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ABSTRACT

Thls thesis 1s concerned with the velocity distribu-
tlon 1n a beam of metastable atoms produced from ground state
atoms by electron impact excitation. A relation between the
veloclty distribution functions in the ground state and
metastable beams is derived, assuming that the electron
beam i1s well collimated and monoenergetic, and that the
scattering of the electrons by the atoms is isotropic.

In the case where the ground state beam is well col-
limated and has a Maxwellian velocity distribution, it is
shown that a measured distribution in the resulting meta-
stable beam should be distinctly non-Maxwellian. In gen-
eral, 1t 1s characterized by two peaks and by the existence
of sharp cutoff velocitles which are themselves very sensi-
tive functions of the alignment of the ground state and
electiron beams, the position of the metastable detector,
and the energy of the incldent electrons. Collimation of
the ground state and of the metastable beams also strongly
affects the distribution. A simple experiment is deseribed
which verifies these effects in a helium 295 beam.

For the case where the ground state gas enters the
electron beam isotropically, the double peaked structure

disappears. However, the metastable velocity distribution

xi



may still deviate significantly from that of the ground

state gas.

Extension of the calculations shows that non-isotroplc
electron scattering may affect the metastable veloclty dis-
tribution strongly. A simple parametrlzation 1s derived to

compare the distributions for different gases and/or differ=-

ent excited states.

Several experiments in which such distorted veloclty

distributions can introduce systematic errors are brlefly

discussed.,

x11



CHAPTER 1
INTRODUCTION

There are many atomic physics experiments utilizing
beams of metastable atoms or molecules in which the meta-
stables are produced by electron bombardment of ground
state specles, e.g., fine and hyperfine structure measure=-
ments on 225% hydrogen (Lamb, 1950; Heberle, 1956; Robiscoe,
1965, 1968; shyn, 1969), measurements of electron impact ex-
cltatlon of n=2 states in helium (Holt, 1966; Vriens, 1968),
excitation of metastable H(28) atoms by electron impact
(Stebbings, 1960), time-of-flight studies of repulsive molec-
ular states (Leventhal, 1967; Freund, 1967; Clampitt, 1969),
analysis of the kinetic properties of single and multi-
component gases (French, 1967; Crosby, 1969), and measure-
ments of lifetimes of excited molecular states (Freund, 1969).
Frequently, the veloclty distribution of the metastable par-
ticles enters explicitly into the analysis of such experi-
ments. It is surprising, therefore, that very little has
been reported on the actual form of the velocity distribu~
tlon to be expected from the common experimental arrangement
in which ground state particles in a collimated beam are ex=-

clted by a transverse beam of electrons., It is the purpose



of thlis thesls to investligate theoretically and experimen-
tally the relationshlp between the velocity distributions
of the ground state and exclted atoms in such an experiment,
ldentifying the varlous parameters which must be controlled
in order to produce a metastable beam with a predictable
velocity distribution.

The thesis is organized as follows. First, the kine-
matices of the electron-atom collision process is discussed
and the relation between the veloclty distribution functions
of the ground state and metastable atoms 18 determined; the
results obtained are applied to several configurations which
approximate common experimental arrangements. The use of
the time-of-flight technique for measurement of veloclty
digtributions is then considered and two systematic effects
In guch a measurement are discussed. Next, a simple crossed
beam experiment 1s described which 1s designed to check var-
lous aspects of the calculations. The work is concluded
with some remarks on the effects of various factors previ-
ously neglected in the analyslis, and with a discussion of
geveral actual experiments to which the present work is

applicable,



CHAPTER 2
THE KINEMATICS OF THE PROBLEM

For purposes of this thesis, an "apparatus" shall be
defined by the followlng:
1) a source of ground state atoms. The veloclty
distribution of these atoms may be isotrople,
as within a Maxwelllan gas in a large container,
or may be highly directional, as in a colllmated
beam;
11) a perfectly collimated monoenergetlc beam of
electrons;
ii1) a detector for the metastable atoms. This will
generally be assumed to subtend some given solid
angle at the interaction region of the atoms and
electrons., The solid angle may result from the
physical size of the detector itself, or from
collimation of the beam of metastable atoms after
it leaves the electron beam.
For purposes of analysis, the three beams may be de-
soribed in terms of the veloclty distribution function £(J)
of the ground state atoms, the collimation of the ground

state beam, the veloclity Ub of the incident electrons, the



velocity distribution functlon g(V) of the metastable atoms,
and the solid angle L, , of the detector. The object of
the analysis is to relate the distribution functlons f(?o)

and g(¥), taking into account the effects of beam collima-

tion.

2,1 The Elementary Contributing Event: The Collision of an

Atom and an Electron

Fundamental to the entire analysis is a description of
the inelastic collision of pairs of particles, as viewed in
a laboratory frame of reference. Problems of this nature
have been considered in detail by physical chemists for the
purpose of analyzing reactive scattering experiments
(Toenniea, 1967; Warnock, 1968). The most extensive dis-
cussion to date of electron-atom collision kinematics 1s
that of Rubin et al.(1969).

The principal features of the relationship between the
veloclties of a ground state atom and of the metastable atom
produced from i1t can be obtained by applylng the laws of
conservation of momentum and energy for the two particle
(electron-atom) collision., Consider the collision, as seen
in a laboratory-based coordinate system, of a ground state
atom (velocity ¥,) and an electron (veloclty Ugy)s Let the
laboratory velocities of the two particles after the col-
1ision be ¥ and u, respectively, and denote thelr respective
masses by M and m, For convenlence, all magses will be nor-

malized with respect to the mass of the atom. In these units



the atomic mass is unity; the normalized electron mass will

be indicated by the quantity

m
}*.; ._':‘_\. (201)

This normalization makes the atomic veloclty and momentum
identical; for the atom, therefore, velocity and momentum
diagrams are "equivalent",

In the above unlts, the total normalized momentum of

the system is glven by

Q°+Pﬁ°-l2 (1*}!):W (2.2)

where W represents the veloclity of the center of mags of the

two particle system in the laboratory frame of reference.
Denoting quantities in the center of mass (CM) systenm

by upper case letters, the two particles have incoming veloc-

lties given by

V=7, -W
= M- (3,-G,) (2.3)
lep

and

U,=3

£,

Top (ug-vy) (2.4)

Taking v, and U, as the particles' velocitles at large

separations, the energy avallable to excite the atom to a



metastable state 1s the kinetic energy in the CM frame

Ecn (Ug,%,) = '!2,' Mvoz ‘% m i
2
.M .-G a.-v.)
ey [Zﬁ;:); (Vo Ug) + zﬁ:)_l (uo Vo)}
M TV
= .z . ﬁc(uo-vo) (2.5)

i,e., one half of the reduced mass times the square of the

relative velocity.

Agsume that the atom 1s excited directly to its meta-
gtable state by the electron, so that energy o equal to the
excitation energy of the metastable level is "absorbed" by
the atom. Then, after excitation, when the electron and the
metastable are at large separations, the total kinetic energy

in the CM frame is

AE (3, %)= Ep (Gy,%) - E¥ (2.6)

To relate the velocities of the particles in the CM
frame after the collision (quantities without subsecripts),

the laws of conservation of momentum

—\7=-)uﬁ (2.7)

and of energy

_ M (44 y? (2.8)



are again utilized., From this last relation, the speed of

the outgoing metastable in the CM frame 1s given by

V -\/M(i AE(ahvo) (2.9)

An alternative derivation of this result 1s given in Appen-
dix I,

It is noted explicltly that the dlirection in which the
outgoing metastable travels 1s not determined by the conser-
vation laws; only the magnitude 1e fixed, so that, in veloc-
ity space, the vector V can terminate anywhere on a complete
spherical surface of radius V (the center of the sphere 1is
located at the tip of the center of mass velocity vector, W).
Statistically, the probability that the vector V will ter-
minate within a given element of solid angle,dw, on the
gsphere is determined by the inelastlic differential scatter-

" do*
ing cross section, ey

s for the excltatlion process. Once
the direction of V is specified, however, the velocity, ¥,
of the metastable in the laboratory system is found by the
transformation
"zV«tW (2.10)

The relationship between the normalized variables for the
excitation process is indicated in Figure 2.1.

The above results show that, in an experiment utiliz-
ing very narrow, perfectly collimated, monoenergetic elec-

tron and ground state atom beams, the velocity distribution

of the metastables i1s not only spread over a range of speeds,



Figure 2.1 Normalized momenta used for
discussion of electron-atom collision. In the
laboratory system, the incoming atom and electron
momenta are Vo and uu,, respectively. The same
gymbols without subsoripts denote the momenta of
the outgoing particles; the same quantltles
caplitalized represent the momenta within the
center of mass system. The motlon of the center
of mass itself is denoted by W. The total
momentum of the system is (.



but is also spread over a flinite solid angle., Consequently,
if any collimation is imposed on the beam after excitation,
the distribution of metastable speeds which 1s observed at
the detector will be altered, unlike, for example, the case
of a beam formed by ideal effusion from a reservolr contaln-
ing a Maxwellian gas, To assess the severity of such effects,
1% is useful to consider the observed distribution of par-
ticle speeds in two limlting cases.

Case I: no post=-collimation

In this case, all of the metastables are assumed 1o be
detected; the expected distribution of particle speeds can
be easily ascertained with the help of Figure 2.2. If the
metagtables are uniformly distributed over the surface of
the gphere (pure g-wave geattering), the fraction of meta-

gtables having speeds within dv of v is glven by

Pivydy = Z’;V;}"f dl (2.11)
i e
However
d1-Vdg (2.12)
dy = sing dL (2.13)

and from the law of sines

W o

mm—

sin A i sin §

(2.14)

Combining these results leads to

Pmdwz-%w dv (2.15)
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Figure 2.2 Vector dlagram showing vari-
ables used in determining velocity distribution
when all metastables are detected.
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Thus the distribution of particle speeds P(v) is glven by

the linear relation

v
,\J—\]lé‘vé'VJ+\r
Pwv) = v (2.16)
0 all other values of v

This result is true regardless of the relative magnitudes of

W and V; 1t can easily be shown that W 2 V provided that

TR A ) v, \* e¥
Ut Vo X =2 /5 {(1-}*)(#%) *E } (2.17)
A value of W < V merely states that the velocity vectors of
the metastable particles are spread over 4n solid angle and
that the speed 1s a single valued function of angle; W > V,
on the other hand, implies that the vectors are spread over

a solid angle less than 27 and that the speed is double

valued,

Cage II: very narrow post-collimation

In this case 1t 1is assumed that only metastables in a
small element of solid angle di}det are observed, Refer-
ring to Figure 2,3, the only metastables which pass through
the collimation system are those with velocities Vv, and ?2,
corresponding to the two surface elements do(V) and da(¥,).
Of the total number of metastables produced, the fraction
which falls in such an element 1s given by

Pwidv= dﬁ{“"": j:\‘;’l’ (2.18)

However, the surface element do(v) is related to the element
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Figure 2.3 Vector diagram showling varl-
ables used in determining veloclty dlstributlon
when only metastables within a small solid angle
are detected,
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of solid angle, d'o'det. by

do@) leos Al
dﬂdet; vz" S (2.19)
80 that
Pwdv = 4 Vz ' \cosM J"O'det. (2,20)

Since it is difficult to relate dﬂdef_ to dedv in a simple
manner, the above expression will not be reduced to these
vaeriables. The important point to notice is that, for W > V,
the distribution in such an arrangement conslsts of meta=-
gtables with just two velocitles, the relative intensitles
being proportional to the square of the ratio of thelr speeds
(1f W<V, there will only be metastables of a single veloclty
contributing to the signal),

It is concluded, therefore, that the velocity distri-
bution of metastable particles which arises from initlally
collimated and monoenergetic ground state and electiron beams
will vary from linear (no post collimation) to one or two

delta functions (strong collimation).

2,2 Summation over Elementary Collisions: The General
Velocity Distribution Function is Determined
It is convenient at this time to introduce the approx-
imation that all terms of order of the electron~atom mass
ratio,}1(<.10'3), and of order of the atom-slectron speed
ratlo, v,/u, (normally <5 x 1073) are to be neglected rela-

tive to unity. The normalized momentum # and the center of
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mass veloolty W then become equal:

'\7°+)LG°EM':.W (2.21)
In addition, the radius, V, of the asphere becomes independ-

ent of Vo, and may be expressed in the simple form

V"‘}*uo ’i--? (2.22)

where E is the electron energy in the laboratory frame:

2
°

E=Zu (2.23)

Henceforth these approximations will always be assumed.

The results of the previous section show that meta-
stables arising from ground state atoms with a single veloc-
ity must have velocities which terminate on & sphere of ra-
dius V in veloclity space. Since this sphere is centered at
the tip of the center-of-mass veloclty vector, W, the sim-
plest representation of the (normalized) resulting velocity
distribution occurs in the center of mass system, where 1t

may be expressed
i
9@ = TN 6 (w-\) (2.24)

Here w is the magnitude of the velocity of the metastable in
the CM system, and s-wave scattering is assumed. The rela-
tion between CM variables (w) and those in the laboratory
system (¥) is .

-W

=V -Vo - pi, (2.25)

u
<!

w
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Suppose now that the ground state gas has an arbitrary

velocity distribution function, ¥(50), defined so that

fcfvo f@y -1 (2.26)

Upon excitation by electrons, atoms having velocities with-

in déV; of 30 will become metastables with the velocity dis-
tribution represented by the sphere of the previous section.
In addition, the number of metastables produced will be pro-
portional to the electron flux, % y to the density, nofﬁo)dsqo,
of ground state atoms in the interaction regionl, and to the
total metastable excitation cross section,cr*. Consequently,
the velocity distribution function of the metastable atoms,

9(¥), 1s glven to within geometrical factors by
o) - -, 4
g(v)z -é— n,o¥ {d vo{\(vo) mz S(W-V) (2.27)

where the 1lntegration 1s taken over the portion of ground
state velocity space which contributes to metastables wlth
velocity v, and s-wave scatterling has been assumed, as be-
fore,

To reduce this expression to usable form, 1t 1s neces-
sary to convert the delta function from CM variables (W) to

laboratory variables (v,). This 1s accomplished using the

1 Note that the denslity 1s the relevant quantity.
Therefore, when discussing excitation of a ground state beam
formed by effusion from a reservoir containing a Maxwelllan
gas, the quantity n.f@)d*V,  will be proportional to
ne v exp(-vl/a?) (where « is the most probable atomic veloc-
1ty in the reservoir), rather than to nevd exp(-vi/a®) ,
which actually represents the flux of atoms in the beam.
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relation

S(w-V) = 8 (¥o-Ve:) (2.28)

dw

dv,

i
where the quantities v,; are the solutions of wive; ) = V.
To determine w(v,), it 1s convenient first to re-

arrange the vectors in Equation 2.25 to define a vector B

which is constant for a given value of ¥ (see Figure 2,4)

e

B V-piy = W+ (2.29)

From this it immediately follows that

wchz+V:-ZBvocosa9 (2.30)

The roots, Vvgy, Of the expression w(vg)= V are then

Voz = BCOSS * ¢V2-stin2'3 (2.31)
If B«V, only v,, 18 physically meaningful. In addition, it
is found by differentiation of Equation 2.30 that

dw
dv,

where the carats indlcate unit vectors.

% -V (2.32)

After substituting thesge results in Equatlion 2.27, it
is found that the wvelocity distribution function, g(?), for
metastables arising from a ground state gas with velocity

distribution function-@(?o) is given by

- | nog—* - - o~ - -
S(V)z-‘-jé. mz ClsVo '(:(Vo) S(V Vof)"‘S(Vo Vo-) (2.33>

|%e-T1
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Figure 2.4 Diagram showling relationship between
vector variables and an imposed coordinate system, The
normalized momenta of the incoming atom and electron are
Vo and ui,, respectively., The vectors ¥ and W represent
the total and center of mass contribution to the momentum
of the outgoing metastable atom.
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or

' ¥* 2 - -
ed 251 fao Bl g (e
° No*

where the range of 1ntegration,ll° s 18 determinéd by the
degree of oollimation of the ground state gas beam. If B«<YV,
only the first term in the integral appears. A geometric
interpretation of the various factors occurring in the in-

tegrand of Equation 2,34 is glven in Appendix II.



CHAPTER 3

METASTABLE VELOCITY DISTRIBUTIONS ARISING
FROM MAXWELLIAN GROUND STATE GAS SOURCES

The relationship between the velocity dlstribution
function (V) of metastable atoms and the veloclty distribu-
tion function 4(?0) of the ground state atoms from whlch the
metastables are produced is given by Equation 2.34, In the
present chapter, the predictions of this result will be in-
vestigated for various degrees of collimation of the ground
state gas beam,

In evaluating Equation 2,34 it will be assumed that
the ground state beam 1s formed from a gas with a Maxwellian
distribution of velocities. Taking account of the normali-
zation condition of Equation 2.26, the appropriate form for
£(%,) 1s

4_ -Vez/dz

fGo- 73 e (3.1)

where o= %%I (k 18 Boltzmann's constant and T is the abso-

lute temperature of the gas). In this case, the veloclty

distribution function for the metastables may be written

2 2 2 2
~Voy [ Vo. [d
;VA 7B clw, o+ € - o- € V<B (3.2)

D-o ‘:‘ov\

gm=—é-
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The explicit form for this integral 1s glven by Equations
IIT.9 and III.1O0 of Appendix III,

3.1 Ground State Beam Well Collimated
Suppose that the ground state beam is confined to a
small solid angle dw,. The integral in Equation 3.2 then
degenerates to the Integrand 1ltself. From the geometric
arguments of Appendix II, the distribution function of the
metastables, §(¥), ie expected to have the following proper-
ties:
1) it 1s zero outside of two well defined cutoff
gpeeds, V,;
11) within the cutoffs, §(¥) is generally nonzero; it
becomes large near the limiting values of v;
111) the magnitudes of the cutoffs are very sensitive

functions of the observation angle ©.

3.,1.1 General Characteristics of the Metastable Velocity
Distribution in the Plane of the Incident Beams
Consider now the excitation of the metastable 275
state of helium (E¥=19.8 eV). Suppose that the detector is
located in the plane of the incoming beams (®=0°), Then,
for reasonable conditions of beam orientation and detector
position (see Section III.2 of Appendix III), the distribu-

tion function g(?) takes the form
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i 4 o e.v:. Id:v,,’- e.v.,‘. Ja*

ol o -

€4:¢\T “m“‘a-)l\]"-[ B oeen® 0)]” V. avey,

g = feo (3.3)
(@] otherwlse

where

Vog =V cos(@-@) "o sin®

: '}/Vl- [)Au‘,sinﬁ -V &in (§~9)T. (3.4)

and

Vy = [)uu,sini 1\]] csc(@-@) (3.5)

(see Appendix III). It i1s emphasized here that Equation 3.3
agssumes isotropic scattering of the electrons in the CM
frame,

Flgure 3.1 shows geveral distributions, taking the de-
tector angle © as the parameter (the numerical scale on

the ordinate represents the magnitude of (%’)zg(%) using

:)'\00'*
4 ndkae
1s used consistently throughout the thesis). All of the pre-

the arblitrary normalization =10. This same scaling

TLAualy wRntlanrd, manrehiag e LIRS, tha 3N USAWSs 5%
the cutoff positions 1s due to the cosecant factor in Equa-

tlon 3.5, It 1s interesting 1o notice how the distrlbutions
"ride over" the Maxwelllan distribution in the integrand

(actually, there is an additional factor of v2 since the ob-
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Figure 3.1 Metastable velocity distribu-
tions for 278 helium, with detector angle ® as
parameter, The ground state beam is assumed to
be perfectly collimated and to have a Maxwelllian
velocity distribution.
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servable quantity 1s proportional to vag(\"r); thls 1s why the
underlying "envelope" appears to peak closer to v/a =-\/-Z
than to via =1),

Flgure 3.2 indicates how the velocity distribution at
a fixed angle © varies with electron energy. The widening
of the distribution with increasing energy results from the
corresponding increase in the radius V of the cylindrical
envelope on which the metastable velocities terminate (see
Appendix II). Figure 3.3 shows that if the energy of the
electron is sufficiently large, the cutoffs may become gepa-
rated by enough so that the Maxwellian-like envelope men-
tioned in conjunction with Figure 3.1 can appear as a bump
within the distribution found for a slngle set of parameters,
The way in which the width of the distribution (cutoff sepa-
ration) depends on energy 1ls shown in Figure 3.4 for various

detector angles O,

3¢le2 The Integrated Metastable Ilrl’c.enrsi’c,y1

Flgure 3.5 indicates the variation of the total meta-
stable intensity (integral of the velocity distribution over
all velocities) with detector position O; the electron en-
ergy excess AE (energy above threshold) 1s the parameter
(see Section III.3 of Appendix III)., These curves indicate
& substantial nonuniform behavior for the metastable intens-
1ty pattern in the plane of the incoming beams, even though
the scattering is isotropic. Qualitatively, this can be

understood as follows,.

lIntenaities for @-4:0 are shown in the addendum, page 129,
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The cylindrical portion of metastable velocity space
which contalns the allowed metastable velocities (see Figure
II.1 of Appendix II) is composed of an infinity of spheres.,
Each sphere 1s weighted according to the ground state veloc-
ity distribution Q(Vo); the most populated portion of @(Vo)
1s mapped into a densely populated sphere in the metastable
gpace. For a glven increment of metastable speeds, the
greatest contributions to the metastable velocity distribu-
tion are made near the circumference of the cylinder. To
lowest order, therefore, 1t 1s reasonable to expect that the
total metastable Intensity will exhibit maxima near angles
®© determined by the points at which the most densely popu-
lated sphere 18 tangent to the cylindrical envelope. In
fact, thls argument predicts the positions of the bumps in
the curves of Figure 3.5 wlthin 20%, provided that the extra
factor v2 1s algo included, glving the most welght to atoms
with speeds roughly-JE times the most probable speed in the
ground state beanm,

Although the curves of Filgure 3.5 are normalized to
the same peak height, an estimate of the relative "average"
amplitudes can be made using an approximation suggested by
Zquation III.28 of Appendix III. There, since \‘;:‘OVI(G,§;O,V)
is finite, 1t appears reasonable to suppose that to lowest
order in V the quantity VI(G,@;O,V)/G’* is a function of O
and & only (the cross section is taken over from the right
slde since it 1s generally a strong functlon of the excess

energy, and hence of V). This should be a good assumption
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as long as V is resonably small, and as long as O (and & )
1s chosen in the range where the metastable Intensity in the
limit V—+0 has a representative value, e.g., in the vieinity
of the peak of the AE-0 curve. Since VCAE, the above

conditlion reduces to the approximation

VaE (1 (8,3;0,Y8E) /ctaE) = F (0,3) (3.6)

where (I) indlcates a representative intensity.,

This result may be given the following physical inter-
pretation. The total metastable production is proportional
to T¥, These metastables are spread over a cylinder in ve-
locity space which 1s characterized by & dihedral angle
roughly proportional to the radius V of the cylinder (see
Figure II.l of Appendix II)., If <I> 1s a representative in-
tensity of the metastables over this angular range, then the
total number of metastables is proportional to'VKl>. Di-

viding by 0¥ for normalization gives Equation 3,6,

3.1.3 Sensitivity of the Veloclty Distribution to Beam
Mlsalignments
One important objectlve of the present work is to

assesgs the effects of various misalignments on the veloclty
dlstribution of the metastable atoms. From Flgure 3,1 it is
seen that the velocity distribution is a very sensltive funce
tlon of detector angle @; this has already been explained in
terms of the cosecant factor in the equation for the cutoffs

(Equation 3.5). Because this factor also contains the angle



30

§, the distribution should show about the same sensitivity
to migalignment of the ground state beam. Thus, misallgn-
ment of elther the ground state beam or of the dstccicr will
introduce strong shifts in the metastable veloclty distribu-
tione

Since the argument of the cosecant is $-©, it 1s to
be expected that equal simultaneous errors in @ and & should
not produce a very large effect on the distribution (assum-
ing that sin®~ 1), Comparison of the veloclty distribu-
tions in Figure 3.6a with each other and with the E= 25 eV
curve of Flgure 3,2 shows that thls expectation is reason-
well subsgtantiated for angular errors up to + 10° centered
at §=90°. For very large total angular deviations, however,
the shape of the veloclty distribution 1s more distorted
(Figure 3.6b). Figure 3,7 shows that this distortion can
becomne extreme 1if the energy of the incident electrons is
sufficiently large.

It 1s worthy of note that equal simultaneous errors in
© and ® are equivalent to a migalignment of the electron
beam 1in the plane of the ground state beam and the detector.
It is therefore concluded that a small misalignment of the
electron beam in that plane wlll not affect the metastable
veloclity distribution nearly as seriously as an egual mis-
alignment of elther the ground state beam or the detector

alone.

The discussion so far has been concerned with veloclty

distributions in the plane of the incident beams (®=0)}
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the effects of out-of-plane misalignment will now be con-
gsidered. The cutoffs provide the most sensitive indicator
of the dlstortions of the velocity distributions which re-
sult when Q#0. The general expression for the cutoff veloc-
ities 1s given by Equation III.15, Filgures 3.8a and 3.9a
show how the cutoffs vary as a function of detector posl-
tion, taking the azimuthal angle, q:, as parameter. The most
striking feature of these results is that the cutoffs no
longer move out to infinlty with increasing O, but have a
definite upper 1limit for a glven ¢. This merely reflects
the fact that the plane described by (p#O cuts the cylin-
drical envelope obligquely, so that as the angular positlon
©of the ray to the detector 1s increased, the ray eventually
pagsses outside of the envelope. Thus, whereas distributlons
corresponding to @=0 always widen as O is increased (see
Flgure 3.1), the distributions will generally wlden and then
narrow again if ¢#0. Thlis behavior is indlicated by the plots
of cutoff separations shown in Figures 3.8b and 3.9b, €.g.,
for ¢=2°,

If the plane in which the detector moves is far enough
out of plane, the resulting velocity distributions may show
very little variation 1ln width over a relatively large range
of ©, Filgure 3.10 shows such a case (compare Figure 3.l).

If the detector is kept at a fixed angle ©, and ¢ is
slowly increased, a value Qm" will eventually be reached
where the ray to the detector becomes tangent to the cylin-

der. Thils value of ¢ is glven by Equation III,16. The ef-
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fect on the velocity distribution is a gradual narrowling, as
indicated by the curves in Figure 3.l1ll; for this cholce of
0,% 1t 1s found that ?qu.'-' 4,588°, This effect is quali-
tatively similar to decreasing the value of AE (compare
Figure 3.2).

The behavior of the metastable velocity distribution
arisging from a well collimated ground state beam can be
summarized as follows. The cutoffs (which determine the
"pogition" of the distribution in the velocity coordinate v)
are sensitive functions of O, ® and @. The width of the dis-
tribution 1s a sensitive functlon of ¢ and AE; 1t is also
usually sensitlive to © and §, except when in proper combin-
ation with @, The distribution is relatively lnsensitive to

misalignment of the electron beam in the plane of the ground

state beam and the detector.

3.2 Divergent Ground State Beam

If the ground state beam 1s not perfectly collimated,
then the integration indicated in Equatlion 3.2 must be per-
formed. The resulting metastsble velocity distribution will
therefore tend to be smoother than the distributions dls-
cussed in Section 3.1l.

Figure 3.12 shows the effect of finite detector width
on the metastable velocity distribution! (since the effects

1 1 would like to thank Dr. E. S. Fry for the use of
his computer program (which is included as Appendix IV) to

evaluate thege integrals; numerical results from thls pro-
gram were also used in Filgures 3.5, 5.% and T.l.
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of an error in € are roughly the same as those of an error
in © - see Equation 3.5 and Figure 3.6a - this is approxi-
mately equlvalent to the distributlon arising from a ground
state beam of angular dlvergence A$=A0, assuning the detec~-
tor width to be negligible). The curves are normalized to
represent intensity per degree of detector wldth.
Qualitatively, the effects are as expected. The peaks
are gradually smoothed out, and the width of the dlstrilbu-
tion increases. For sufficiently wide collimation, the dis-
tribution takes on a relatively smooth, single~humped char-
acter. Other similarly integrated distributions are shown

in Figures 5.3 and T.l.

3,3 Isotropic Ground State Gas Source

The ultimate in divergent ground state beams ls a com-
pletely isotropic gas source; such a situation exists for an
electron gun in a gas filled container. Interestingly
enough, in this case the integral in Equation 3.2 can be
evaluated analytically, as will now be shown.

The integration 1s most easily performed in a coordi-
nate system with origin at the center of the contributing
sphere (see Appendix II), 1.e., centered at the tlp of the
vector B, Defining a polar coordinate § which 1s related to
the variable J(Figure 2.4) by the law of sines, the solid
angle element du% can be transformed to a corresponding ele=-

ment in the new coordinate system, Makling this transforma-
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tion, Equation 2.34 takes the simple form

—~ | n G—-* ~ _—

S(v)=-‘|- 2 do, f,) (3.7)
e 4x a

(-]

where d&, 18 the solid angle element in the system with orl-

gin at the tip of the vector B, and the integral 1s taken

over the entire sphere (Qz4m).

——

From Equation 2.29 with W=V 1t follows that

v2=B*+V*-2BV coss (3.8)

With the Maxwellian form of f(?o) (Equation 3.1), Equation

3.7 becomes

. 2x X _B*V'-2BVeoss
n,T . X
S(Q)f.é i An fd.vfdg sing € oc
o) [~
. 3‘1’4:\]" . 28V
) oneo* -T sk T (3.9)
e rhal 28V
°Lz

The dependence of the result on v is of course hidden in the

quantity B which 1s obtained from

B=%-pui, (3.10)
One remarkable prediction of Equation 3.9 concerns
the behavior of s(\"r) at threshold (V=0). In this case the
quotient involving the hyperbolic sine becomes equal to
unity. If the vectors Vv and mG, are perpendicular (G=§)

then it follows that



2,2 v
lim ) nge¥ A% -4
'\r—»c:c giv=g -Kslzo@ e - e (3.11)
o—k

1.e., the distribution function g(¥) is Maxwelllan once
again,

The velocity distribution which results from Equation
3.9 at threshold is plotted for several values of O in Fig-
ure 3.13; the curves have been normalized to identical peak
values., As the angle of observation © shifts from zero to
180°, it is seen that the distribution shifts from "wide and
fast", through Maxwellian to "narrow end slow". Figures 3.14
and 3.15 show, respectively, the behavior of the peak posi-
tion and of the peak intensity (assumingtr* is constant) of
the velocity distributions obtained from Equation 3.9. Over
the full range of O, the shift in peak position and the

variation in peak intensity are seen to be substantlal.
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fusely.



CHAPTER 4

THE RELATIONSHIP BETWEEN VELOCITY
DISTRIBUTIONS AND TIME-OF-FLIGHT SPECTRA

Frequently in atomic physlics, and in the measurements
made for the present work in particular, velocity distribu-
tlons are measured by means of time-of-flight techniques,
However, 1t is known thet systematic effects in time-of-
flight systems can complicate the analysis of such date
(Zorn, 1967; Alcalay, 1969). Consequently, a simplified
analysis of the relation between velocity distributions and
thelr corresponding time-of-flight spectra is presented
below,

Given a beam of neutral atoms with arbitrary velocity
distribution function and a burst of electrons for excita-
tion, the present problem is to determine the flux of meta-
stable atoms at a downstream detector as a function of time,
The agssesgment of effects due to the duration of the elec-
tron pulse and to the finite extent of the excitation reglon
1s of particular interest here.

The problem stated above can be broken into two parts:
the determination of the metastable velocity distribution

functlon glven the distribution function of the ground state

46
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beam; and the determination of the metastable flux at the
detector given the metastable veloclty distribution function.
The first of these problems has been treated in Chapter 3;
the second will be dlscussed below.
The analysis 1s based on the following assumptions:
1) The metastable lifetime is infinite (no meta-
stables decay while travelling from the elec~

tron gun to the detector);

11) The fraction of the neutral beam which is meta=-
stabilized i1s negligible (the neutral particle
denslty 1s constant over the region of excita-
tion);

111) The electron density is uniform over the cross-
gection of the electron beam;

iv) The electron pulse is rectangular in time (zero
rise and fall times; constant intensity over an
interval T),

These assumptlons, along with certaln reasonable physical re-
quirements, lead to a simple relation between the detected
metastable flux and the velocity distribution of the meta-
stable atoms., The geometry to be considered for the analy-
sis is shown in Figure 4.1.

If the metastable atoms were all produced instanta-
neously in a volume of negligible dimensions, then the re-
sulting time-of-flight distribution could be determined from
the dispersion of the "packet" of metastable atoms as fol=-

lows., Let the detector be located a distance L from the ex-
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citation reglon; the transit time t to the detector for a

metastable with speed v 1sg then

L

Due to spatial dispersion, metastables having speeds wlthin
dv of v will strike the detector over a time increment

of magnitude

dt = -‘3,1 dv (4.2)
go that
dv = £ dt (4.3)
t:.

Let the velocity distribution of the metastables be v*g(v).
Then v*¢g(v)dv metastables will strike the detector within
the indicated time interval; using Equation 4.3 this can be

written

3

L L
v’"g(v)dv = q ("{) dt (4.4)

The coefficient of the time increment dt on the right side
of this expression represents the rate at which metastables

strike the detector at time t
* B (L
R¥(L,t)= 3 S(t) (4.5)

This states that, in the limit of small interaction volume

and short pulse duration, the metastable flux at the detec-

tor differs from § only by a factor proportional to t7V,
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Transforming the metastable velocity distributlons of Figure
3.1 as indicated in Equation 4.5 ylelds the time-of-flight
distributions shown in Figure 4.2.

In an actual experiment, the interaction volume 1is of
finite size (characterized by the electron beam width A),
and the electron gun pulse is of finite duration (T). While
these effects do not alter the form of 9(?), (see Section
6.1), they do change the time=-of-flight distribution because
the metastables are no longer all created at the same in-
stant and because different metastables must travel differ-
ent dlstances to the detector. To account for these effects,
Equation 4.5 for the metastable flux must be integrated over
both the width,l\ , of the electron beam and over the dura-
tion, T, of the electron pulse. Before carrying out this
general program 1t 1s of interest to see what effect each of

these factors has on time-of-flight distributions individually.

Pirst consider an electron beam of width A which is
pulsed instantaneously. Let the coordinate describing a
lateral voslition in the electron bean ve 4 (see Figure 4,1),
and suppose that this is measured from the edge of the beam
at which the metastables leave; let.l be taken in a positive
genge if it 1sg measured opposite to the motion of the meta-
stables. Then the distance a metastable created at.l must
travel to reach the detector is L+.l, where 0<¢ £ </A. Intro-
ducing this path length into Equation 4,5, normalizing with

regpect to the beam width, and integrating over the width of
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Figure 4.2 Time-of-flight spectra corre-
sponding to the velocity distributions of Figure
3,1, It is assumed that the electron beam is of
zero thickness and that the pulse is instantaneous.
The ground state beam is assumed to be perfectly
collimated and to have a Maxwelllan veloclty dis-
tribution.
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the beam gives

A
dt (Laf) L+d) (4.6)
A

R¥(L,4; 7, 0)= 2 g (B

»*
where the zero in the argument of R 1ndicates that T=0,

Introducing a new variable of integration defined by

Vs .‘:I.:g' (4.7)
t
allows Equation 4.6 to be reduced to
Led
t
% i 3
R(L,t;A,0)= — [dvvigWy) (4.8)
) A !:.
t

This expression can be used to determine the effect that
finite A will have on time-of-flight spectra corresponding
to veloclity distributions such as those in Figure 3.1.

The salient features of the actual distributions are
the sharp cutoffs and the singularities. The quantitiy re-
sponsible for the singularities is the radical in the denom-
inator of S(V) (see Equation 3.3 or III.9 ); to within a
factor which 1s inessential for the present discussion,
this radical can be written in the simple form yV2-(v-w)*,

where v, and v, are respectively the average speed and the

c
halfwidth of the distribution

VbV
Ve =

(4.9)
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The function in the numerator of Equation 3.3 (or III.9) ls
relatively smoothly varyling, and does not affect the charac-
ter of the dlstribution drastically if the energy of the in-
cident electrons is near threshold. For this reason, and

because it greatly simplifies the integration of Equation

4,8 without losing any of the essential features of S(G), it
ig convenient t0 replace the numerator of the actual distri-

bution by the funectlion ; this leads to the followlng

3t
qualitatively accurate but simple model of the metastable
distribution function

i

v JVAI' (v-¥)*
glv) = (4.10)

O otherwise

Ve-Va <V &V 4V,

Integrating Equation Equation 4.8 using this distributlon

leads to an expression of the form

!— .‘V*(L,i;Ay
R*(L,t',A,O)=k l_VcS'"\-‘(Y-%‘)-}/v:-(v-vc)’j (4.11)
vi(LtA)

Here the limits V¥ are the boundaries of the interval common

to the intervals -‘=‘t- 4\14‘”-"1-_'"-\' and \,mV, 4V V +V, (the six

possible cases which result are illustrated 1n Figure 4.3).
To study the behavior of Equation 4.1l for conditlions
similar to those of the experiment to be dlscussed in Chap-

ter 5, the following parameters are chosen
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Figure 4,3 Range of integration for time-of-flight
integral, accounting for finite beam width,/A. The ap-
propriate range, indicated by the heavily shaded portion

of the axis, ls the interval common to the intervals

_lé.(\,( L-;A and  Ne-Vy <VE V4V,
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Vo= 1.359%10° cm(sec
v+ .620 x10% cmisec (4.12)
I 28.6 ¢em

The quantities V. and v, correspond to the predicted para-
meters for a 258 helium beam described by $=90°, ¢=0°, 8=
72°, E=25 eV and a gas temperature of 300° Ko The distor-
tion of the model helium time-of-flight distribution due to
finite electron beam width .\ (assuming the electron pulse
duration to be negligible: T=0) is illustrated ln Figure
4.4,

Congider next the other limiting case of vanishing
beam width (/A=0) and finite pulse duration T. Let the time
T at which a metastable 1a created be measured from the in-
stant the electron beam 1s turned on; then the time it takes
a metastable created at T to reach the detector is t-7T,
where 0<T< T, Inclusion of this effect in Equation 4.5
leads to the following expression for the metastable flux at

the detector

TL"L
$ ) o

R¥(L,t;0,T) = ERELvE

—

(s)

-

t-T
dv v* s(v) 1>T
L

t

(4.13)

i
=
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Figure 4.4 Time-of=-flight spectra for model meta-

stable hellum velocity distribution, showing effects of
finite electron beam width, A .

0 T=0psec Model Helium Disfribution
or
Ve =1.359x10%cm/sec
8k Vy = .620x 10% cm/sec
A = Ocm
6 13.53 L = 286¢m
4
40.5
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2k \ 1353
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Figure 4,5 Time-of-flight spectra for model meta-

stable helium veloclty distridbution, showing effects of
finite duration, T, of electron pulse,
related to the values of A in Figure 4.4 in accordance

with Equation 4.15,

Values of T are
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which differs in form from Equation 4.8 only in the exponent

of v in the integrand.
Inserting the model distributlon 4.10 and carrying

out the integration leads to the expression

vi(L,tT)
Flgend w(s)]  wr
* (L T)

The indicated limits, v¥, are the boundaries of the interval

which 1is common to the intervals .':‘{ LV and NV -Va<v<

t-T

+v, (the resulting six cases are qualitatively the same

Vet Va

<

as those of Figure 4,3; however, (L+A)/t 1s replaced by
L/(t-T).

For purposes of 1llustrating the behavior of Equation
4,14, the parameters given in Equations 4.12 are again used.
Time-of-flight distributions for several values of the pulse
duration T are shown in Figure 4.5.

Each T of Flgure 4.5 is related to one of the A's of

Figure 4.4 by the expression

A
T=vv

¢ A

(4.15)

In this sense, a beam width N=dcm in Figure 4.4 1is equiva-
lent to a pulse duration T =13.53 msec in Figure 4.5, Dis-
tributions in the two figures which are related in this way
have identical widths. Comparing such related dlstributions,
1t 18 seen that the peak corresponding to the fast side of

the veloclity distribution is dlsplaced moire in the curve
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parametrized by T than it is 1n the curve parametrized byl\.
This is to be expected, since a temporal displacement (the
pulse duration, T) is uniform on a time-of-flight scale for
all particles, while a spatlal displacement (the beam width,
A) translates into a time-of-flight interval which varies
inversely with the veloclty of the particles, and 1s there-

fore least for the fastest atoms,

The generalization of Equation 4.5 to include both

finite /\ and finite T is given by

gt [dar W) L
*(L{_ AT [ fT L-1)4 3(£'I) 2T (4.16)

Introducing the varlable

L+l (4.17)
+-71

in place of T, and performing the integration over ! 1eags

V=

to the expression

ATR¥(LEAT) =t {F(-‘i) £ (54)]

N (rl) e (42) oo

where oo
Fixy= fdv vZ(v-x) g(v) (4.,19)
X

Here 1t has been assumed that g(v) has no cutoffs, so that
the limits are not dependent on such quantities as V.t .
Calculated time-of-flight spectra assuming g(v) 1s Maxwellian

(as might occur in the case of a diffuse ground state gas
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at ©=90°; see Equation 3.ll) are shown in Figures 4.6 and
4,7 (note differences in scales on the abscissas of the two
figures)., Perhaps the most remarkable aspect of these
curves 1s the absence of flattening at the peaks even when
the beanm width,l\., or the pulse duration, T, become com-
parable respectively to the flight path, L, or to the most
probable flight time.
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CHAPTER 5

EXPERIMENTAL INVESTIGATION OF
METASTABLE VELOCITY DISTRIBUTIONS

Because the predicted forms for the metastable veloc-
1ty distributions produced from collimated ground state
beams are rather striking, experimental verificatlon of
their principal features should not be difficult. A simple
time-of-flight experiment suffices for this purpose., Basl-
cally, the experiment utillzes a resonably monoenergetlc
pulsed electron beam to excite ground state atoms to neta-
gstable states by electron impact; the rate at which meta-
stables arrive at a detector 1s recorded, providing time-of-

flight spectra which can be compared with theoretical pre-

dictions.

5.1 Apparatus
The experiment is conducted within two ldentical 7O

liter chambers. The chambers share a common flange, enabling
the system to be differentially pumped. Each chamber con-
tains a liquid nitrogen cold trap and is connected to a 4
inch oil diffusion pump; these pumps exhaust into a common

foreline which is connected to a rotary forepump. Base

62
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pressure in the system with liquid nitrogen in the traps 1is
typically 1 x 1077 torr.

The first chamber is used in forming the ground state
beam. The gas effuses into the chamber from a copper pipe
of 1.6 mm inside diameter, and is collimated by an adjust-
able slit system in the flange between the two chambers.

The path length and slits are typlcally adjusted to give a
divergence of about 3° in the ground state beam (see Figures
5.1 and 5.2); typlcally, the density in the resulting beam
1 ~10%1 atoms/om3, The gas flow is controlled by a Nupro
very fine metering valve which 1s fed from a glass storage
bulb.

The second vacuum chamber contalins the eleciron gun
and the detector (see Figure 5.1l). The electron gun is a
simple three element device, utilizing a directly heated
thoriated tungsten ribbon cathode, an acceleratling grid of
tungsten mesh, and a stainless steel anode. The cathode 1s
heated by a direct current of 4 to 6 amperes at about as
many volts. With 20 volts applied to the grid-plate com-
bination, the electron current through the interaction volume
defined by the electron and ground state atom beams 1ls about
100 microamperes; it is estimated that the electiron energy
spread over this reglon is between 0.5 and 1.0 eV,

The detector is a Bendix "Channeltron" continuous
dynode electron multiplier (Donnelly, 1969; see Appendix V)e
Ultraviolet photons or metastable atoms striking the cathode

e Ject electrons by photoelectric and Auger processes, re-
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Figure 5.1 Pilctorial representation of experi-
ment for measurement of metastable velocity distributlons.
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spectively, with an efficiency of a few per cent. To re-
duce background counts arising from free electrons or ions
produced in the electron gun, the detector is enclosed in
an aluminun box composed of three electrically isolated sec-
tlonas, The first sectlon is positively biased to repel ions;
the second, located between the flirst section and the cath-
ode of the electron multiplier, is blased negatively to re-
pel electrons; the remainder of the box is grounded. The
blased portions of the box have aligned 6.3 mm slits, which
in comblnation with the beam-detector separation of 28,6 cm,
give a detector width of approximately 8 minutes of arc.,

The entire detector assembly ls mounted on a radial arm,
enabling it to be rotated about the interaction reglon in
the plane defined by the incident electron and atom beams;
the rotation is controlled by a worm and spur gear combina-
tion with a 100-1 turns ratio, the worm belng turned by a
shaft which passes through the chamber wall via an O-ring

seal.

The pulsing of the electron gun and the conditioning
of data for storage are performed by the electronics system
indlcated schematlcally in Figure 5.2. Data conditioning
involves the sorting of pulses from the electron multiplier
according to thelr times of occurrence after initiation of
the electron gun pulse; this 1s accomplished by time-to-
pulse-helight conversion, as follows. The entire system is

controlled by a recurrent pulse generator. The raw data
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pulges pass through a preamplifier, an ampliflser and a dis=
criminator to the input of a linear gate (I). The linear
gate 1s operated in the anticoincidence mode, the gate ln-
put being a pulse which 1s synchronized with the electron
gun current pulse. Thls gate eliminates pulses from the
spectrum which correspond to the arrival of ultraviolet
photons at the detector (these photons arise from the rapld
decay of non-metastable states excited by the electron bom-
bardment). The remaining pulses are used to gate the second
linear gate (II). This is operated in a coincidence mode,
the input being a linear ramp voltage whlch 1s initlated by
the start of the electron gun pulse. The output of the
gecond linear gate is then a series of pulses, each having
an amplitude proportlonal to the time interval between the
firing of the electron gun and the arrival of the corre-
sponding metastable at the detector. After further shaplng,
these pulses are stored in a Nuclear Data series 1100 multi-

channel analyzer.

5.2 Results

Hellum was chosen as the test gas because iis small
mags and high excitation energy lead to a relatively large
angular spreading of the metastable "beam" (see Sections 3.1
and 3.2). The experiment outlined in Section S.1l was per=-
formed using the following parameters:

Electron pulse duration T= 3)&590

Width of electron beam NA=0.5 cm
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Path length from interaction region

to detector L =28.6 cm
Pulse repetition rate 1600/ sec
Number of analyzer channels 128

Nominal angle between ground state

and electron beams $=900
Divergence of ground state beam Ad=3°
Angular width of detector 40:0°8!

The background pressure during the experiment was generally
less than 2 x 1077 torr,

Sample time-of-flight data for the 233 metastable
state of helium are shown as points in Figure 5.3 (these re-
sults have been published: see Pearl (1963), included as
Appendix VI). The solid curves represent theoretical pre-
dictlions based on the results of Chapters 3 and 4, Curves a
assume perfect collimation of the ground state beam; curves
b allow for a 3° divergence in the beam. Curve ¢ shows how
the digtribution would appear 1f the metastable velocity dis=-
tribution were the same as the assumed Maxwelllan velocilty
distribution in the ground state beam.

Although the fits are by no means perfect, the sallient
features of the predictions are experimentally established.
These 1include

1)  the narrowness of the distributions

11) +the double peak structure

1ii) the sensitivity of the "position" of the dis-

tributions to the detector angle O,
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Flgure 5.3 Time-of-flight spectra for metastable 275
helium. Points represent experimental data. Curves & are
theoretical for perfect collimatlion; curves b are theoretical,
accounting for 30 angular divergence in the incoming, ground
state beam. Curves a and b are calculated assuming that the
electron energy is 0,75 eV above threshold. Curve ¢ is theo-
retical 1f recoll effects are neglected, i.e., 1t represents
the spectrum of the full Maxwellian velocity distribution in

the ground state beam,
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The discrepancies between the data and theoretical curves
b in Figure 5.3 are probably due in large part to the fol-
lowing factors. First, the actual energy distribution of
the electrons in the electron beam is unknown. A reason-
able estimate of the energy spread is x0.,5 oV; this would
tend to widen the distributions. Second, 1t was not pos-
sible to determine, except at O=90°, that ¢=0°, i,e.,
that the detector tracked perfectly in the plane of the in-
cident beams. As indicated in Figures 3.8 and 3.ll, non-
zero values of ¢ tend to narrow the distributlons. Final-
ly, the resonance structure in the excitation function of
233 helium (see Section 6.4) can greatly affect the shape

of the veloclty distribution.



CHAPTER 6

FURTHER FACTORS AFFECTING METASTABLE
VELOCITY DISTRIBUTIONS

The analysis of metastable veloclity distributions pre-
gented in Chapters 2 and 3 is based on the simplest possible
model of an experiment employing a metastable beam. The
purpose of this chapter is to discuss the influence on the
velocity distribution of several other effects which would

play a part in a real experlment.

6.1 Geometrical Effects

Principal among factors to be discussed under this
heading are the effects associated with a finite interaction
volume. Consider the case of perfectly collimated beams,.
It is emphasized that if the interaction volume becomes
finite, but the unidirectional character of the beams 1is
preserved, there is no alteration in S(V), a fact which re-
mains true even if the spatial distribution of particles
(atoms and electrons) in the beams is nonuniform over the
beam cross sections. This is because the metastables pro-
duced in each differential volume element are all created

under identical kinematic conditions., A measured time-of=-
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flight spectrum of such metastables, however, may be strong-
ly affected (see, for example, Figure 4.4). This 1s due to
the fact that different metastables travel along different
paths (both in length and in direction) to reach the detec~-
tor. The spatial integration implied to account for thils
effect will lead to varlations in the observed velocity dis-
tribution which are qualltatively similar to those indicated
in Figures 3.12 and 4.4,

An error in positloning the center of rotatlion of a
movable detector relative to the point of intersectlon of
the electron and ground state beams will result in apparent
shifts of the velocity distributions due to transit time ef-
fects, and in shifts and distortions due to accompanylng
errors in angular measursments,

Divergence of the electron beam (or shearing or cyclo-
tron motion, if it is magnetically confined) requires another
angular integration. The principal corrections dus to such
effects will occur for the electrons with the greatest out-
of-plane motions, since these have the largest azimuthal
angles, P (compare Figures 3.6 and 3.1ll),

In the case of diffuse ground state "beams", the inter-
action reglon is determined by the shape of the electron
beam, €.8., & ¢ylinder. A detector with a flxed viewlng
angle will therefore see an intenslty pattern as a functlon
of © which is increased by a factor of csc® over that

shown in Figure 3.16,
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6.2 Complications Due to Several Excited States

It is obvious that if two or more (long lived) meta-
stable states of a given atom are excited by electron im=-
pact, then the observed total velocity distribution will be
a superposlition of the distributions due to each state in-
dividually. However, it should also be noted that any op-
tical levels which are exclited and which can cascade into a
given metastable state must also be consldered. The treat-
ment of each such state is identical to that for the direct-
ly exclted metastable levels, since the same klnematlc argu-
ments apply; the only change is that the excltation energy
of the level in question must be used in the calculatlons.
The influence of recoll due to the photon emitted 1in the
cascade process 1s negligible,

Figure 6.1 shows two velocity distributions. The
solid curve 1s the distribution which would result from ex-
cltation of the helium 2s 38‘ state alone by electrons of
energy E=25 eV (5.2 eV above threshold); the dashed curve
represents the distribution which would result from exclta-
tion of the 3p 3Pf state alone (assuming subsequent cas-
cading into the 28 35, level) by electrons of energy E=28,2
eV (5.2 eV above threshold). The widths of the distributlions
are identical; the principal difference between them ig a
slight shift, which 1s proportional to the sgquare root of
the energy of the incident electron (these results follow
from the sum and difference of Equations 3.5). Excluding

this shift, and assuming the s-wave scattering approxlmatlon,
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velocity distributions for two states are qualitatively the
same if excited by electrons of a flxed energy above the
thresholds of the states (see also Appendix VII).

A converse relation 1s also useful: 1f two states are
excited by electrons of a single energy, the resulting ve-
locity distributions will be qualitatively the same as dis-
tributions arising from the excitation of a single state by
electrons of two energles, provided that the energy incre-
ments above threshold are made to correspond. The three
distributions in Figure 3.2 for the excitation of the helium
233 state by electrons of energies 0.2, 1.2, and 5.2 eV
above threshold, can therefore be reinterpreted: they are
qualitatively the same as the total distribution which would
result from the excitation of three states, A, B and C, by
electrons of a single energy, provided that the energies of
the states are related by Eg— E, = 1.0 eV, EG"EA= 5.0 eV,
and that the incident electrons have energy Ec+ 0.2 eV
(energies taken as positive from the ground state). Con=-
sequently, Figure 3.2 qualltatively represents a metastable
distribution, considering the lowest level to Dbe metastable,
and allowing for cascades from the two higher levels. The
effect of cascades, therefore, is to fill up the central
region of the distribution arising from the lowest state
with the narrower distributions corresponding to the higher

levels,
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6.3 Spread in Electron Energy

Since the width of the velocity distributions is a
strong function of electron energy (see Figure 3.2), a
spread of energles in the electron beam should have a marked
effect on the observed metastable veloclty distribution.
Quallitatively, the principal effect should be of washing

oltt the peak structure (see Rubin, 1969).

6.4 Anigotropic Scattering of the Electrons

Throughout this thesls, it has been assumed that the
gcattering of the electrons in the center of mass system 1ls
isotrovic. It is known, however, that even for hellum
g-wave scattering does not occur for more than a few tenths
of an electron volt above threshold; in fact, the excltatlion
function for the 235 gstate exhiblits s-, p-, and d-wave reso-
nances at 19,95+ .05, 20.45: .05, and 21,00z ,05 eV respec-
tively, as shown in Figure 6.2 (Ehrhardt, 1967; 1968;
Andrick, 1968). The inclusion of such variations in the de-
termination of the metastable velocity distribution function
requires that the factor g%; be included in the scattering
distribution, Equation 2.24, The same factor evaluated at

the appropriate value of V. therefore appears before each of

0
the terms in the integrand of Equation 2.34.

The effects that such terms can have on hellum meta-
stable velocity distributions are shown in Figure 6.3, Fig-
ure 6.3%a shows how the velocity distrlibutions would appear

at the energles of the resonances if the scattering were
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jigotropic in the center-of-mass system; Flgure 6.3b shows a
more realistic evaluation, assuming that the resonances in-
volve completely pure s-, p- and d-wave acattering of the
electrons. Comparison of the resulting p- and d-wave dls-
tributions with the corresponding s-wave results shows that
the former are characterized by relatively few metastables
in the middle of the dilstributions, and by an excess of them
at the extremes.,

At very high electron energles, strong forward scatter-
ing of the electrons occurs in the center-of-mass system;
the first Born approximation provides a description of this
behavior. Applying the Born approximation to the forbldden
ls—~28 transition in hydrogen leads to a very slmple expres-
gion for the differential scattering cross sectlon. Flgure
6.4 shows several calculated velocity distributions for
atomiec hydrogen, asgssuming direct excitatlon to the 28 28%
state., The curves of Figure 6.,4a assume lsotroplc electron
scattering; those of Figure 6.4b assume the scattering 1s
described by the first Born approximatlion. The stirong for-
ward scattering of the electrons, with the concomltant amall
deflactions of the metastables, results in a pronounced shift

of the metastable velocity dlstributions to low velocltles.
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Figure 6.4 Veloclty distributlons for 2 28; hydrogen.
Ground state beam assumed perfectly colllmated an Maxwellian,
a: s-wave scattering of electrons assumed; b: gcattering as-
sumed to be described by the Born approximation.



CHAPTER 7

APPLICATIONS AND CONCLUSIONS

7.1 Application to Measurements of the Lamb Shift

It has been emphasized by Robiscoe and Shyn (1970)
that departures from a Maxwelllian velocity distribution in
metastable hydrogen beams provide a source of systematic
error in several determinations of the Lamb shift. The above
authors present results of a measurement of the veloclty dis-
tribution of metastable hydrogen atoms in the apparatus used
for a recent determination of AE-8 (Shyn, 1969). The de-
viation from Maxwellian is substantial. Using U'exp (-U?)
as a convenlent analytical aporoximation to the data, Robiscoe
and Shyn determined that an upward shift of about 0.04 MHz
was indicated in the value of the Lamb shift (1057.86+ 0.10
MHz (2¢7)) previously determined in a level crossing experi-
ment by Roblscoe (1968)., The current status of the theory
and experiments on the Lamb shift has been summarized by
Appelquist and Brodsky (1970).

The theory of Chapters 2 and 3 can be applied to the
veloclity distribution data of Robiscoe and Shyn. A fit
using the program of Appendix IV is shown in Figure 7.l. A
comparison of the parameters used for this fit with those

quoted by Roblscoe and Shyn is presented in Table 7.I. The

81
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£1t 1s very sensitive to the parameters AE,®-0, and A®+AQ
(see Figures 3.2, 3.1 and 3.12 respectively); the values
stated for the fit could only be varied within narrow limits
without producing notiseable deviations from the measured
velocity distribution. The parameter A® is not included in
the data of Robiscoe and Shyn; however, Shyn (private com-
munication) estimates it to be several degrees, which 1s in
qualitative agreement with the measurements made by Rebane
(1970) on the same apparatus,

Although the assumptions used for calculating meta-
stable velocity distributions in this thesls differ from
those suggested by Robiscoe and Shyn, both works are 1n
agreement that atomic recoll will have a substantial effect

on velocity distributions in beams of light metastable atoms,

7.2 Application to Hp Dissociation Experiment
Leventhal et al. (1967) have investigated the electron

impact induced dissoclation of molecular hydrogen:

H,+e —H@S)+H+e" (7.1)

Tt is ocogssible to learn about the relevant dissoclating
state of the molecule by studying the intensity and energy
distribution of the metastable atoms. It is found that
there are two groups of metastables which result from this
reaction: one centered at an energy of 0.32%0.05 eV and the
other with an energy of 4,71 0.7 eV. In an extenslon of

this experiment, M. Misaklan (private communication) has
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found that the angular distribution of the "glow" metastables
is probably influenced strongly by the kinematics of the
electron-molecule collision itself. Using a diffuse source
of helium for calibrating the experiment, Misakian has found
a strong angular dependence in the scattered intensity of
helium metastables., Comparison with the predictions shown
in Figure 3.16 shows good agreement only if the factor sin
(see Section 6.1) is not included when reducing the data.
However, 1t 1s possible that the ground state gas distribu-
tion is not perfectly isotropic in the electron bombardment

region and this may be the cause of the discrepancye.

7.3 Measurement of Differential Excltatlon Cross Sections
As is well known (Stebbings, 1960; Vriens, 1968;
Bederson, 1968), it is possible in principle to use electron-

atom recoil kinematics to study the dlfferentlial cross sec-
tion for electron impact excltation of metastable states,
However, due to various complicatlons, such as the inability
to distingulsh cascade contributions from those due to direct
excitation, the energy analysis of the incoming and outgolng
electrons is generally more sultable for this work (Ehrhardt,
1968). Konetheless, the work of Stebbings et al., in which
total intensities of metashtable hydrogen atoms were measured
as a function of detector angle and electron energy, ghows
nicely the effects mentloned in Section 3.1l.2, as modified
by the gradual onset of stirong forward scattering of the

electrons. Considering their data in the light of Figure
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3,5 shows an initial broadening of the maximum (along with
a curious shift to lower values of @), followed by a strong
shift to large © accompanied by a decrease in intenslity at
small angles, in agreement with qualitatlive expectations of

the effect of strong forward scattering.

7.4 Other Possible Applications

It would be both of intrinsic interest and a good
check on the calculations to be able to resolve the helium
235 resonances (Figure 6.2) by observation of the changes in
metastable helium velocity distributions (Figure 6.3). To
obgerve the d-wave resonance, it would be necessary to
quench the singlet metastables (Fry, 1969), allowing the
triplet metastable to be observed for electron energies
above 21 eV (the excitation function for the 27P state is a
very shallow function of energy near threshold; see Ehrhardt,
1968) .

A very useful apolication of the klnematic effects
digscussed in this thesis uight be as a dlagnostic tool for
studying ground state gas conditions (French, 1967; Zorn,
1967; Pichlik, 1970). The simple velocity distribution
given by Equation 3.9 (or more generally by Equation 3.7)
indicates that excitatlion of gases by electrons of controlled
energles might be useful as a temperature probe. Analysls
of velocity distributlons in streaming gases might also be
accomplished. In order to minimize uncertainties in the

metastable distributions due to imperfectly known differ-
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ential cross section behavior, it might be best to operate
at high electron energles where the Born approximation
applies; this would have the advantage of lncreasing count-
ing rates due to cascade contributions, whille minimizing the
effect of different excitation thresholds. The decrease 1n
total crose section with increasing energy would be detri-
mental, but simple high current electron guns could be en-

ployed to compensate for this.

7.5 Summary and Conclusions

This thesis has been concerned with the determlination
of the velocity distribution of metastable atoms produced
from ground state atoms by electron impact excitation. The
analysis, which 1s based on the transformation of the col~
lision kinematics from a center of mass coordinate system to
a laboratory coordinate system, ylelds the followlng inter-
esting results,

The veloclity distribution of metastable atoms resulting
from crosgsed electron and Maxwellian ground state atom beams
ig either void or is distinctly non-Maxwellian with the fol-
lowing features:

1) it has two peaks;

11) 1t has upper and lower cutoff speeds;

1i1) the magnitudes of the cutoff speeds are very

gensitive to such factors as beam allgnment, de-

tector position, and electron energy;
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iv) 1t 1is very sensitive to the form of the differ-

ential oross section for impact exciltation.

Consideration of a diffuse Maxwelllan ground state gas
which contains an electron beam shows that the veloclity dis-
tribution of the resulting metastables is still generally
non—Maxwé?lian, although the double humped property is ab-
sent. The form of the distribution which is observed is
st1ill a falrly sensitive function of detector orientation,
but the sensitivity to electron energy is relatively less
than in the case of collimated beams.

In many experiments utilizing beams of metastable
atoms, the present results are relevant as a possible source
of systematic error. In addition, the gensitivity of the
velocity distributions to various parameters of the beams of
ground state atoms and electrons suggests that metastabliza-
tion by electron impact can be used to monitor kinetic pro-

perties of the ground state gas.



APPENDIX I

ELEMENTARY KINEMATICS OF AN ELECTRON-ATOM
COLLISION

The object of this appendix is to show by stralght-
forward algebra that the velocities, V, of metastables
formed from ground state atoms with a single velocity, Vo,
must terminate on a sphere in velocity space and conversely,
i.e., that metastables with a glven veloclty are produced
from ground state atoms with velocitles terminating on a
sphere. Considering the former case, the normalized laws

of conservation of momentum and energy may be written

resoectively as:

V4 pac= '\'Ioa—)AG,.% B, (I.1)
v3+}.a.u2 '-V: +}Au: -27"’\% 2 A° (I.2)

By assumption 50 and U, are known, so that the quantitles

on the right are known also. Solving Equation I.l for');ﬁ

and squaring yields
pute (Be-)? (1.3)

Multiplying Equation I.2 by y.and substituting Equation I.3

glves

(L+).g)vl-2.6°-'\7 *B;-/”A°= o (I.4)

89



Taking Eb as the polar axis of a spherical coordinate system,

so that B, .U=zB,v, allows Equation I.4 to be reduced to

2 | Upn,-81] (1.5)

1 2 B
Vx +\Jy *(Vz - L

10);.) - (‘.L*)L)
This equation, involving the components of the velocity, ¥,
of the metagtable, 1s that of a sphere., Furthermore, since
B°=-(¢tpjiv, this sphere is centered at the tip of the
vector W, repregsenting the velocity of the center of mass

of the electron-atom system. ianlpulation of the quantities
in the right side of Equation I.5 shows that the radius of

the sphere 1s given by

B |

-Vo)z‘_ E*S (I.6)

n

2& {l Mm
M(i&/.g) 2 Mem
in agreement with Equation 2.9.

Turning to the converse problem, 1t is convenlent to

rearrange the conservation laws as follows

vo-)),a =V—}‘_a°é é‘) (107)
AE. s A (I.8)

where 1t i now assumed that Vv and Uy are known, Proceed-

ing as above leads to the expression

‘et +, B 2- 2 (1.9
Vox *Vo, Kv" i+/L \h)*)z [({L P A - B} )

showing that metastables with velocity ¥ arise from ground

state atoms with velocitlies ¥V, terminating on a sphere which

L ®. The radius of

1s centered at the tip of the vector ip



ol

this sphere is found to be glven by

Expanding Equation I.6 in powers of)* and Vo/uy, and
expanding Equation I.10 in powers Off* and vfue, it is found

that to lowest order

V=R = pu, y4- e (I.11)

where E= '_“_i‘iz- 1s the kinetic energy of the electron in the

laboratory frame.



APPENDIX II

A GEOMETRIC VIEW OF THE METASTABLE VELOCITY
DISTRIBUTION FUNCTION, S(V)

The representations of Figures 2,1, 2.2 and 2.3 pro-
vide a convenient means for visualizing the propertles of
the distribution function of metastables which arise from a
monoenergetic beam of ground state particles. It is inform-
ative to extend this geometrical point of view to the case
where the apeeds of particles in the ground state beam are
distributed over a range of values.

Returning to Figure 2,1, 1t is recalled that the posi-
tion of the center of the sphere 1s determined by the vector
sum of v, and)wﬁo. If, now, the magnitude of ¥y is changed,
but its direction remains unaltered, then the new sphere
which results will be centered on a line passing through the
center of the original sphere and parallel to Go' Conse-
guently, if the gas in the ground state beam has a range of
gpeeds but a fixed direction of motlion, then the correspond-
ing family of spheres will be strung along this line. Be-
cause V is constant, the envelope of these spheres 18 a
right circular cylinder with axls parallel to Go' Thus,

where the veloclity distribution of metastables corresponding

92
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to a single sphere and V<«W 1s spread over & cone in veloc~
ity space, the distribution corresponding to an entire cyl-
inder (if V< pu,sin®) 1s spread over roughly half of a
lune with axis 96 (see Figure IIJd). Consequently, a proper-
ly placed detector of infinitesimal solid angle will observe
metastables with just two speeds v 1f the ground state “eam
contains atoms with a single speed, but will observe a con-
tinuous range of speeds (between well defined cutoffs) if
the distribution of speeds in the ground state beam is con-
tinuous.

The above discussion has emphasized the determination
of the range of velocities, ¥, avallable to metastables pro-
duced from ground state atoms with known velocitles, Voo
However, a better insight into the form of ¢(¥) (Equation
2.34) can be galned if this point of vlew is reversed, l.e.,
if the range of velocitles, Vo, of ground state particles
which contributes to a single known metastable velocity, ¥,
1s determined.

As has already been mentioned, a monoenergetic, col-
limated ground state beam gives rise to metastables with
velocity vectors which may terminate anywhere on a well de-
fined spherical surface in velocity (or normalized momentum)
space; for purposes of identiflcation, this sphere will be
referred to as the "outgoing" sphere. It is shown in Appen-
dix I that a similar relation holds if the roles of the
velocities ¥, and ¥ are interchanged, i.e., that metastables

having a given veloclty ¥ can only be produced from ground
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state particles having velocities ¥, which terminate on an
altogether different sphere; thie sphere will be referred to
a8 the "contributing" sphere, To the present order of ap-
proximation, the outgoing sphere ls centered at the tip of
the center of mass velocity vector W, while the contributing
sphere is centered at the tip of the vector B; in addition,
the radil of the two spheres are equal (see Figure II.2).
Thinking now in terms of the contributing sphere, 1t

is possible to glean a good deal of qualltative information
about g(?) from the geometric representation. For concrete-
ness, consider the ground state beam to be collimated within
a so0lid angle dw, let the atoms in the beam have a distri-
bution functlon f(?b), and suppose that this beam passes at
right angles through an electron beam. Consider only meta-
stables which leave the interaction region in some given
direction defined by the unit vector ?; suppose, for simplic-
1ty, that ¥ lies in the plane of the incoming beams and +that
1t makes an angle ® with the electron beam, Then salient
features of §(¥) can be obtained by considering three dif-

ferent cases for the magnitude of V (see Figure II.2).

Case I: very small (very large) values of V.

If v is sufficiently small (large), then the vector
B =Q-7;G°'w111 be such that the contributing sphere does not
intersect the ground state beam at all., Consequently, there
are no ground state particles avallable to contribute meta-

stables with speed v; the distribution function 3(9) is
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therefore zero for all such values of V.

Case II: intermediate values of V.

For a range of values of v between those mentlioned
above, the vector B will be such that the contributing
sphere intersects the ground state beam. Normally there
will be two such intersectlons, corresponding to ground
state velocities vy, and v, .

In addition, the contribution to the metastable sig-
nal will be proportional t0'¥(50t), and to the portion of
the sphere, dw,, intersected by the solid angle element dwg.

Expressing de, in terms of duw, leads at once to

V:*_ (IIol)

!QQ‘Q!

dG—t = el We

Case III: cutoffs

The limiting values of v between Cases I and II occur
when the vector B is such that the contributing sphere just
touches the ground state beam, Under these conditlons ¥, 1s
perpendicular to V and the corresponding values of v (cut-

offs) are found from simple trigonometry (Figure II.2) to be
Vt =[)Lu°tV] Sec B (IIog)

In addition, since Vo is orthogonal to V at the cutoffs, the
denominator of Equation II.l vanishes there.
The results of this geometrical investigatlon can be

summarized as follows, Given a well collimated ground state
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beam (velocity distribution function'g(ﬁo) ) which intersects
a monoenergetic electron beam at right angles, the velocity
distribution function ¢(¥) of the metastables will have the
following properties in the plane of the incldent beams:

1) it will vanish identically for all but a well
defined range of values of v;

11) within this range, metastables of any glven value
of v will arise from two values of v,; each value
of vp will contribute to ¢(¥) in proportion to
véf(?o), and will be welghted by the factor Tifﬁi;
since this quantity blows up at the limlts of the
allowed range of v, the distribution 1s singular
there;

111) the cutoff values of v are given by Equation II.2.
The secant factor indicates that the "position"
of the nonvanishing portion of ¢(¥) will be a
very sensitive function of the observation angle
©, moving off to infinite values of v as the de-
tector moves from a directlion looking into the
electron beam around to a direction looking into
the ground state beam,

Qualitatively, the same results are valid for beanms

which intersect at any angle. If the beams are consldered
to intersect at an angle  instead of at right angles, then

Equation II.2 becomes

Vg s \._)*“o".‘“ & ':I:V] csr—(-ﬁ*@) (II.3)
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If the detector is no longer consldered to lie in the

plane of the incident beams, the arguments of Cases I and II
are still valid, and Case III is only complicated by the

necessity for a more cumbersome generalizatlon of Equatlon

II.2 (see Appendix III).



APPENDIX III
SOME EXPLICIT CALCULATIONS

The purpose of this appendix is to Introduce explicit
polar variables into the expression for'S(V) (Equation 2.34).
Cutoffs and integrated intensities are then dlscussed in

terms of these variables.,

III.1 The Introduction of Polar Variables into g(¥)
The velocity distribution function<3(§) for the meta-
stable atoms produced by electron impact excitation is glven

by (Equation 2.34)

* 2 2

S(V) =_:§€ nog' dw° Vos -\:(vo,):vo,‘:(v,_) e
I We VI (III.1)
0

Here

2 a2_..29q
= Bcoss:h-/v -8B sza (I1I.2)

where the variables are defined in terms of the vector dila-
gram of Figure 2.4. For purposes of calculations, the vec-
tor notation is inconvenlent; the natural variables for the
problem are the polar variables which are also indicated in

Figure 2.4. It 1s therefore useful to introduce these into

100
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Equations III.l and III.Z2,.
The most straightforward way to do this is to intro-
duce the orthogonal coordinate system shown in Figure 2.4,

in terms of which the important vectors are

VRV (s'\n63'mcp,s'm6coscp) cos O) (I11.3)
phpul o , o , i) (III.4)
vor Yo © |, sinE | ces B) (II1.5)

The absence of an azimuthal variable,5, in the definition of
\70 represents no loss of generality; the important parameter
1s the deviation of the vector ¥V from the plane contalning
fro and ﬁ'o, which is adequately described by ¢. If, however,
for purposes of Integration it is convenient to use the vark
able §, it can be included by merely replacing¢ by @-S 1in
all of the expressions derived below,

From the above expressions, it 1s posslble to write

—

B=V- mu,
= (VSm@simp) veinOcosg, vcosé)-}‘uo‘) (I11.6)
Using this relation it follows that
Bt.o'sS = E . Go

= V(sﬁ@s}qiﬁo&tp+¢o:6“*§) -/Auowsﬁ (11107)

and
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1
= v*sin' Qsin'g +\:}m03in§ + v (SinOcorE corg -cond und)]

(111.8)
Consequently, 8(30 takes the explicit form
_._J ng* . 2
3“‘"9' ng Vor Vo) + v $(v.) (111.9)
€ 4 V Y " ~=
V- v3intQsin )
. . 2
where "'[ Mo 8ind +v (sinOcord Cos@ - Cos © tin‘m]

Vog = ¥ (S'MQ S'\V\ECOSCP-Q cor©® <0$§) - }.xu,, con ®

V V2-vramto N Q ) (III.10)
-—[}M&os"‘i +v ($inBcus ® s P - cos Osin Q)]

III.2 A General Relation for the Cutoffs

If the ground state gas enters the electron gun as a
well collimated beam, then the envelope of the velocity
vectors of the resulting metastables is a semi-infinite
cylinder with a hemispherical cap on the end (see Appendix
II)e This cylinder defines the limiting metastable speeds
which can be observed in a given direction (the cutoffs).
Since these are important for the discussion of the meta-
stable velocity distribution, the cylinder will now be de-
scribed in terms of the variables relevant to the problem,
l.e., polar coordinates.

Because the present results are to be applied to near-
ly orthogonal ground state and electron beams, it 1s legit-
imate to consider only the portion of the envelopes deter-

mined by the following restrictions: 1t is assumed that
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1) Q) >Sir\." y:°
11) sin ® > v
Jruo

Together, these assumptions are sufficlent ( though not nec-
essary) to limit consideration to cases where the cylin-
drical envelope does not enclose the origin of the veloclty
space, and to those portions of a given envelope which are
not "near the end", i.e., which are exterior to the sphere
which defines the end cap (see Figure II.l).

The cylinder is most simply described in the cartesian
velocity coordinate system (x,y,z) shown in Figure III.1.
Were the axis of the cylinder is parallel to the y-axis, so

the equation for the cylinder 1is

x4 (z-2 3 =\? (I11,11)

and y is arbitrary.
The natural variables are polar coordinates ( v, @,cp )
defined with z’ as the polar axis., The transformation be-

tween the two systems 1is

\

X‘-'VS\.'\@sincp L
yzvein® sinBong +v conOcord i (I11.12)

2:vsin® cosd cosg ry s Qsind j

In addition

Zo =jlu°5in§ (III.l})

Consequently, the equatlon for the cylindrical envelope be-

comes
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CYLINDRICAL ENVELOPE
OF METASTABLE
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Filgure III.1 Velocity space cartesian
coordinate gystems used in describing the
cylindrical envelone of metastable velocities.
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\]1 = v‘sin‘@sinqu
. . . 2
+ (-Vsmgcosicoscp WNwWwsOvung -}.woS\n&) (I11.14)
If a detector 18 located along a ray from the origin
which is defined by the angles © ¢, then Equation III.1l4

can be solved to determine the minimum and maximum speeds

' (cutoffs) which can be observed:

Vy { Sint Ot g + (- 3in@con B evsg reos O 5ind )|

},guos;n& (-5;n@to$§ LsP +ws®s(n&)

_}""'Uo" sin* @ 2in2 O sint @
. *
+N [ﬁn’ Osin'g +(-5inOosBcorg +03Ound) } (I11.15)

For a given value of 0, these expressions are only
valid for a range of azlmuthal angles @ which lies symmet-
rically about ¢=0. The limiting value, Qo ? OCoOurs when
the line to the detector just grazes the cylinder, 1i.e.,
when the two cutoffs coalesce. Thus, me_is the value of
@ which makes the radical in Equation ITII.15 vanish. This

condition leads to

L)1) si0sing - ong,
= cos ® cos ® (I11.16)
oy Ocn*d + [(}*~$°)2’ i] y

. {[(P%O) g i] s Qsind -smBD R P- e Osin § ‘}

-t

+
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For values of >P, s the distribution s('w?) vanishes for

all v,

III.3 The Integrated Metastable Flux at Threshold

A useful quantity in an experiment 1s the total meta-
stable intensity (integrated flux) in a given direction. In
principle, this can be obtained by integrating the meta-

stable velocity digtribution over all velocitles:

od

1(9,9;V): j‘dv v 9W9) (III.17)
0

It would be particularly useful to evaluate this quantity
for the distribution arising from a collimated ground state
beam since this is the gituation of present experimental
interest. Unfortunately, the general integral III,17 can-
not be expressed in closed form. However, it can be easily
evaluated at threshold, as will be shown below.
To conform to the case of most immedlate concern, the
following assumptions will be made
1) the ground state gas enters the electron gun as
a perfectly collimated beam
1i)  the velocity distribution function in the ground
state beam is Maxwelllan
111) the detector is in the plane of the incoming
beams.

The intensity per unit solid angle can then be written
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\ X
I(®,§,¢;V)= 3 RO L 3(6;§,?,V) (II11.18)

e 4axV '
where

Ve
3 °V;;IU~1 -Ve,z./dz
Nor © 4V, ©

3(6,5,%\7% dv v& — ° (II1.19)
A A
V- ‘Vo'vl

Specializing the results of Equations III.9 and III.10 to

the case cp=0 allows thls to be rewritten
Dw,m& WV esc(-0)

2 --\l:,;v’d‘t
No+ € +Ve. €

D30V = |dv v T ——————— .
J(O)anjv) vy V "[}LU°$.\V\; -V s\'n(E-e))] (III 20)

[).u-losin $ -V cac(3-0)Y

-V _[a*

where

Voi = V cos (3-0) ~/1u°ws§ t'J\Zl-[);uosinI -vsin@-0)]* (III,21)

Considering values of V«);u, it 1s observed that the
radical in Equation III.21 is generally much smaller than
the leading terms; in addition, the limits of integration
are nearly equal. It is therefore a valid approximation to

replace v in Equation III.20 by the single value given by

ot
the first two terms in Equation III.2l. Furthermore, the
terms 1n the numerator of Equation III.20 can be evaluated at

the mean value of v, call it {v?,
vy = /*u.,ﬁn§ s (&-0) (1II.22)

and then taken outside of the integral. Equation III.20 then

becomes
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j(e)a;o)v) L3 Z./u* u;‘ ﬁtnzesiv\z& (.SC4 (&-6) ¢
cexp[- Rr0al@e] K (0, 0v) (1142

where .
[Puas‘ﬂ§+\7] cac (B -0)
d
K(e,§ 0V)-= - —  (III.24)
v v L puosing - vsin(g-o¥]
Lpuesing V] esctd-0)
Introducing the new variable of integration
wz g [ pugsind -y sin(3-0Y] (1I1.25)
leads quickly to the result
K B, &, 0,V)=n csc(@-6) (III.26)

The angular dependence of the intensity very close to thresh-
0ld (Equation IIT.18) is therefore summarized by combining

Equations III.23 and III.26

3(6,5)0;\7) 2 dw }Ad Ul wn’Osin*d e (§-0) -

o 3,
- exp l_- }!';L-;" s\n‘@csc‘@-e)] (III.27)
Since this 1s independsnt of V (the next term in the expan-

slon for J(©3,0;V) 1s of order V) it is concluded from

Equation I1I.18 that

lim Y1 (0,5,0,V)

=0

3 non'*
e 4Ax

’ N
oo Jle,3,0,0) (III.28)

i.e., that the product VI(G,&)O,V) 18 non-zero but bounded,

Congldering orthogonal ground state and electron beams



109

(§=% = csc(d-0) = sec@), the angular behavior at thresh-
old of the metastable intensity in the plane ¢=0 is found
from Equation III.27.

J(9,5,0,0) = 2x p* ud tant @ 380 exp[’)‘.}}: ‘lcm‘é)] (1I1I.29)

In normalized form, this is the equation for the curve para-

metrized by AE=0 in Figure 3.5.



APPENDIX IV

PROGRAM BY DR. E. S. FRY FOR NUMERICAL
INTEGRATION OF S(v) OVER FINITE DETECTOR WIDTH

The velocity distribution function for metastable
atoms arlsing from a collimated ground state beam is dis-
cussed in Section 3.1l. All calculations presented there
assume that both the ground state beam and the detected
portion of the metastable beam are well collimated. The
program presented below integrates g(v) over a detector of
finite angular width AQ<£AY, assuming the detector to be in
the plane of the orthogonal incident beams (§=§, ¢:=0).

Using a Gaugs-Chebychev quadrature of order n=6, the

program evaluates AV

Yor T
Lodne Y [d'ur_f.?.i_’{'.& 2 T W
Mo dUy g% 45 j /T

- &Y
where
N T I VI
7\— = - ﬁ sinYy = Y [/uua-vm@] (1v.2)

Ti: U; cos'V ¢ rﬁ#i-?\’-

= i" {Vﬁin@i‘JVI' [)Auo*\l CO\Q],:]: \I% (Iv.3)

110
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m E* 2E* (IV.4)
‘= —— = >~ = o
MKT 7{:’ Y™
At
:k.‘. E* (IVOS)
N
U; iy (IV.6)

and d= é;g 1s the most probable atom velocity in the Max-

wellian reservolr from which the ground state beam is formed.

INPUT:

The data cards must have columns 1 and 73-80 blank. A
data set begins with &M and ends with &END. A run conslists
of as many sets as desired. The input variables and thelr

default values are:

- - variable - - - = default - -~

E The metastable excitation

energy E(eV) no default
DELE The incldent electron energy

in excess of E (eV) no default
PSI The observation angle, Y,

(degrees) no default
DELPSI The spread in observation

angle, AW (degrees) no default
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- - varlable - - - = default - -
T The atom source temperature
(degrees K) 300,0
DU The spacing between the values

of Uy at which the integral is

evaluated 0.005
MASS The atom mass (at. mass units

based on C12) 4,0026
FRAC When the value of the integral

falls to FRAC times its peak

value, the integral is not

evaluated at any additional

points Ug. 0,001

UNCH For plots, this 1s the U axis
gcale factor in units of U per
inch. If UNCH 0,0, the axls 1is
drawn 8.0 inches long and a "nice"

gcale factor is determined (U is

dimensionless) 0.0
VNCH Same as UNCH but for V (km/sec) 0.0
TOFNCH Same as UNCH but for TOF (usec) 0.0
PATH The machine length, used to deter-

mine the TOF spectrum (cm) 1,0
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The following input variables have only two posslble

values T or F (true or false):

- « yariable - =~ - - default -~ -

PRNTU T The U spectrum is printed out
F The U spectrum is not printed out r

PRNTV Same as PRNTU but for V F
PRNTOF Same as PRNTU but for TOF F
PLTU T The U spectrum ls plotted

F The U spectrum is not plotted F
PLTV Same as PLTU but for V F
PLTTOF Same a8 PLTU but for TOF F
LABEL T The plot 1s labeled

F The plot is not labeled T

There must be & comma after every input variable ex-
cept the last one in a data set. There must be at least one
blank space after &M and before &END., Once an input vari-
able has been given a value, that value ls retained through-
out the run or until it is changed. If an input variable 1s

not specified, the default value 1s used.

OUTPUT :
When PRNTU is requested, the sum of FU(U) ¥ DU is

printed out. This sum is taken over all values of U and
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approximates an integral over the veloclity distribution,
The rest of the output is self-explanatory.
A listing of the program, written in FORTRAN IV,

follows,
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SEOW Add *U=N4XVR

YCO0W Add - e _ o to=wns
€EOW Add - - (00G=UN3*W*s) avid 1
ZE0W AYd V688G =EX

TEOW Add 8901LL0L*=¢X

0L OW Add ) 8926596°=1X
620W Add T o o T gou°*=nu

8ZOW Add o EEGYLIuT=9d4d
LZ0W AY¥d S vavZlLL*1=11d

9Z20W Ad4d 0920U°#=SSVi

GZO0W Add *ouE=1

7CO0W Add tou*=0vydd
€ZO0W AY3 o B o ~ *1=HLvd

2Z20W Add B *Q=HIONKJUOL
TZ0W Add *U=HINA

020W Add *O=HINI)

610W Ad3 *INYL *=1449v 1

BTOW A¥d *3SW4T=40LN¥d
LTOW Ad3 T i B O *4STv4°*=ALNYd

9TOW Add ‘ - ~ *dSIV4T=(LNdd
STOW AY¥3d o a o *3S5Iv4°*=40111d

2TOW Add *4Sv4°*=AL1d

c10W Ad4 *3SIv4°=ML1d

ZTOW Add H d3993LNI
TTOW Add - JOLNId *ALNYd *NINYd * 40LLT1d*ALTd*NLId 138V 1vII907

OTOW Add NAXVWESSTYWESWeuN Tvde
600W Add JOLINGd “ALNdd “NINdd “d0LLId *ALTId“NLTd ¢ T13dv T

BOOW AUA*HIVA*HINDULHINA*HINN*DVE4*SSYWISdTI3U*ISd*NU* L*3130*F/W/LST NV

LOOW Add T3AV I1°SSVW ISd130°ISd L 3N3A I 4N nd vA ISdwNS*ISddId NUWWDD

900W AdA (O00T)IA4* (OOOTIA*(QOUT)ING*(COOL)IN NUISNIWIU

GOOW AY3 - T o [
S00W Add *uVINIIUNIdYId dd I
cO00W Add 0L G3WNSSY 39V VINIWOW WOLV LINIGIONI ONV NOYWLO314 4HL *ISd Lv D
ZOOW Add J3UILNAD ISd1IU FTONY NV ¥IAU MULLNEIWLSTd ALTOQUTIA 4719vLSvidw 9
TOOW Add JHT JIVIOIINT UL JaINIvVaavio AdHIAGHHAI=SSNIVO ¥ SIS Wvd9U0dd SIHL
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S90W Add (40793 )NISHV=dd (H01/dMdd " L9°2dS) 41

90W Add (IN/VNAINLSHV=Vd (40/VAd LT 1dS) 41

COOW Add T Zd=4d

C90W Add e HdEae

T90W Ad- - € UL U9 (407958 197 T4ds) 41

090W AY¥d € UL 09 (dn/vda’L1°24dS) 41

6S0NW Add S S Hum<;

8G0W Ad4d (I)n=4
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G0N AYd e (NU/ANIWN=XTUWN) JINT=p

€S0l Add B T T NIy d=1n

2G60W Add (NU/NIWn Y INI=p
TIS90W Add4 T T T ISR ISATAGASS YN VHA IV AL 413U 9 (0009 )Y HE Tdm

0S0W Add ,wﬁw\mxa X Vi

6%0W Add T T o . V=1dS (v°L173° meﬂyh,i‘?:fe,

Yy OW Add (NIWN+NUxe3°2)/a94d=vy

Ly0OW Ad4 - ‘ 4SS/ vda=nIng

GH70W Ad4 COA) LJOS+H T T+) L3US ) sxd=ddy
- Gv0W A¥4 o (A LAUS= (" T+2) Laus ) sef=y s

7HUOW Add (da :,:u;mau

E70W Ad4 e

70N Add cu:*A.n\huq_¢:+hwavuma
 Iv0W AN4 ) GAUs{ ¢ /15d 130=-15d )= [«

0%70W Ad4d (A Lo Sy =
- 6E0W Ad4 T o o (AZCTHM) )L a0s=uy

B UW Ad4 o4/ 3 idu=

LEOW A4 - S ;ng<am» 4)LauSiceey e=n

9e0W Add {55t Vp.“ua.Am AMHQIQ_<
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T0TW Add Svi1*Tl=1 11 wd
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Z60W Add d IVEXVWN=X VWA
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180W AYd L 0L 09 (NLld *Lon®) 41 9
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APPENDIX V

Reprinted from The Review of Sclentifle Instruments,
Vol, 40, No. 9, 1242 (September 1969)

Detection of Metastable Atoms and
Molecules with Continuous Channel
Electron Multipliers*

Denis P. DonNNELLy, JoHN C. PeArL, RicHARD A. HEPPNER,
AND JENs C. ZorN

Randall Laboratory of Physics, The University of Michigan,
Ann Arbor, Michigan 48104

(Received 14 February 1969; and in final form, 9 May 1969)

EAMS of metastable molecules can be rapidly and

efficiently detected by allowing them to strike the
cathode of a windowless electron multiplier. In this note
we report on the use of a continuous channel electron
multiplier! (Bendix “Channeltron”) in this application.
Compared to other multipliers, the continuous channel
multiplier has the advantages of lower noise, simpler
circuitry, and far smaller size for a given cathode area.

We have detected thermal beams of metastable helium,
hydrogen, neon, argon, krypton, xenon, and molecular
nitrogen in our experiments. Although we have not mea-
sured the yield of Auger electrons per metastable incident
on the multiplier cathode, we judge that the yield is
comparable to that achieved? on the tungsten or platinum
surfaces used in the conventional Auger detectors. The
detection efficiency for a given metastable species seems
to remain within 109 or so of an equilibrium value in
spite of the frequent exposure of the multiplier to humid
air and backstreaming pump vapors.

The usual background signal, or dark current, in the
Channeltron multiplier is 0.1 counts/sec or less, so it is
feasible to do experiments with beam signals as low as
1 count/sec. To maintain a low background count rate it
is essential to keep uv radiation (as from bare filaments)
and ions (as from vacuum gauge tubes) out of the multi-
plier. Windows in the vacuum system need not be covered
during the experiments, however, since the multiplier
does not respond to visible light.

The arrangement shown in Fig. 1 is a simple, effective
way to couple the output of the Channeltron to a remote
pulse height analyzer.

Sometimes the Channeltrons will develop erratic gain
or a very high noise level. This can come from mistreat-
ment such as overloading due to high counting rates or
from causes which are less obvious. We have usually found
it possible to restore a multiplier to good operating con-
dition by flushing it with acetone or ethyl alcohol and
letting it rest on the shelf for 4 few days; In fact, one of

our Channeltrons has been resuscitated in this manner
after it had failed from a corona discharge that occurred
when the system vacuum was lost with 2.5 kV still applied
to the multiplier. A noisy or inoperative multiplier should
not be discarded before a few of these “home remedies”
have been tried.

The continucus channel multipliers are made of glass
tubing which can be broken if too much strain is exerted
by the mount; once the multiplier is in place, however,

SN N
e ~3om @Q Fig. 1. The Channeltron out-
¥ "]4 C_ swwmw  put is picked up by a small
8mm V, 100‘/_; 3000vdc  metal button and fed to the
13 RS input of an emitter follower
i 1 heg which is mounted together with
k- — the multiplier inside the vac-

uum chamber. The circuit
serves as an impedance trans-
former so that the signal pulses
£ ouT can be brought out through
long, low impedance leads.

+15v DC

= 10pf 470K

TEST
INPUT

the assembly of multiplier plus amplifier on a single board
is not overly delicate. It is useful to know that pieces of
a broken Channeltron can sometimes still be used for
electron multiplication, albeit with lower gain, if new
electrical connections for the dc voltage are made to the
resistive glass tube with conducting paint.

We are grateful to John Carrico, Christopher Tosswill,
Charles Hendee, Barry Kletke, and James Svenson of
the Bendix Research Laboratories for the loan of several
Channeltron multipliers and for suggestions concerning
their use. We thank David Crosby for his contributions
to this research.

* Work supported in part by the National Aeronautics and Space
Administration.

1 M. Kaminsky, Atomic and Ionic Impact Phenomena on Metal
Surfaces (Academic Press Inc., New York, 1965), pp. 292 fi.

2'G. W. Goodrich and W. C. Wiley, Rev. Sci. ?nstrum. 33, 761
(1962); D, S, Evans, ihid. 36, 375 (1965).
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EFFECT OF RECOIL ON THE VELOCITY DISTRIBUTION
OF METASTABLE ATOMS PRODUCED BY ELECTRON IMPACT *

J.C. PEARL, D. P.DONNELLY and J. C."ZORN
Randall Labovatory of Physics, University of Michigan, Ann Avbor. Michigan 48104, USA

Received 3 September 1969
We have shown both experimentally and by a simple kinematic argument that the velocity distribution

in a beam of metastable atoms produced by electron bombardment of ground state atoms deviates strongly
from the velocity distribution of the ground state atoms.

The velocity distribution of metastable atoms cften enters explicitly into the analysis of resonance
[1] and collision [2,3] experiments done with atomic beams. However, there have been few direct mea-
surements and no correct theoretical description of the velocity distribution in a beam of metastable

* Research supported in part by the National Aeronautics and Space Administration,

6=16"

(ARBITRARY UNITS)

COUNT RATE

0 10 200 300 400 5U0
TIME OF FLIGHT (usec)
Fig. 1. Time-of-flight spectra for helium. Points represent experimental data. Curves a are theoretical accounting

for the angular divergence of the incoming, ground state beam, assuming E-E*=0.75eV. Curve b is theoretical if
recoil effects are neglected.
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atoms formed in the common experimental arrangement where ground state atoms in a collimated beam
are excited by a transverse beam of electrons.

In our experiment a pulsed electron beam is directed at right angles (¢ = 90°) through a collimated
beam of thermal energy helium atoms. The metastable atoms are detected [4] with an electron multi-
plier (Bendix Channeltron) which can be rotated about the interaction region in the plane defined by the
incoming electron and atom beams. Samples of data taken at two different angles 6 (angles measured
from direction of electron beam) are plotted as points in fig. 1. Striking features of these results, when
compared with what would be found if recoil effects were negligible (curve b in fig. 1) include the narrow-
ness of the distributions, the presence of two peaks, and the sensitivity to deflection angle of the posi-
tion of the distribution.

The principal features of these distributions can be understood from kinematic considerations. I the
gas beam effuses ideally from a thermal source (most probable speed a), if the ground state beam is
perfectly collimated, if the detector is small, and if the electron scattering is s-wave, then conserva-
tion of momentum and energy determine the following velocity distribution for the metastable atoms in
the plane of the incident beams

v2v2, exp(-v2 /02) + v2_ exp(-vZ_/a?)

fl) =— 1
|4 [V2 - {(m/Mug sin® - v sin(d)-@)}z]% M
for v iy < ¥ <Vpay, Where
i - 9 <o
¥ max =L%uo sin® & VJ cosec (- 96) V < (mugo/M) sin ® (2)
min
and
1
Vg, =v cos(®-0) - %uo cosd + {V2 - [%“o sind - v sin(® - 6)]2]»‘2 (3)

Here V = [2m(E-E *)]%/M; m and Mare the masses of the electron and atom respectively; E * is the
energy of the metastable state; and #, and E are the speed and kinetic energy, respectively, of the in-
cident electron. The distribution f(v), which is zero outside the limits given in eq. (2), is in disagree-
ment with functions previously presented [7,8]. In the present experiment the detector subtends only a
very small angle (A6 ~098'), but the divergence of the incoming beam (A® =~ 3°) is significant. A nu-
‘merical integration of eq. (2) over the beam divergence yields curves a of fig. 1.

The present study of velocity distributions in beams of metastable atoms should facilitate the inter-
pretation of experiments such as the fine and hyperfine structure measurements in 228; hydrogen [1,5],
measurements of electron impact excitation of # = 2 states in helium [6], time-of—fligh? studies of re-
pulsive molecular states [7], and analysis of the kinetic properties of single and multi-component
gases [8].

We are indebted to R A. Heppner, E.S, Fry and W. L. Williams for their assistance and encourage-
ment. The importance of velocity distributions to the measurement of atomic fine structure was
emphasized to us by R. T. Robiscoe
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APPENDIX VII

SIMPLE SCALING RELATIONS FOR EVALUATING
EFFECTS ON DISTRIBUTIONS OF DIFFERENT
MASSES AND EXCITATION ENERGIES

The relations for 9(5) presented in Chapters 2 and 3
apply generally to atoms of arbltrary mass and to states of
arbitrary excltation energy. Nearly all of the flgures pre-
gented, however, have been for 238 helium. The effects of
using different gases (or isotopes) have not been indicated;
the effects of excliting different states have only been con-
sidered briefly (Section 6.2). An informatlve means for
simultaneously assessing the influence these factors have on
metastable velocity distributions is the following.

Curve ¢ of Figure 5.3 represents the time-of-flight
spectrum for 233 nelium 1f recoil effects are totally absent;
the spectrum is characteristic only of the thermal distribu-
tion of velocitles in the ground state gas. Scaling the tlme
axls with the most probable veloclty of the atoms in the re-
servolr therefore ylelds a curve which is representative of
all gases, The same normalization, however, does not endow
curves a with a similar universal character, since they are
strongly dependent on recoil effects, These clrcuustances

provide a simple method of comparing the degree to which
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beams of metastables produced from various gases are dis-
torted by recoll: relatlons beiween E*, E, © and M are de-
termined which produce fixed "shifts" (represented, for
example, by those of eurves a) relative to the universal
curve C.

Curves a are characterized by their cutoffs. Let the
cutoff velocities be normalized with respect to the most
orobable velocity in the ground state gas. For glven shifts
i1t is now vossible to determine the angles and energy ex-
cesses which will produce the same relative shifts wlth re-
spect to curve ¢ for gases of arbltrary mass and excltatlion
energy. Consider the incident beams and the detector to be
coplanar, let ® be fixed, and suppose that the source gases
have the same temperature. Then, for a given spectrum of
tyoe a, i.e., for fixed v,,/oL and v_/d. s, the cutoff relatlons

(Equation 3.5) can be inverted to give

___E_ ) - A*sin* @
- = const. = St ptantd (VII.1)
and
-\/-—E— s}n(@-—@) zconst. = 2‘;"§ -/'i"?r“ (VII.2)
where
V4 4 V.
LYo

(VII.3)
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and E is the energy of the incident electron. Equation
VII.1l says that, for states of fixed exciltatlon energy E*,

a fixed energy excess AE will produce & spectrum with the
game "ghift" relative to curve ¢ regardless of the mass of
the atom or molecule. Equation VII.2, however, indicates
that the angle at which such a spectrum is observed does de-~
pend on the mass of the excited particle. Comparing the
helium cutoffs of curves a in Figure 5.3 with predlctlons
for other gases and states ylelds the results shown in Table

ViI.I.
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ADDENDUM

TOTAL INTENSITIES IN DIRECTIONS
NOT CONTAINED IN THE PLANE
OF THE INCIDENT BEAMS

Normalized curves for total metastable intensitiles
(integrals over the velocity distributions) which arise from
a perfectly collimated Maxwellian ground state beam have been
presented in Figure 3.5. These results, however, are calcu-
lated assuming that the detector 1s located in the plane of
the incident beams; the "structure" in the curve for AE=50
eV has been explained qualitatively in terms of the non-
uniform distribution of metastables along the cylindrical
portion of velocity space within which all veloclty vectors
of the metastables must terminate.

It is of interest to investigate the intensity dls-
tribution assuming that the detector 1s located in a plane
which does not contain the incident beams, i.e., for values
of @#0. Such results are oresented in Figure AD.1l for the
excitation of the 233 metactable state of helium by electrons
with energy 50 eV above the excitatlion threshold (note that
the curves are normalized to their peak values, as in Flgure

%.5). Two features are worthy of note:
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1) the curves for ¢#0 terminate abruptly. These
cutoffs occur when the line of slght from the
interaction region to the detector is "tangent"
to the cylinder which contains the velocity vec-
tors of the metastables;

i1) the "cutoff points" do not always occur at the

peaks of the intenslity curves. This 1s a result
of the nonuniform population of metastables within
the cylinder,

A different presentation of the lntenslities 1s glven
for electron energies of 69.8, 25 and 21 eV in Figures AD.2,
AD.3 and AD.4 respectively. Here the abscissa represents
the azimuthal angle ¢ of the detector, and the polar angle O
1s the parameter; each solid curve, therefore, corresponds
to scanning the detector around a cone with 1ts axls along
the electron beam. The curves are gymmetric about ¢=0°,
The ordinate scale differs from that of most filgures in the
body of the thesis by not including the factor 1/y7, which is
prooortional to i/4fE-e* (see the discussion of pages 28 and
29). As in the previous figure, each curve terminates ab-
ruptly when the line to the detector passes outside of the
populated cylinder; the dashed curves represent the locl of
these "cutoff points", and reflect the velocity distribution
in the ground state beam. In fact, for a ground state beam
with a Maxwelllan velocity distribution, the plotted quantity

(essentially VI (Q%,?“‘,\])of page 28 and Section III.3 of
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Figure AD.2 Total metastable intensity for 235 helium
as a function of the azimuthal angle ¢ of the detector; the
polar angle © is the parameter, The energy of the incldent
electrons is 69,8 eV. A perfectly collimated Maxwelllan
ground state beam 1s assumed; s-wave scattering of the elec-
trons is also assumed. The dashed curve repregents the locus
of intensities at the cutoffs (see text).
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Figure AD.4 Total metastable intensity for 273 helium
as a function of the azimuthal angle ¢ of the detector; the

polar angle © 1s the parameter.
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The energy of the incldent
A perfectly collimated Maxwelllan

ground state beam ls assumed; s-wave scattering of the elec-

trons is also assumed.

The daghed curve represents the locus

of intensities at the cutoffs (see text).
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Appendix III) takes the following form

n Vz 2 —V:,d-.
VI(Q)I)Q"\“,V)N ‘Qoi((l\ Vo € (AD.1)

where the quantities v, and v are determined from Equations
III.10 and III.15 respectively, using Equation III.16.

The above three figures show that, under the assump-
tion of isotropic electron scattering, the total intensity
may vary strongly with the azimuthal angle ¢; for large
energies, the intensity may be substantially greater for
values of ¢#&D than it is in the plane of the incldent beams
(compare, for example the intensity at q)=10° (O©=84°%) with
that at @= 0° in Figure AD.2).

The strong effect which nonisotroplc electron scatter-
ing can have on the metastable intensitles 1s geen by com-
paring Figures AD.4 and AD.5. The results shown in these
figures are calculated for electrons of energy 21.0 eV,
corresponding to the energy of the d-wave resonance in the
excitation function for the helium 278 state. While the in-
tensities evaluated under the assumption of lsotroplc elec-
tron scattering (Figure AD.4) depend only weakly on P those
made for d-wave scattering (Figure AD.5) show large peaks
and valleys.

To summarize, it is seen from the results shown in the
various Tigures of This addendum, that varistions In une

total metastable intensity which occur in the olane of the
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polar angle © is the parameter. The energy of the incident
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trons is also assumed. The dashed curve represents the locus
of intensities at the cutoffs (see text).
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incident beams (cf. Figure 3.5 and the intensity variation
with © at ¢=0° in Figure AD.5) are generally not representa-
tive of the variations which occur for @¢ O. Because of the
concentration of metastables toward the "outside" of the
populated cylinder in velocity space, the out-of-plane in-
tensitles can vary strongly even 1f the electron scattering
is 1sotropic (Figures AD.2, AD.3 and AD.4)., In addition,

the inclusion of structure in the scattering cross section

1s seen to have a strong effect as well (Figure AD.5).
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