this experiment, 4 nsec, 120 uJ laser pulses from a dye laser

WA

‘ 2 2 .
i pumped by a N, laser and tuned to the 404 nm(4 51/2 -5 P3/2) line of

K were focussed into a beam of waist ~1 mm wide inside an alkali-resistant

e R AR N

9lass (Corning #1720) cell containing distilied K with Kr of density

[Kr] = 2.4 x 10]9 cm'3 in an oven. lonization of K was produced by

resonance excitationto the 52P3/2 state followed by photoionization:
K(5 Pa/n) o> K+ e, as shown in Fig. 5 As discussed below, suporelastic

11

; }
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atom-electron collisions and electron impact ionization may also contribute as in

Y Ty e i
™
——m

McIlrath et 1(]4) and Tam et 31(15)'5 experiments, but the simple stepwise optical

£ excitation and ionization scheme described above is adequate to account for

] most of the ionization. Fluorescence from the plasma region was detected by a

3
i
I8

5-20 photomultiplier through a scanning monochromator and the amplified signal was

T TR TR

viewed with an oscilloscope or fed to a PAE 160 box-car integrator for averaging

and temporal dispersion.

Ty

The spectral width of the dye laser pulse was measured to be

ez

~0.03 nm ~ 2 em”! at 404 nm, which matched fairly well the collision

broadened absorption width of Al cm" per atmosphere of noble gas so

TS T G e

: that no hole burning in either the laser or the absorption profile
occurred, The first resonance absorption step 42

2
v definitely saturated, followed by rapid collisional mixing 52P3/2 - 52P]/2.

Photoionization from the 52P states was the 1imiting step. With a3 x 'I()'M :
? photons per pulse focussed into an area of-\»'lo'zcm2 and using a photoionizing

; cross-section of ~10717 cm? e » the ionization fraction was estimated to be
~1-e'°'3~0.2. We observed a linear response versus the laser power at low power

and a gradual falloff from l1inearity at higher powers, roughly consistent with

F a 20% saturation at the hiéhest intensity of ~2 Mw/cmz.

Figure 6 shows the long decay tail of the line fluorescence transient
at 580.2 nm(7%s, , - 4%P; ) at a cell temperature of 239°C. The initial
fast component was broadened because of the time resolution of the boxcar
averager. The long decay tail is of the order of 10 usec, which is much longer

than the excited states lifetimes. We believe this slow decay is due to a

slow energy loss process in electron-ion recombination.
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The competing primary electron-ion recombination processes are (1)
two electron stabilized recombination: K' + 2e +K* + e with a temperature
dependence of «Je'4'5.(]1']» (2) third body neutral stabilized recombination:
Kt + e + Kr + K* + Kr with 2 temperature dependence of wﬂe'z‘é(]a) and (3)

molecular ion dissociative recombination involving three bodies:

KKe? + e 4 Kr + K* + 2Kr.(19) The two body dissociative recombination

process: KKr+ + e+ K 4 K §s considered to be insignificant due to

2
lack of curve crossing in alkali-noble gas systemsf‘o) At electron
temperatures of 1800-3500°K in this experiment, process (3) could be.

important compared to (1) and (2). Dissociative recombination with K2+ is

3

negligible. Using an equilibrium constant Ke of ~ 10-20 cm”, we have

q

[K2+]/[K+] - Keq[KJ nv10720 5 6 x 109~ 6 x 1075, 1f we use room temperature

3 .-1(23

ratio coefficients of kpp ~ 10'7. cm sec” for K2+ dissociative

. 21 g 1(24)
recombination and kl A~ 10 % emt osec for process (1), the rate ratio
of the two processes is kDR[K2+][e]/k1[K+][e]2 ~v 1077 x 6x 1051072 x 2 x 10

N3 ox 10'6. At elevated electron temperatures, this ratio is larger, but is

14

still <<1 for our experimentai conditions.

This work has been pubHshed26 and the interested reader is referred to

the published article for further details.
It was originally intended that the laser production of the Kkt - e plasma

would be done as a one-step process using a Xenon ion laser. The development

of this laser was completed partly under the support of this grant and a descriptive

article has been pub11shed2]. Therefore, the following description is abbreviated.
The laser has an active lengthof 120 cm. An additional 25 cm is provided

by the internal electrodes to the Brewster windows. The electrodes are high-

current indium cathodes that were constructed by melting indium metal around

15
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Kovar electrode feedthroughs. The inside tube diameter is 4 mm. One mirror of
15 mm diameter and nominally of 100 percent reflectivity for the standard argon-
fon laser 1ines has a radius of curvature of 3 m, The output mirror is composed
of flat, broadband reflectors with either 20, 50, or 80 percent reflectivity.

In Table IV is 1isted the measured peak power output for the eight observed
Tines, when the system 1is oﬁt1m1zed for maximum total power output. It should
be mentioned that the pulse width and peak power for each 1ine depend on both

the discharge current density and the pressure of the xenon gas.

TABLE IV
Wavelength Peak Power
&) (watts)
59566 110
6390 480
53563 800
5260 680
5190 250
4954 800
4306 50

The large gain of the laser transitions suggest that relatively lossy
elements may be inserted in the cavity. Intracavity frequency doubling of
the stronger lines in the xenon laser should be easily accomplished with an
ADP crystal. The doubled frequency of the transitions is greater than
the frequency required to photoionize directly the potassium atoms in the

ground state.

16
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By using typical photofonization cross sections, it can be easily shown
that a significant fraction of the potassium atoms in a beam can be photoionized

Use of the laser makes 1t possible to produce the ions in a field-free region

with an intense brightness,
Improvements in available power levels permitted use of the N2 laser

pumped dye laser for the two photon scheme described above, and the doubling

of the output of the Xenon laser was not attempted.

17
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4., TWO-STEP PHOTOIONIZATION OF POTASSIUM ATOMS.

Because high densities of excited atoms and molecules may exist in

the high temperature region of rocket exhaust plumes, there is an interest

in describing reactions involving these excited states., One reaction of

interest, which represents a source of free electrons in the plume, is the

photoionization of excited potassium atoms. It was also of interest to us

because of our desire to use such a method to produce the Kf e plasma for

the recombination experiment. In this experiment, a potassium resonance lamp

was used to excite a neutral beam of ground state potassium in the reaction
xuzs

.2
) +hy, 2 K (4P

1/2 3/2, 172" (6)

The reaction of interest then involves the subsequent photoionization of K*;

. 2
K Py, 1) ¥ 2 KT v, (6)

The .hreshold for reaction (6) for the unresolved P state is about 45503 and
is indicated by the vertical dashed line in Fig. 7. The dashed 1ine has been
drawn through the data points to show the approximate shape of the cross
section down to 2500A. Further details are aiven in Phys. Rev, A, 17, 1543
(1978)22,
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5. COLLISTONAL IONIZATION

The collisional ionization of potassium and chlorine, K + C1 - K"+ c1-,
may be an important reaction in the production of free electrons in the plasma.
Once C17 is formed, the rapid associative detachment reaction, €17 + H - HC1 + e,
produces free electrons. Plume modeling attempts have underestimated the
electron density in plumes containing a potassium impurity and it was suspected
that the reaction rate used for collisional ionization with atomic chlorine

was too sma111.

The need for an experimental determination of the cross section is
evident from the disparate result of three recent theoretical estimates of
it. Olsenfzhas used quantum close coupling technigues to calculate the
cross section from threshold to a few eV. The reaction rate derived from
this calculation for temperatures characteristic of the plume is of the
order of three times higher than would be predicted by radar attenuation
measurements quoted by Pergament and Jenson. A Landau-Zener curve crossing
calculation by Faist and Lev1ne23g1ves a result about one order of magnitude

Tower than Olsen's. The same treatment gave cross sections in good agreement,

with experiment for Na-1 collisional ionization. A third estimate by Arora24
is based on a Born approximation and yields a cross section two orders of
magnitude lower than Olsen when extrapolated to threshold energy.

We have made a measurement of the cross section for the reaction using i
crossed atomic beams in the apparatus shown in Fig. 8. As discussed in earlier
reports, the potassium vapor in the oven is forced out of the heated nozzle by
a supersonic stream of hydrogen. A beam of fast potassium atoms is formed which :
is varied in energy by changing the nozzle temperature and the HZ/K gas mixture
ratio.

The potassium beam intersects an atomic chlorine beam formed by thermal
dissoctation in a resistance heated mullite oven. Potassium ions formed in
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the intersection region are extracted by suitable grids and counted by an electron
multiplier,
The beam densities were low enough so that single collision approximations for

the cross section are applicable, therefore

+
. 1K
TETY ey 0

when I(K+) is the current of K produced from the reaction, I(K) is the current
of neutral potassium atoms passing through the chlorine beam, [C1] is the density
of chlorine atoms, and 1 is the interaction length. The chlorine density was
estimated for effusive flow conditions from an orfice of known size and known
stagnation pressure. The fraction of the C12 gas dissociated as a function of
oven temperature was based on measurements of the CT/C'I2 ratio in the beam

using a mass spectrometer. There was a rather large uncertainty in this measure-
ment and consequently the chlorine density could be in error by a factor of two
in absolute magnitude. This would give the same factor of two uncertainty in
the absolute magnitude of the final cross section, however, the relative

values are much better than this.

The potassium beam was formed by vaporizing potassium in the nozzle oven,
mixing it with hydrogen [P(K)/P(Hz) < 1/100] and letting it flow through the
nozzle. In principle the K would reach nearly the free jet velocity of the
H2, however, in our experiment the nozzle orifice was large enough (to reduce
clogging) that the total pressure wa:. low and significant slippage occurred.

We estimated the velocity of the K beam from measurements of H2 - Ar mixtures
(MAr = 40; MK = 39) using a time-of-f1ight technique which involved a

high speed slotted wheel to form the gas pulse and a mass spectrometer detector.
The possible errors in this measurement could lead to a *+ 0.1eV error in the

energy scale of the crnss section vs. energy.
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The energy scale is.center of mass energy for the collision:
- 2 . 2 _ 2 2
E=1/2 Vre1’ where u is the reduced mass and Vrel = VC] + VK since

the intersection is at normal incidence.

The current density of the K beam was measured with a surface ionization
detector of known area and an assumed efficiency of ionization of 100%.

The signal ions were collected by an electron multiplier operated in the
current mode. The area of the multiplier was large compared to the area of
intersection of the K and C1 beams, so the cross-sections plotted assume 100%
collection efficiency. The gain of the multiplier was subject to degredation
by exposure to the chlorine vapor. The gain of the multiplier was measured
periodically by comparing the multiplier in count mode and current mode in
response to a weak jon current. Care was taken to eliminate background current
by flagging off the beams. The threshold for production of ions in a K + C12
collision is 1.9 eV and was not expected to contribute to the signal. No signal
could be seen with the oven cold (all C12 in target beam).

Figure 9 shows the measured cross section over the energy range near
threshold. The velocity spread in the beam is about +10% FWHM so that the

energy spread of the beam is about +20%. The experiment therefore is not
capable of resolving the structure in the threshold of the cross section due to
the splitting of the 3/2 and 1/2 states. The solid curve is a plot of the
expected cross section from Olsen in which the 3/2 and 1/2 states have been
weighted 2:1 as would be expected for a statistical distribution of states.

This work is being propared for publication.
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FIG. 9. Cross section for K + Cn » K" 4 Ci~ versus energy. The

error bars represent scatter in thg data only. The
solid curve is adapted from 0lsen?3,
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