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SUMMARY

This work describes an experimental effort to determine the electron

collision excitation ionization cross sections of metastable atoms and

molecules using a dual electron beam apparatus. In this experiment , the

first electron beam was used to produce the metastables , and the second

was used to excite or ionize the metastables. Cross sections are inferred

from decay radiation or from a determination of the ions produced. Al-

though the ionization cross section measurements were not immediately

successful , exc itation cross section studies were productive , and a num-

ber of direct and two—step cross sections were obtained.

Measurements of several direct excitation cross sections of xenon

in the range from 6000A to 9000A were made. These relative excitation

functions compare favorably to data in the literature where it exists ,

and offer some insi ght into the lasing processes of the 5d levels.

Effects of cumulative excitation from the hel ium 23S state were ob-

served in decay radiation from the hel i um 33P state. Analysis of this

data and a comparison of the i nferred 23S - 33P cross section with theory

was performed. By assuming that the ratio of metastables to neutrals in

the molecular beam when it encounters the second electron beam is the same

as in the first (metastable creating) beam, a lower limi t on the cross

section for the VS ÷ 33P states was obtained . The va l ue obtained was an

order of magnitude l ower than the theoretical predictions. Subsequent

work proved this assumption to be poor, however.
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The electron guns in the crossed beam system were then modified to

yield an improvement in the signal-to-noise ratio of a factor of ten over

the signal to noise ratio before modification.

A parameter study of the electron guns in the crossed beam system was

performed. Results indicated that the system will operate in the conditions

for highest sensitivity without fear of spurious signal only if limits on

the voltage of certain electron gun elements are observed.

Measurements on the cross sections from the helium 23S state were then

extended to the 33S , 33P, 3RD , 43S , and 43D states. Results ind ica te  that

the 33 D level ~~ the largest cross section. The apparent ~2~S + 3~D is

1.6 x 10 1 5  cm 2 at 21 eV , as compared to Flannery ’ s calculations for the

level Q2~5 + 3~D 
of 3.5 x 10_ 16 cm2 at 20 eV by the Eikona l method. Evi-

dence for the existence of the two-step cross section in krypton has also

been observed , but there is insufficient direct cross section data avail-

able to estimate the magnitude of the two-step process. An experimental

investigation was performed to determine the cross sections of the rele-

vant transitions. Excitation functions of several 5p , 6p, 7s and 5d

states have been measured.

The absolute spectral sensitivity of the crossed beam optical detec-

tion system was measured over the range from 55O0$~ to 9200A. This spectral L
region contains a majority of the most prominent transitions in krypton ,

and the spectral sensitivity measurement enabled the previously measured

cross sections in krypton to be placed on an relative scale.
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SECTION 1

INTRODUCTION

This work is a continuation of an effort at the U.S. Air Force

Aerospace Research Laboratory, and subsequently at the Aero Propulsion

Laboratory , aimed at measuring electron impact excitation and ionization

cross sections of atoms and molecules which are in excited states. .41-

though a large body of information exists for electron impact excitation

and ionization of atoms and molecules in the ground state,’ relatively

little is known about the cross sections of atoms or molecules in excited

states. Since a significant fraction of the atoms or molecules in a plasma

are in excited states it is necessary to consider the influence of the

excited state constituents on the characteristics of the plasma . In a

low density plasma , a majority of the excited states will decay in a time

much shorter than the reciprocal of the average collision frequency , so

that ground state cross sections offer an accurate descri ption of energy

channeled into short-lived states. However , the metastable states in

general have lifetime s longer than the average time between collisions

with either electrons or other atoms , so that this channel of energy

transfer must be considered further. The metastable states are much closer

to the ionization threshold than the ground state , and in add i t ion , have

a different quantum configuration than the ground state. Two observations

may therefore be made. First , the metastables may be ionized by a col-

lision with an electron of much lower energy than that which would be

required to ionize a ground state atom. Consequently the ionization rate

for many gases can be governed by the ionization cross section of the

—1—
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metastable specie. Second, the probability for a transition from one state

to another state depends on the quantum configurations of both the initial

and final states. As a result the dominant channels of energy transfer

from metastable levels to other excited states could be radically differ-

ent from the dominant transitions from ground state atoms to those same

excited states. These two observations lead to the conclusion that the

fundamental characteristics of a plasma may change in the case where sub-

stantial metastable atom or molecule densities may develop, and further ,

in order to accurately model plasmas of this nature , an accounting of the

ionization and excitation cross sections from metastable levels must be

made .

The first measurements of cross sections for collisions of electrons

with excited atoms were for superelastic collisions with metastable Hg
2

atoms. These were performed in 1930 by Latyscheff and Leipunsky . In
3

1953 Phelps and Molnar measured the cross section for He 2’S -i. 23S by

electron impact using an absorption technique applied to a helium micro-

wave discharge afterglow. A measurement of the total cross section of the
1~

He 23S metastable was made by Neynaber et al. in 1964, and a measurement

of the relative shape of the helium 2 3S 33P cross section was made in
5

1974 by Mityureva and Penkin. No absolute measurements of the cross

section from metastable states to upper levels other than this work are

known to exist. Somewhat more attention has recently been given to measure-

ments of the ionization cross section of metastable atoms. Fite and
6

Brackman reported a measurement of the ionization cross section of helium
7 8

metastable levels in 1963, as did Vriens et al. in 1968, Koller in 1969,

-2-
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9 10
Long and Geballe in 1970, Shearer-Izumi and Botter in 1974, and Dixon

1 1
et al. in 1976. The earlier of these measurements were limi ted by the

small ratio of rnetastables- to-neutrals to the energy region below the ion-

ization threshold , and the results differed widely among themselves. The

more recent papers (Long and Geba l le, Dixon et al.) show reasonable agree-
ment with each other and with recent theoretica l calculations (Ton That

12
et al. ).

This experiment employs a dual electron beam device which perpendicu-

larly intercepts a neutral particle beam of thermal energy (room tempera-

ture). The apparatus is described in detail in P.D. Tannen ’s Ph.D. dis-

sertation , and , with the exception of any significant modifications , will

receive only a brief description here .
F In the experiment, the first electron beam is set to have an energy

only sufficient to excite the lowest metastable level of the subject atom

or molecule (see Figure 1). Metastables so produced flow Out of the first

electron beam and into the second electron beam where they may be excited

to higher levels or ionized by electrons with energies much lower than the

threshold energy for direct excitation of ionization. One of the electron

beams is modulated so that any signal arising from this two-step process

is modulated . In this way noise picked up by the detection system may be

discriminated against.

Signals may be detected as decay radiation from the excited states,

or by the collection of ions by a charged particle counter. The signals

are amplified and recorded by an SSR dual channel counting system (see

Figure 2). The crossed beam apparatus features high stability electronics

-3-
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in the electron gun control power supplies , and is equipped with an auto-

matic pressure control system.

The objective of the first experiment undertaken was to measure the

total ionization cross section of a selected metastable state. This exper-

iment was less than successful . The next measurements included direct

excitation cross section measurements for xenon , and two-step excitation

cross sections in helium . These two preliminary experiments both showed

promi se , and the latter was selected for pursuit as being the most useful

to the USAF scientifi c community . The remainder of the time on the con-

tract was devoted to the two-step excitation experiment. The following

chapters present an account of the experiments undertaken and the results

obtained .

—5— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



0
0 0

z

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-6-

~~~

-- - .--- . 

- 

, . .  ~1



- -—-~- 
-

~~~~~~~~~~

SECTION II

CUMULATIVE EXCITATION-IONIZATION

1. CROSS SECTION FORMULA

Electron Impact ionization cross sections relate to the pro-

ability of stripping an orbital electron off of a molecule by electron

bombardment. The method of obtaining ionization cross sections is

dictated by parameters arrived at in the following way.

Consider a vo lume of gas at thermal energy (300°K) through which

a beam of electrons is passed. The molecules in the gas are subjected

to collisions with electrons.

El~~tron~~ 
_ _ _  

T~1 Q ~~~~~~ Eiec tron Beam, A

_________ 

,
/“~Volume of target gas

The interaction volume is given by Mx, where A is the cross sec tional

area of the electron beam, and i~x is the path length of electrons

through the gas.

—7—
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Each molecule obscures a fractional part of the total cross

sectional area and this cross section is given by q/A, where q Is

the area cross section of molecule for electron impact ionization.

The cross sect ion can be determined, as fol lows , from its relat ion

to the ion current produced from the aforementioned configuration.

NA Ax q 1e (1)
A e

Where N is the number of molecu les per cm3 , Mx is the interac tion

volume, ‘e is the electron beam current, i~ is the ion current, and

e is the electronic charge.

The ion current, i~ arising from a given metastable state would

be

1~ I
= ~~~~~ ~~~ 

(2)

where Nm is the number density of metastables, ~ is the ionization

cross sec tion for the metastables , and ‘e2 designates the current in

the second electron beam.

Likewise, the metastable states are populated according to the

rate

= NQ111t~x ~~~ - Nm~
A •

if conditions are maintained so that the exc ited state population

comes only from electron bombardment and loss comes only from flow

-8-
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losses . In Equation (3), N is the ground state number density , 
~

is the cross section for direct excitation to the metastable state,

~ is the average velocity of the molecules 1e is the electron cur-

rent in the first electron gun , and A ’ is the exit area for the met-

astables. The metastable number density produced thereby i s :

NQ I~X I
N = 

m e1 (4)m e V A ’

The crosse d beam dev ice (s ee Figure 3) uses two para ll el electron

beams on which a perpendicular molecular beam is imposed. A metasta-

ble density given by Equation (4) is produced in the first electron

beam and a portion of these, k3Nm~ 
are subjected to electron bombard-

ment in a second electron beam. The cumulati ve ion current rate

collected by the SEM detector is given by combining Equation (2)

and (4), yielding :

I4 k,NQ Ax I Im —~-~- q ~~x —~~-~ -

e 
~A’ e m e

However , a portion of the ion signal is lost due to geometric factors

and detector sensitivity , so that a collection efficiency relates

the measured signal to the total signal produced .

‘(co l lected) = (i~)(k2) (6)

-9-
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The cumulative ionization cross section Is then related to the

measured signal as fol lows :

. + - I

- 

imkcoll)VA e (7)
- 

k1 k2NQ ~x,I ~x21m e1 e2

2. LINEARITY TESTS

In order to ascertain that the observed signal arises only for

the des i red phenomenon, it is necessary to conduct tests to determine

the relationship between the signal and its governing parameters. As

seen, the ion or metastable signal must be a linear function of the

electron curren t, target number density , and interaction volume. Fur-

thermore , conditions must be maintained such that only the desired

population mechanisms are occurring. Finally, tests must be performed

to determine the collection efficiency of the detection system. These

determinations are made as follows : The signal as a function of

electron current is determined by holding the pressure , accelera t ing

voltage, and all other parameters constant while changing the current

by varying the drawout potential of the electron gun. Figure 4 gives

signal response for a modulated electron beam over typical operating

currents. In this case the signal monitored was the total metastable

exc itation cross sec tion in xenon, measured by intercepting the met-

astable beam with a Channel Electron Multiplier.

In order to infer that the measured optical signal arizes from

an electron-atom collision where the electron energy is known , it is

necessary that the electrons have suffered no other col li s ions either.

~~~~~~~~~ ~~~~~~~~~~~~~~~~~
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in the interaction volume or in the region where the accelerating

potential is developed . For this purpose the following criterion

is imposed: If less than one percent of the electrons in the beam

experience inelastic collisions , then only an insignificant number

of energy degraded electrons contribute to the excitation process,

an d a l so, only an insignificant fraction of the current is lost

through scattering. We have

I (col li s ions) = N t~x Q I (total) (8)

where Q is the total scattering cross section and I (collisions) is

the portion of the total current, I (total), which impacts an atom.

For the criterion that less than one percent error is induced by

multiple collisions or scattering:

I Icollisions) < (9)
I — 

.01

or

N1~xQ < .01 (10)

Assuming Q = iO’~ cm
2 and E~x 1cm , then N = 1O’3/cm 3 is the maximum

number density which can be used without observing a non-linear signal

as current response. Similar arguments apply to atom-atom collisional

quenching, but the simplest method of determining the onset of pres-

sure dependent non-linearities is to monitor the desired transition

as a function of pressure .

-12-
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These arguments lead to the conclusion that to avoid signifi-

cant errors from secondary effects , the maximum molecular number

density is approximately 10’’ particles per cm’. This constant may

be imposed for neasurement of direct excitation or ionization cross

sections. In the case of metastable excitation or ionization measure-

men ts, however , the desired signal is a secondary process. It is

therefore necessary to sacrifice accuracy for signal strength. For

example , in Equation (5) , let

K, = 1/2 
~m 

= ~ x 10 ’7/cm2 1O~~
5/cm 2

K2 = 1O_ 2 t~x, = 1 cm z~x2 1 cm

N = 1O’’/cm ’ I = 1O~ia I = lOOi.ia

= 1 cm 2 = 1.6 ~ io-’~ ~~~ tron 

e2 
x I0~~~

then

‘ni(col lected) = 2.17 x 10’/sec

This corresponds to a cumulative ion number density of approximately

5/ cm ’. Provided the constants representing the collection efficiency

listed in the preceding estimate are reasonable , the density of ions

would be measurable. Increasing the neutral number density to above

the defined limi t for only first order collisions significantly im-

proves the strength of the two-stage signal ,however. The work per-

formed in the first quarter addresses the accuracy of the values used

in the estimate and is discussed in the following section.

-14-
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3 . ION COLLECTION EFFICIENCY

Equation (7), the expression for the two-stage ionization

cross section , calls for a determination of density , the density

attenuation between the first and second electron beams , and the

collection efficiency of the detector for ions. The quantities are

measured by means of the direct ionization cross section. From

Equations (1) and (6), the collected ion current from the second

beam is:

I I

~ (coll) — A e2 (11)
e - l\2I~~2 2 q — ~~

-—

The density attenuation , measured optically, is

K = fij__ Fij (Q), (12)
1 N2 Fij(c~)2

where Fij(c2)1 and Fij(c2)2 are the photon fluxes per steradian from

the first and second electron beams respectively. Then

= (K 1 K2N ~x2) q 
(13)

and Equation (7) becomes

q = ~~~ 
eI’e q(direct) (14)

m ‘(coll)~m 
L
~
X I Ie,Ie2

(direct)

-15—
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4. RESULTS

The first step necessary for measurement of cumulative ioniza-

tion cross section is to calibrate the detector from the direct ioni-

zation curves. This is performed by sweeping the l ower electron gun

in energy while monitoring the ion count rate from a sp iraltron

electron multiplier (SEM). Figure 5 shows a preliminary direct ion-

ization curve for hel i um taken without correction for current vs.

accelerating voltage. Note the appearance of signal at 20 eV. The

count rate stays in the low hundreds per second until the electron

energy reaches 23.5 eV , whereupon it rises into the thousands. Sub-

sequent careful direct ionization cross section measurements corrected

for current show a function which does not compare well with those of
~~I4

Rapp and Englander -Golden , as seen in Figure 6. The curves are

normalized at 50 eV. The data also shows an in-phase signal below

the threshold for ionization (Figure 7). The threshold for this

signal corresponds approximately to 20 volts after correcting for

the contact potential , and was presumed to arise from metastable and/

or UV radiative transitions. In order to verify this as the source,

the bias on the SEM was shifted so that the entrance cone was at

ground potential. The result was a curve bearing a great similarity
15

to the helium metastable excitation function measured by Borst

(Figures 8 and 9). A direct comparison with Borst’s curve shows that

the metastable curve produced on this system is hi gher than Borst1 s

at higher energies (Figure 10). The cause for this difference at

higher  energies was not immediately apparent. Previous to the

particle counting work , optical excitation functions of various

-16-
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• helium excitation functions were obtained , and it was found that

cavalier assignments of draw-out voltages were not sufficient to

produce a well-defined accelerating potential for the electronically

chopped electron beam. If the beam is not entirely biased off dur-

ing the off cycle, signal can develo p from elec trons whi ch have a

much higher average energy than when the electron beam is on. At

accelerating voltages where the cross section is changing rapidly

the error i s large. However , the limits of the voltages yielding
well-defined optical signals were established , and these limits were

obeyed for particle counting as well.

In order to positively identify the observed signal as being

the sum of all metastable levels excited at a given electron energy,

nitrogen was substituted for helium. Sweeping the energy of the

electron guns in an identical way should produce an excitation func-

tion of the N2 total metastable cross section , which could also be

compared to similar measurements by Borst. Figures 11 and 12 show

what is apparently the total metastable excitation function of N2.

These curves compare favorably in shape to the measurements of Borst,

with the added feature of better energy resolution. The curves do

contain a disparity from Borst’s measurements whi ch becomes more
apparent at hi gher energies. Figure 12 shows the curve produced

from both guns normalized at 16 eV.

The function from the second gun is actually rising above

50 eV. Neon was also examined . The resulting excitation function

compared well wi th earlier measurements of the relative excitation

-23-
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function of metastables by Olmstead ,’6shown in the inset. Figure

13 shows the results of sweeping both the upper and then the lower

electron guns through the energy range of 15 to 50 volts . These

curves reveal a difference in contact potential between the guns of

approximately .25 volts which was not apparent wi th other gases.

Finally the excitation function for xenon was measured using

both the first, and then the second gun. The curves produced yielded

the most obvious anomalies of any of the other gases (Figure 14).

Data from both guns show very nearly the same features from threshold

to the principal maxima , including a sharp resonance-like spike at

approximately 10 eV. On the high energy side of the principal maxima ,

however , the excitation function is rising above 30 eV , and the data

from the second gun shows a more pronounced rise than the first gun .

There is no question that these excitation functions arise from

a combination of excitation cross sections of the metastable states

of the subject gas. For example , the nitrogen cross section shows

a contact potential of 1.5 to 1.7 eV. This locates the E 3 
~~ reson-

ance maximum between 11.9 to 12.1 eV. Borst reports the resonance
17

maximum to be 12.2 eV3 , and recent measurements by Kurzweg et al.

indicate the maximum of this resonance to be 11.8 eV. The full width

at half maximum of the E3 Eg+ resonance has been reported to be

70 meV . The 400 meV full width at half maximum seen in Figure 12

is probably due to the spread in energy of the electron beam.

There is some question about whether all the signal collected

in the grounded SEM cone configuration results from metastable state

-26-
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excitation , however. There is nothing to exclude collection of

scattered ultraviolet radiation from UV radiation transitions ,

since the SEM is sensitive to energy above 6 eV. In order to dis-

criminate between the metastable signal and possible UV or ion

collection , the electron gun chopping frequency was increased to

5 kHz, so that the length of a half cycle corresponded roughly to

the time of flight between the electron gun and SEM , and the SEM

cone was biased 20 V positive with respect to ground. This fre-

quency might jeopardize the energy resolution since the guns and

electronics were not designed for rapid cut off. By selecting

data from a portion of the time when the gun is biased off, however ,

the data collected by the detector must arise from metastable ex-

citation. Figure 15 shows xenon signal thereby measured for: the

gun on (curve A), the gun off (curve C) and the difference (curve B).

The difference curve indicates that a significant portion , but not

all of the rising signal, is apparently due to prompt emission , pos-

sibly resulting from ion transitions. The remaining bump at approx-

imately 41 eV is evidently due to electron beam focussing since its

shape shifts with respect to the principal maximum as a function of

magnetic field (Figure 16). The source of the anomalous signal

appears not to be electron scattering , since the bump scales with

pressure the same as the principal maximum (Figure 17). The nitro-

gen excitation function taken at 10 kHz shows little difference

from the earlier curves taken without time discrimination , except

that the extra bump is peaked at 24 eV (Figure 18). It would be

-29-
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tempting to ascribe the bump to delayed emission of the C3 1r
~ 

state

populated from the E3 Eg +, but Kurzweg et al. observed this process

to peak at 22 eV , and any difference in the portion of signal

sampled between Kurzweg ’ s and t h i s  work , or any difference in chop-

p ing  lengths , should not change the position of the maximum.

The conclusion is that the anomalous bump is a result of the

way in which the data is collected. Recalling Equation (1), the

signal is a function of the current number density , and electron

path length. One candidate for the error is the reflected electrons

which re-enter the interaction volume (due to the confining mag-

netic field) and therefore produce a signal , but are not collected

and measured as current.

The direct ionization curves obtained indicate that the col-

lection efficiency for ions produced in the lower electron beam is

approximately 10~’. This , coupled with the large in-phase signal

from direct metastable exc itation have precluded measurement of

the two-step ionization cross sections.

5. CC~CL’JSIONS

The experiments for two-step ionization and two-step excita-

tion in helium were repeated ir 4 the pressure range of 1 to 100

millitorr to explore possible signal-to-noise enhancement at higher

pressure and to confirm the earlier negative results obta ined

with the spiraltron electron multiplier (SEM) for ion counting.

The basic conclusions drawn from these experiments are as

follows : For ion counting, operating the electron guns in a

-30-
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reasonable parameter range (as determined experimentally ) leads

to an expected difference of approximately six orders of magnitude

between the predicted cumulative signal and the direct ion si gnal.

Since the observed direct ion signal is strong enough to saturate

the detector even at pressures of one millitorr , the cumulative

ion signal should lie within the dynami c range of the crossed beam

system. However, the detector is fairly efficient for detecting

ruetastable atoms , having a collection efficiency of approximately

one-fifteenth that of ions. This leads to a noise source which

totally obscures signals less than four orders of magnitude smal-

ler than the direct ion si gnal. The solution to the problem is to

isolate the detector from the metastable signal but still retain

a high collection efficiency for ions. Possible means for achiev-

ing this result are (1) placing the SEM in an ion extraction net-

wor k, or (2) replacing the SEM wi th a quadruple mass analyzer with

an off-axis electron multiplier wired for ion counting.
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SECTION III

EXCITATION OF XENON BY SINGLE ELECTRON IMPACT

1. BACKG ROUND

Following the results obtained for two-stage ionization cross

section measurement through ion counting , an i nvestigation into

means of measuring metastable cross sections was initiated. This

led to the design and construction of a large diameter electron

beam for use in obtaining infrared xenon excitation cross sections.

A survey experiment in xenon was performed in order to estab-

lish the feasibility of making measurements of decay radiation

which was in the infrared. Optical cross sections of several xenon

transitions in the near infrared were obtained , and spectra in the

range of 6000A to 4OO0~ obtained at three different electron im-

pact energies were used to evaluate the relative magnitudes of the

cross sec tions.

In order to predict the possibility of lasing in a gas medium

where the prima ry excitation mechanism is collisional excitation ,

an analysis considering certain atomic and molecular properties

must be made. The properties are contained in the expression for

the absorption coefficient, ~~~~ at the center of a radiative trans-
19

ition :
e2

— 2~/ ii  1ii ~~~ , ‘l (15)
— A ‘ 2 1~~ ” 1 — N2 ,g2

where e = electron charge

-36-
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m = electron mass

f21 = oscillator strength for transition from states 2 to 1

c = speed of light

= Doppler width of the transition

N1 = number dens ity of atoms in lower state 1

N2 = number density of atoms in upper state 2

= degeneracy factor for state 1

g2 = degeneracy factor for sta te 2

Notice that the absorption coefficient becomes negative for

> N1 (16)
g2

Situations for which these non-equilibrium conditions exist are

illuminated by examining the rate equations for the selected states.

= N0~xQ1 
! + ~ A~~N. - 

!i i- (17)

I N
-

, 

. - a~
- = N0AxQ2 ~~ + ~~~~ -

where N0 = ground state number density

t~x = electron path length through the medium

Q 1,Q2 = cross sections for collisional excitation by electrons

= electron flux through the medium

A. ,A. = spontaneous emission probability of transition from
J i  J 2 state j Into states 1 and 2

-37— 
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= number density in state j

T i , T2 = lifetimes of states 1 and 2

Equations (17) and (18) assume that excitation arises primarily from

electron collision and subsequent cascade. As an example , simplify

the analysis by further assuming that the system has reached steady

state:

I N
= 0 = N0L~xQ2 

-.
~ + A21 N2 - -~. (19)

= 0 = N0~xQ2 ~~ - ~~~~ - (20)

then

I
N 1 = -r1 No~xQi 

—
~~~ + t1A21 N2 (21)

1
N2 = t2Not~xQ2 

—~~- (22)

The condition for gain is then

N0~x —s- T2 Q 2 - T2Q 1} - T 1A 21 N2 > 0 (23)

Other parameters , suc h as osc i llator strength, line width , and

s ingl e pass losses must be cons idered, but Equation (23) indicates

that the level cross sections and lifetimes are key parameters to

lasing action from electron pumping.
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Xenon is a lasing medium for which the prima ry means of ex-

citation is apparently electron collision . Strong laser lines have

been observed from all of the 5d levels , which terminate on one

of the 6p levels. (see Figure 26)

Although lifetimes , oscillator strengths , transition prob-

abilities and degeneracy factors have been either measured or corn-
2 0 — 2 5

puted for many or all of these states , no level cross section

measurements have been obtained. This entails measuring the photon

flux from transitions into and out of the selected states , and

emission from the 5d levels lies in the range of 2 to 4 microns.

Many of the cascade transitions into the 5d levels are in the vis-

ible region , however, as are most of the spontaneous emissions from

the lower laser levels. Furthermore , examining transitions with

similar quantum numbers (except for n) will yield information re-

garding the shape of the cross section with respect to electron

energy.

The scope of the experiment is to measure the strongest of

the visible lines cascading into the 5d levels , and also measure

the cross section for populating the l ower laser levels by electron

collision. Ultimately it is desired to measure directly the abso-

lute level cross sections of the 5d states.

2. RESULTS

The apparatus used in the experiment is a crossed electron

and atomic beam device designed for measuring excitation and ioniza-
13

tion. The chamber was pumped down wi th a turbo molecular pump

-39-
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and then sealed off to obtain a relatively high (1-50 millitorr)

static xenon gas pressure for this type of measurement. Spectra

from 6000 to 9000A were taken with the electron gun accelerating

voltage set at 14, 18, and 33 eV. The data counts are electronically

divided by the electron current , so that the spectra are auto-

matically corrected for the chanoe in electron current as a function

of accelerating energy. In this spectral region , the response of

the detection system is approximately flat (Figure 19), so that

comparison of the line intensities at different electron energy

gives a good va l ue for the relative apparent cross sections of

the transitions obtained without correction for detector sensitiv-

ity. Table 1 gives the most prominent transitions between 8900

and 66OO~ obtained in this way. The second column gives the level

designations in Racah notation. The third column gives the rela-

tionship designation to a prominent lasing line in the fourth column .

Here PL indicates that the transition populates the l ower laser

level , DU is a transition which depopulates the upper laser level ,

etc. The relative apparent cross sections in the fifth , sixth ,

and seventh columns are given in counts per second.

Figure 20 is the excitation function of the Xe 8819$~
6s[1-1/2] 3 - 6p[2-1/2]2 transition obtained by fixing the mono-

chromator on the peak of the line and sweeping the accelerating

voltage of the electron gun. The cross section has a maximum at

approximately 13 volts. Similar in shape are the 8231$~ 6s[1-1/2]2
- 6p[1—1/2)2 and 7336A 6p[2-1/2]2 - 5d1[2-1/2)3 lines given in
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Figure 21 and 22 respectively. The 8346A 6s’[1/2J1 - 6p ’[1-1/2 32

transition , Figure 23, has its maximum at 16 eV and has a slower

fall-off at higher energy. Figures 24 and 25 give the 8280A

6s[1-1/2]1 - 6p[1/2]~ and 7887A 6s’[1/2]-1 - 6p[1/2]0 transitions.

These excitation functions are noteworthy for three reasons. Firs t ,

the principle maximum is at 26 eV , unlike the other transitions

observed . Furthermore , excepting for the tota l angular momentum

of the core , the configuration of these two transitions are the

same . Since it is unlikel y that the 6p ’ level s are affected by

cascade to the same degree as the 6p levels , the indication is

that  the doubl e maximum excitation is a characteristic of the

level cross section (see Figure 26). Comparison with the data of
26  2 7

Fel ’ tsan and Rostovi!rova ir’licate that this shape is indeed

characteristic of all terms with this quantum confi guration. Last-

ly, the excitation function at 8280A is proportiona l to the cross

section for populating the l ower laser level of the 26,511A line.

The maximum occurring at higher energy may account for the cw

inversion observed in a xenon -helium discharge .
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SECTION IV

TWO-STEP EXCITATION IN HELIUM

1. TWO BEAM EXPERIMENT

Research efforts during the fourth quarter involving the

crosse d beam system were directed towards acquiring and analyzing

cumulative excitation data for selected transitions in hel ium. As

a step towards determining the collision characteristics of meta-

stable atom is created and then is excited to higher atomic levels

by collision with a low energy electron in a “2-step~ process.

Due to low signal-to-noise ratios , only one transition , He 3889A

(33P - 23S) yielded concrete evidence of two stage excitation.

Measurements of the He 4713A (43S - 23S)  and He 5876A (33D + 23S)

transitions , which have larger theoretical two-step cross sections ,

were not fruitful due to an increase in noise from scattered light

emitted by the cathode.

2. EXPERIMENTAL TECHNIQUE

The fraction of neutrals excited to the 23S metastable state

may be computed from the current and energy of the first electron

beam , and the known apparent cross section of the metastable level .

As the metastables pass through the second electron beam they can

be excited to the 33P level wi th a bombarding energy of only 3.2

electron volts. The 33P level decays back to the 23S level emit-

ting 388.9 nm photons (the lifetime of the 33P l evel is approximately

100 ns). Thus 388.9 nm radiation which can only arise from a two

-52-
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stage process can be monitored while sweeping the lower electron

beam from 3.2 to 19.8 volts .

Above 19.8 volts it is possible to observe excitation of

metastables created in the lower beam, and also direct excitation

of the 33P level from the high energy tail of the electrons in

the beam (Figure 27; the direct signal plotted here is divided by

a fac tor of iO~). These signals cannot be effectively discr imi n-

ated against , and impose an upper limi t of 20 volts on the useful

energy range for measuring the desired cross section. Additionally,

as a result of the current dependence on accelerating voltage ,

there is insufficient current below 8 eV to yield an in terpretable

signal . In practice therefore, unambiguous signals are only ob-

tainable between 8 and 20 eV.

The apparent cross section for excitation from the metastable

level to an upper level is obtained from the two-step signal in the

following way . We fi rst assume that the ratio between the number
*of metastables created in the upper beam , N1, and the remaining

neu trals , N1, does not change as the volume element containing

them flows out of the fi rst electron beam and into the second

electron beam. Thus we have:

(24)

where the subscr ipts des igna te wh ich el ec tron beam the volume

element is in. We assume this to be true even though the volume

element is free to expand. This assumption is not strictly accurate

-53-- 
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because the mean free path of the atoms is not sufficiently long

that collisional deactivation and diffusion may be ignored. Con-

ditions in the first electron beam can be controlled so that the

followi ng rate equation descri bes creation and loss terms.

* I
= N 1Q 1 ~x 1 —~~

-
~~

- - N 1 ~A = 0 (25)

where Q1 is the apparent cross section for populating the metastable

l evel , ~x 1 is the path length of the electrons through the inter-

action volume , is the electron current in the first electron

beam, e is the electron charge , ~ is the average velocity of the

atoms , and A is the exit area . Combining Equations (24) and (25)

yields an expression for the metastable target density ( composed

of metastables created in the first electron beam) in the second

electron beam interacting region.

N = 
N2Q~ i~x’e1 (26)

vAe

The photon flux from the single step excitation process is related

to the product of the single step cross section and the neutral

atom number density as follows :

I (27)Fkj N2Qki E4X2 —
~~~~~

where Fkj is the photon flux for the k to i transition , 
~ki 

is

the optical cross section for exciting the level k, ~x2 is the

length of path of the electrons in the second electron beam , and
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I is the current in the second electron beam . Now it is seene2
that the metastable density in the second electron beam may be

determined by measurements of the photon flux from a single ex—

citation transition , the currents in both electron beams , and a

knowl edge of the pertinent cross sections and geometric factors .

* 
Fki Q. i~x 1 I

N2 = 
1 e1 (28)

~ki ~
(2 ’e2 \1Pt

Finally, for excitation from the metastable level to a short-lived

upper level , the rate equation is

* 1

~~~ ~x2 e2
UI~ 1I~. VF

dt e 1
~kj

3

where 
~lk  is the apparent cross section for exciting the metastable

to the level k1 and is the sum of all two step photon fluxes

out of the l evel k. By solving for 
~1k 

and substituting Equation

(28) for N2 , we have

Qk~~
e ~~~

= . (30)

~ 
AX 1 I F ki

The signal observed at the output of the detection and recording

system is related to the total photon flux as follows :

~1~~.
F — F !

~~ 
— 4,~ ki 31ki ç~ ki’~ c2~ TXT
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Similarly

4~~
+

= ciS(A~ 
(32)

where ci is the solid angle subtended by the detecting optics , Fk~
(c2)

is the fraction of the total photon flux collected (assuming

isotropic radiation), 
~ki is the recorded signal , and S(x ) is the

spectral response of the detection system. Also the total radia-

tion out of a given level is related to one of the transitions by

the ratio of the Einstein coefficients

A .
Fki = _.~~ ! ~

Fkj (33)
3 3 3

The ra t io  —
~~~~

-
~
- is defined as the branching ratio , Bkj. for the

~j 
kj

k to i transition:

B 
Akl 4ki — 

~A,. -

3 Ic3

Incorporating Equations (31) through (34) into Equation (30) yields

— ki rC
ik 

— 

Bki ~ki~i ~x 1 I

This is the equation used to evaluate two-step excitation cross

sections with the crossed beam systems.

—57-

~

- - - - --

~ 

~~~~--- ‘ - - -- - -.- - --~~~~~~~~- -~~~~~---
--

~~~~~~~~~~
- -

~~~~ 
-
~~ - -~~~~~~~- —~~~~~~~~“-

- -
~~ ~~~~~

. — -- -



- ----—~ —------ - --~~-~~~~ -~~~~~~--— ,-- - --- - -- - - - ‘- - - -~~~~- - - 

3. RESULTS

The data acquired for the cross section 2~S -
~ 33P indicates

that the cross section has a maximum value of approximately 1 to

2 x iO ’~ cm (Figure 28). Each data point plotted here represents

the average of eight different integration periods of 1000 seconds.
2 9 , 3 0

Flannery et al. have generated three theoretical calculations

for the level cross section 23S + 33P. These are the Born approx-

imation , the Eikonal approximation , and the Vainstein , Presnyakov

and Sobel ’man (VPS) approximation . At 14 eV there is an approxi-

mate factor of three difference between this experiment and the

lowest of the theoretical treatments , the VPS . Poor signal-to-

noise ra t ios  prevented checking another noteworthy conclusion of

Flannery ’s work , that at low energy 3D levels have the largest

cross section from the 23S level , in contrast to cross sections

from the ground state, which are larger for P levels. Considering

the difficult nature of this experiment and the fact that even direct

cross section measurements by different experiments commonly differ

by factors of two , we feel that the experimenta l data is not in

serious disagreement with theory . However , the data does favor

theoretical treatments which give a lower value for the cross

section , particularly in the threshold region.

4. MODIFICATIONS

Additional measurements in helium were attempted , but were

not productive as a result of a poor signal strength. The con-

clusion drawn from these efforts directed that the system might
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be most productively employed acquiring optical data from exciting

metastable states , provided that improvements in the signal-to-

no i se ratio could be achieved. Consequently, steps were taken to

increase the signal strength and reduce the noise from the inter-

action volume . These were achieved by increasing the current in

the electron beam and reducing stray light pickup in the optical

path.

The major modification entailed increasing the current in

the electron guns by increasing the drawout voltage , and by im-

plementing a virtual cathode directly behind the ground plates.

Figure 29 illustrates the modifications. Previously the drawout

grids had maximum voltages of +10 and +15 volts with respect to

the cathode. In the new desi gn , voltages of +15 and +100 volts may

be applied to the drawout grids. In addition , a virtual cathode

grid and a second ground plate have also been installed. Electrons

emitted from the cathode are drawn away from the cathode by the

first two grids. The electrons are decelerated to the cathode

potential by the virtual cathode , which is at the same voltage

as the cathode , and the final electron energy is developed between

the virtua l cathode and the ground plate . In addition to instal-

ling the two new grids , the electron gun power supplies were mod-

ified to supply the increased drawout voltages.

A light baffle was installed to decrease the noise counts

contributed by the cathodes and the scattered radiation from the

upper electron gun . The light baffle consists of a black anodized
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aluminum plate with two apertures aligned with the electron beams.

The solid angle of the apertures is slightly larger than the solid

angle of the electron beams intercepted by the collimating lens

of the optical detection system.

Preliminary data indicates that the current in the upper

electron gun has increased from a typical value of 50 pa to at

least 250 pa (see Figure 30 of the direct excitation function of

He (3889A) taken in the modified system with a current 350 micro--

amperes). This illustrates a factor of seven improvement in

current  over the former design.

Although the second gun is also capabl e of the same current ,

some limitation may be imposed by the necessity of fully modula-

ting the second electron gun. Therefore the final improvement in

signal strength resulting from modify ing the electron guns will

be a factor lying between 5 and 25. The light baffle has reduced

the noise counts to approximately 50% of their previous va lue of

50 counts /sec., so that the net improvement in the signal-to-

noise ratio is at least a factor of ten.

5. LINEARITY TESTS AND SOURCES OF MISINTERPRETAT ION

Measurement of cross sections from long-lived excited states

of an atom involves measuring a signal which is about six orders

of magnitude smaller than signa~s resulting from direct electron

impact on an atom in the ground state. This is because the pro-

duction efficiency for the metastable target species is poor for

conditions where the target number density can be determi ned from
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its creation rate. Therefore instrumentation must be used which

has the capability of discriminating against signals larger than

or of comparable size to the desired signal. Direct cross sections

of ground state atoms and molecules which are compatible wi th

vacuum elec tronics can be measured with comparative ease. However ,

in the range between these signals and signals which are six orders

of magnitude smaller , many effects manifest themselves with the con-

ventional electron guns used to perform cross section measurements .

Some of these effects can completely mask the desired signals. The

cumulative cross section technique involves the use of two electron

guns (one of which is current modulated) and the measurement of

coupled modulated signal produced from stepwise excitation from

the two guns. Therefore any other source of modulated signal will

limi t the ability to obtain tr~~cumulative data.

Some sources of spurious modulated signa l are (i) the energy

spread of the electron beam folded with the direct excitation

cross section , (2) direct population of the observed upper level

outside the Faraday cage, leading to scattered radiation picked

up by the detection system, (3) modulation of the potential shift

in the unmodulated gun arising from introduction of ions , and (4)

inadequate chopping of current in the modulated gun , leaving a

weak beam of higher energy electrons during the “off’ half-cycle

of the electron beam.

It is believed that all of these effects have been observed

to some degree in the electron guns before the addition of the
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virtual cathode. The grid voltages and the accelerating voltage

for which these spurious signals appeared were identified , allow-

ing for a study of cumulative excitation without ambiguous results .

Since the addition of the virtual cathodes and the resulting in-

crease in current might alter the onset potentials of these un-

desirabl e effects, recent experimental work has been conducted

with attention given to identifying these sources of modulated

signal. Figure 31 is a relative excitation function of the helium

3889~ line , taken under typical operating conditions but at modest

sensitivity . This curve and other excitation functions presented

here are uncorrected for the change in electron current with electron

energy, nor are they corrected for potential shift.

Figure 32 gives the response of current as a function of ac-

celerating voltage. When operating the system with only modest

sensitivity , the excitation function in Figure 31 shows no abnormal

features which might be attributed to any of the four sources of

spurious in—phase signal mentioned above. Figure 33 is the same

transition as in Figure 31 in helium monitored under similar con-

ditions but with three orders of magnitude increase in sensitivity .

This is achieved by increasing the pressure in the gas reservoir,

the slit width on the monochromator , and the integration time of

the detection system. The three peaks between 24 and 25 eV come

about from auto—ranging of the counter , as the count rate goes

from 102/per second up to 105/per second. Below the onset of

direct excitation at 24 eV (uncorrected for potential shift) there

-65- 
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appears a very weak in-phase signa l beginning at about 22 eV. The

metastable source gun was not operating, but this weak signal could

be cumulative excitation from metastables produced when the electron

beam energy exceeded 19.8 eV. On the other hand , it could be

l’s -‘- 33P excitation observable from the high energy tail of the

electron beam. The threshold for direct excitation becomes ambig-

uous when examined with high sensitivity due to the distribution

of electron energies in the electron beam. Another possibility is

illuminated by Figure 34. While the accelerating voltage , Vacc
is developed between the virtual cathode and the last grid , the

collector voltage, Vc~ 
is applied with respect to ground , so that

the total electron energy beyond the Faraday cage is (Vacc + Vc)~
Since this region is not in the viewing area of the detection

system, ordinarily the effect of the added accelerating voltage

would not be observable. But if even a minute fraction of radia--

tion from the region between the Faraday cage and the collector

made its way through optical reflection into the detection system,

true cumulative data would be compromised.

Figure 35 is the He 3889$~ transition monitored at a sensi-

tivity similar to Figure 33, but with collector voltage set at

eleven volts . In-phase signal now appears at 20 eV. This si gnal

was el iminated by reducing the monochromator slit height to 3 mm

and by lowering the collector voltage to 4 volts . Reducing the

slit height was also beneficial in l owering noise counts from the
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cathode. Fi gure 36 shows the 3889A transition following these

measures.

6. SINGLE BEAM EXPERIMENT

Succeeding work with the crossed beam system yielded data on

the cross sections from the helium 23S state to severa l upper states.

The most reliable measurements have been inferred from the cumula-

tive counts from a single electron beam in a very limited energy

range , however , as opposed to the data arising from metastable ex-

citation in the first electron beam and subsequent excitation to

upper levels in the second electron beam.

Wi th a single electron beam the experiment proceeds as fol-

lows : An electron beam orthogonally intersects an atomic helium

beam exiting from a capil lary array . The current of the - electron

beam is 100% modulated , and the energy of the electron beam is

swept , in the case of helium , from 15 eV to 30 eV . When the

electron beam energy exceeds 19.8 eV , nietastab le atoms in the

2 3S level are created , and above 20.6 eV , metastable atoms in both

the 23S and 2’S levels are created. The 2’S population does not

exceed 25% of the total metastable density at low energy (Rolt
3 1

and Krotkov , 1966), and population of the tr ip le t sch eme fr om

the 2’S level involves electron exchange. For these reasons , and

to enable comparison to theory , the data in all cases is inter-

preted to result from excitation of the 2’S level , even though

the experiment with a single electron beam does not exclude

2’S ÷ n 31 excitat ion. If the metastable atoms suffer an electron

-71- 
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collision before exiting the interaction region , they may be

further excited to an optically allowed level , n ’l. Thus , radia-

tion from n 3 1 leve ls may be observed above the threshold for ex-

citing the 2’S level , but below the threshold for direct excita-

tion of the n 31 levels. Figure 37 is an apparent excitation func-

tion for the hel i um 4471A (4’D -+ 23 P) transition. The excitation

function is observed over seven decades of dynamic range. One

thousand counts have been added to the data so that negative (noise)

counts could be represented. The threshold for direct excitation

to the 4’D l evel is 23.7 eV. The energy distribution of the electron

beam causes the direct excitation process to be observed with an

apparent threshold of 23.0 eV. Below 23.0 eV however , there exists

a plateau in the signal which cannot be attribut ed to the high

energy tail of the electron beam. This si gnal arises from the fol-

lowing two—step process: a helium atom suffers a collision with

an electron with a given energy, eV ,. The atom is excited to the

2’S level. The radiative lifetime of this level is very long
32

(2.5 x 1O~ sec., Griem , 1969), so that until the metastable atom

drifts out of the electron beam it is subject to the probability

of further collisions with electrons with energy eV 1. If this

second event occurs , the observat1 on of decay radiation from the

4’D state gives a signal which is related to the apparent cross

F section 
~rnk for exciting an atom in the level m = 2~S to the level

k = 43D by an electron with energy eV. The relationship of this

signal to the cross section is given by

- 74-
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22
~
Bki

where , in the numerator , I~ is the two-step signal measured at

eV, = 21.5 eV , 
~~ 

is the line cross section for the k to i trans-

ition , I(eV 2) is the current when the direct signal cl ki is measured ,

is the average velocity of the rnetastable atoms , A is the exit

area for the metastable atoms , and e is the charge on an electron .

In the denominator , I ki is the signal produced from exciting the

ground state to the level k, measured at eV 2 30 eV , 
~rn 

is the

apparent cross section for exciting the metastable level , I(eV,)

is the current when the two-step signal is measured , 9. is the

interaction length of the electrons and Bki is the branching ratio

for the k to i transition. This method uses the decay radiation

from the direct processes as a standard , and thus the pressure and

detector sensitivity normalize to unity . Measurements by Borst

(1974 )
28  

and Holt and Krotkov were used to estimate urn’ and va l ues

of 
~ki 

were taken from the compilation by Kieffer (1969).

Two-step apparent cross sections obtained in this way are

given in Table 2. Also listed , for comparison , are the theoretical

apparent cross sections. These apparent cross sections were con-

structed from Born approximation calculations of Ton That et al.
12

(1977) by including cascade contributions from n ’l levels up

to n = 5, 1 = 3. The experimental data yields cross sections

three to five times larger than the Born apparent cross sections.

_ _  _ _ _ _
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The data for the 3’P, 3’S, 43S and 43D measurements show scatter

F ranging from 18% in the case of the 43D measurement to 60% in the

case of the 435 measurement. The signal-to-no ise ratio for the

3’D measurement was considerably better. The value quoted for

the apparent 33D cross section is an average of five different

runs whose standard deviation is 23%.

The second way to observe two-step signal is to use two par-

allel electron beams perpendicular to and sequentially intersecting

an atomic helium beam. The first electron beam has an accelerating

voltage only sufficient to excite the 2’S level , but not higher

levels directly. Metastable atoms thus produced in the bear ; are

intersected by the second electron beam , where they may be excited

to upper n ’l levels with impact energies as low as 3 eV. Sweeping

the energy of the second electron gun from 3 eV to 19.8 eV produces

an excitation function of the apparent 2’S -‘- n~1 cross section.

However , the target density in the second electron beam , composed

of metastables created in the first electron beam , cannot be deter-

mined precisely. The excitation function may be placed on an ab-

solute scale by normalizing the excitation function at 19 eV with

the absolute two-step cross section obtained from the single beam

experiment at 21.5 eV. Using this procedure , the absolute apparent

excitation cross sections for the 2’S -
~
- 3’P and 2’S -~ 33D transi-

tions were obtained in the energy range from 7 eV to 19 eV. Below

7 eV the electron beam current was insufficient to yield a reliable ,

measurable signal. Figure 38 shows the data points for the

~78..
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2’S -~ 3’P excitation. Each data point represents the average of

eight 1000 second integration periods. Also shown in Figure 38

are the level 23S -
~
- 3’P cross sections calculated by Flannery et

2 9
al . using the VPS and the Born approximations and Flannery and

3 0
McCann using the Eikonal treatment. Noise in the experimental

data makes detailed comparison to the shapes difficult. Figure

39 gives the same results for the 2’S -*- 3’D transition. As a re-

sult of a much stronger two-step signal , this experimental excitation

function is more favorable for comparison. The excitation func-

tion appears to decrease gradually after a maximum close to thres-

hold. The shape of the excitation function compares best to the

Eikonal treatment. The disagreement in shape for Mityureva and
5

Penkin ’s data and the present experiment (the latter being favored

by the available theory) cannot be explained . Also at variance

with present results and theory is the observation by Mityureva

and Penkin that the lines which undergo the most intensive step-

wise excitation are the strongest lines of the direct excitation

spectrum. Our experiments indicate that the ‘D levels have the

largest cross section from the 2’S levels. While errors due to

the calibration procedure affect the absolute scale of the cross

sections , these errors do not affect the relative values of the

observed two-step cross sections.

These results for the excitation of the upper hel i um states

from the metastable state are much different from the distribution

that would result from their direct excitation from the ground

- 79-
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state. These results are therefore also in general accord with the

recent theoretical predictions for electronic excitation of the

metastables at lower electron energies.
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SECTION V

EXCITATION OF KRYPTON BY SINGLE ELECTRON IMPACT

1. BACKGROUND

A considerable wealth of knowledge has been amassed regarding

transitions from the ground state to upper electronic levels ,

represented in Figure 40 by process number two. Of the rare gases ,

the lightest elements , particularly helium , have received by far

the most attention , so that there exist gaps in the literature for

electron impact cross sections of krypton and xenon. The primary

objective of this research effort is to measure cross sections of

the third type in Figure 40. In this experiment the first two

types of cross sections are used to calibrate signals from the

- - 
— 

- - third type. Cross sections to the metastable leve l provide an

estimate of the metastable number density created by an electron

beam. The decay radiation resulting from excitation of ground

state atoms whose cross sections are known is used as a standard

for photons arising from excitation from the metastable level ,

for which the cross section is to be measured . Therefore , cross

sections from the ground state to optically allowed levels in

krypton were measured using the optical technique. This is a re-

sult of the lack of ground state cross sections in krypton and

the requirement for this data to eva l uate metastable cross sec-

tion pheonomena.
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2. RESULTS

The most prominent transitions in the range of the detection

system arise from excitation of the 5p levels (Figure 41). These

yield radiation which is in the 7000A to 9000A range . The strongest

6s to 5p and 4d to 5p lines are too far into the infrared to be

measurable.
3 3

In 1967 , P .V. Fe l ’ tsan publ i she d a paper i n the U k r a n i a n

Journal of Physics which contained an experimental determination

of 33 of the major optical cross sections in krypton. Fel ’ tsan ’ s

work did not find itself in any of the recent review articles on

cross sections , and this is part of the reason krypton was inves-

tigated again. Figure 42 shows the excitation functions of severa l

transitions as determined by Fel’tsan. The excitation functions

in genera l have a peak close to 20 eV. Figures 43 and 44 show

corresponding excitation functions measured in our experiment.

These are unretouched products of the data acquisi tion system ,

uncorrected for a 1.5 volt potential shift in the accelerating

vo l tage, but not subject to errors in current and pressure changes ,

nor subject to detector non linearit ies. The spike near onset

shows where the exponent of the data changes from the 100’ s range

to the thousands range. These excitation functions , as well as

the following ones from this experiment , are not normalized to

each other. The functions are taken at a constant pressure and

are electronically corrected for the change in electron beam

current as a function of accelerating voltage. The excitation

-85-
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r T  ~
function then gives the true change in the optical cross section,

as a function of the electron bombarding energy. The relative

val ues of the optical cross sections measured are presented in

Table 3.

These two curves are for prominent 5p1 to 5~ l transitions.

The shapes of these two excitation functions are in good agreement

with those of Fel ’tsan.

Figures 45 and 46 show two 5p 1 to 5s ’ optical excitation

functions. These similarly agree nicely with Fel ’ tsan ’ s data .

Figures 47 through 50 show four of the largest excitation

functions observable in the spectra l range of the photomultiplier

tube. These ari se from 5p to 5s transitions. Noteworthy here

is the shape of the excitation function for the 8298A line (Figure

48). There is considerable disagreement between this excitation

function and the one observed by Fel ’tsan , seen in Figure 51.

FeI’tsan observed several optical excitation functions lines

to have two maxima , one around 20 eV and the second around 50 eV.

We did not observe the second maximum for the corresponding transi-

tions which we studied. Note here that both transitions out of

the 5p[3/2] 1 level were observed by Fel ’ tsan to have two maxima .
0 0

These transitions are the 8298A line and the 7694A line. There

are severa l possible ways in which observation of this second

maximum might come about. Fel ’ tsan suggests that the excitation

process is an electron-ion dissociative recombination process.

That is , an electron impacts on a molecular krypton ion which

then dissociates to an excited krypton atom and a neutral krypton

atom.
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A second possibility is cascade radiation from upper levels.

Figures 52 and 53 are excitation functions measured in this exper-

iment showing an s-to-p and a d-to-p transition.

The 7s[3/2] + 5p[3/2]2 7982A line (Figure 52) does have a

secondary maximum at 50 eV , and the 5d[1/2J 7913A line (Figure 53)

exhibits an almost level excitation function . These are not the

lowest lying s and d states which can cascade into the p states,

so that a significant cascade contribution may be expected. How-

ever , cascade does not explain the disagreement between this work

and Fel’tsan ’s.

A third possibility is that included in the spectral band-

pass employed by Fel ’tsan were nearby krypton ion lines. It is

expected that the cross section of a krypton atom which is simul-

taneously ionized and excited would have a peak at higher energies.

Just such a circumstance accounts for the optical excitation func-

tion observed when trying to measure the atomic krypton 4812A line

(Figure 54). The second maximum at 45 eV is more than an order

of magnitude larger than the maximum for the atomic excitation at

20 eV. But recall that both transitions from the 5p[3/2]~ state

were observed to have the double peak. This is consistent with a

true excitation phenomenon associated with the 5p[3/2]1 state.

When an attempt was made to measure the 8298A transition as

a function of the pressure , it was found that the portion of the

excitation function above 30 eV did indeed rise with respect to

- 98 - 
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the maximum at 20 eV. Fel ’tsan’s excitation function was not re-

produced exactly however.

Table 3 shows a listing of the most prominent transitions
0 0

between 5500A and 9000A in the order of strength. Comparing to

the 1967 paper,(Table 4), good agreement is observed except for
0 0

the 8929A line and the 8777A line. These two are near the edge

of the spectra l range of our photomul ti pl ier , and consequently

are subject to greater error.

3. CALIBRATION OF THE OPTICAL DETECTION SYSTEM

The optical detection system for the crossed beam experiment

is comprised of a quartz lens , a quarter-meter Jarrell Ash mono-

chrometor, and an RCA type 31034A photomul tiplier table , in addi-

tion to cut-off and band-pass filters which may be used in some

configurations. Since the transmission of the optics and the

efficiency of the monochrometor and photomu ltiplier tube are wave-

length dependent, the spectral sensitivity of the detection system

is wave-length dependent. In order to analyze the true relative

intensity of the lines in a selected spectrum, and in order to ob-

tain a more-nearly exact knowledge of the electron impact excita-

tion efficiency, the spectral sensitivity must be removed from

the raw spectral data obtained with the crossed beam experiment.

The spectral sensitivity may be measured by comparing the photon

flux from a tungsten ribbon-filament standard lamp to the count

rate from the photomultipl ier tube. The spectral sensitivity ,

S( A ) , is related to the stan dard lam p flux , ‘s and the detector

- 101- 
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TABLE 3

RELATIVE INTENSITY OF KRYPTON LINES
AT 20 eV (THIS EXPERIMENT)

UPPER LOWER RELATIVE
A (A) LEVEL LEVEL INTENSITY

8112 5p[5/2)3 55(3/2)2 1.02 x 1O~
7601 5p(3/2)2 55[3/2]2 4.98 x 10’

8929 5p(I/2]i 55(3/2)2 4.89 x 10’

8776 5p(5/2]2 5s[3/2]1 4.87 x 10’

8263 5p ’[3/2]2 5s ’[1/2]~ 4.03 x 10’

8298 5p[3/2]i 5s(3/2] 3.7 x 10’

8104 5p[5/2)2 5s[3/2)z 3.69 x 10’

7587 5p(1/2]o 5s[3/2]i 3.4 x 10’

7685 5p’(1/2)o 5s~[1/2)~ 1.66 x 10’

7854 5p’[1/2]~ 5s’[1/2]o 1.35 x 10’

8190 5p[3/2)2 5s[3/2)1 1.34 x 10’

8508 5p ’(3/2]1 5s[1/2]~ 1.31 x 10’

8059 5p 1(3/2]1 5s ’(1/2], 1.25 x 10’

8281 5p ’[1/2]1 5s 1[1/2) 8.63 x

7694 5p [3/2]i 5s[3/2]z 6.62 x

6456 6d(3/2]~ 5p[5/2]3 5.6 x iO~

5871 5p’[3/2)2 5s[3/2] 1 3.5 x iO~

7928 5d[7/2)3 5p[3/2)2 3.16 x 10~

7982 7s[3/2]2 5p(3/2]2 3.0 x iO~

6415 6e[3/2)3 Sp[5/2]3 2.96 x iO~
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TABLE 3

RELATIVE INTENSITY OF KRYPTON LINES
AT 20 eV (THIS EXPERIMENT ) (Con t’d )

UPPER LOWER RELATIVE
A (A) LEVEL LEVEL I NTENSIT Y

5827 7d[7/2)~ 5p(5/2]3 2.8 x io~

27
32

7486 75(3/2)2 5p [5/2)3 2.5 x iO~

8132 5d95/2)3 5p ’[3/212 2.46 x iO~

6012 9s(3/2]2 5p[3/2)2 2.25 x i0~
6d(3/2]2 5p[1/2]i 2.25 x iO~

7746 5d[1/2]0 5p[1/2)1 2.25 x

7913 5d(1/2]1 5p[1/2]1 2.2 x iO~

5500 7d(1/231 5p[1/2]~

5504 7d[1/2)0 5p [5/2]2 2.17 x io~
5p[1/2]2

7224 5d[3/2]2 5p[1/2]i 2.16 x iO~

5490 7d[3/2)2 5p[1/2]i 1.87 x io~
6652 6d[5/2]2 5p[3/2]1 1.85 x iO~

5516 6p[3/2]~ 5s ’{1/2] ~
5520 8d[7/2]~ 5p[5/2]3 1.8 x i0~

6813 6d(3/2]2 5p[3/2)2 1.72 x io~
7425 7s[3/2)~ 5p[5/2]2 1.69 x

6056 6d[1/2)1 5p(1/2)1 1.65 x

404 -
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TABLE 3

RELATIVE INTENSITY OF KRYPT ON LINES
AT 20 eV (THIS EXP ERIMENT ) (Con t’d )

UPPER LOWER RELATIVE
A(A) LEVEL LEVEL INTENSITY

6236 8s(3/2]2 5p(5/2]3 1.5 x iO~
6035 7d[5/2] 5p(3/2]2 1.2 x iO~
6699 6d(5/2]3 5p(3/2)2 1.14 x iO~
6082 6d(1/2]0 5p(1/2]~ 1.1 x iO~
6151 7d(3/2]2 5p(3/2]2 1.0 X iO~
6373 6d(5/2)2 5p(7/2)2 9.5 x 102

7993 5d’[3/2]1 5p’(3/2]1 8.48 x 102

— 105—
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TABLE 4

FEL ’TSAN DATA

EXCITATION FUNCTION 2 19
A(A) MAXIMUM , eV umax 1cm x 10

8929 18.5 184.6
8777 20.0 166.2
9752 18.0 132.0
8112 20.0 111.3
8298 20.5, 48-50 110.0
8263 21.0 103.5
7601 20.0 92.9
7587 20.0, 60-65 86.5
8190 20.0 69.4
8104 20.0 55.8
8509 20.0 49.6
9362/52 18.5 36.0
7685 20.5, 48-52 31.0
8059 19.0 30.2
7854 20.5 28.8
8281 20.5 22.1
7694 20.5, 49 52 15.9
5871 21.0 4.9
7425 90-100 3.0
7806 80-90 2.7
5570 20.5 1.6

-106- 
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count rate •~ by the following equation:

Os1 
= I

~1 ~‘A~1~515o (A) (37)

where •~ photons per second sterdian per m2 of ribbon area. The

spectral sensitivity is defined to include lens and filter trans-

mission factors. - 
- -

The count rate from the vacuum chamber, O.~~, which is propor-

tional to the desired quantity , the optical cross section Q~~
, is

related to the photon flux from the chamber, F1~ (c~) by an equation

wh ich also conta ins the spectral sens iti vity.

= F~~(c2) 5(A) (38)

where is in counts per second and F
~~
(
~
) is the portion of the

total photon flux intercepted by the collecting lens. The total

photon flux , F1,~, is related to the cross section by:

I
= NQ~~ x —~ - (39)

and F1~ = .~!L F1~(~2) . (40)

The cross section can therefore be obtained by:

47rFi.(fl)e -

= 12NtiX
~e 

- (41)
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or

4’Tr$ ..e

~~ ~
S(X

~
Nt
~~e 

(42)

If it were possible to measure all the quantities appearing in

Equa tions (37) and (42 ) at the same time, the cross section equation

cou ld be useful ly ex pressed as follows :

4rre l t~AA c~ o..
A — S1 Si 5 i 13 43- 

t~Nt4.x 1e1s

This is the general formula for the crossed beam experiment. How-

ever , the photomultiplier cooling lines are too rigid when in ser-

vice to allow the standard lamp flux to be immediately compared to

each transition intensity , since this entails moving the monochroma-

tor. Therefore S(A) is measured over the desired specral region

and plotted for later use. Then the quantities in Equation (43) are

measured under appropriate conditions wi th the detection system

aligned on the electron beams. To determine the infl uence of un-

known , unmeasure d parame ters on the ex per iment, repeatability must

be established by measuring the quantities described in Equations

(37) and (43) several times.

Figure 55 shows the ra di ance of the stan dar d lam p over the

desired spectral region. This data was suppl ied by the Eppley

Company for standard lamp serial number 7430-8.
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FIGURE 56 — Spectral sensitivity of the optical
detection system
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1Figure 56 gives the result of one set of measurements for

S(A). The dip in sensitivity around 7000A is due to the photo-

multiplier response. The cut-on Is established by the long pass

filter used to eliminate second order transmission below 4500A .
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