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ABSTRACT 

A comparison is made of relative number densities of excited 

states produced in Helium gas excited by an RF discharge and by the 

high energy (200 kev, maximum) electron beam, it being found that the 

3 
3 D states are relatively much more numerous in the discharge; a likely 

explanation is that free electrons in the discharge are energetic 

enough (~35ev), due to energy supplied by the RF field, to excite 3 JD 

states directly, while beam electrons and secondary electrons which 

they eject have, respectively, too much and too little energy to pro¬ 

duce such states<> Since triplet states cannot be produced directly by 

the high energy beam, the mechanism of their production is investigated.) 

Electron-ion recombination is eliminated due to lack of a recombination 

spectrum and due to an observed linear dependence of triplet line inten¬ 

sities on beam current,, Excitation by ejected secondary electrons is 

eliminated on the basis of a calculated cross section for the process 

-28 2 
of 10 cm or less,. Excitation Transfer from singlet states is con- 

© 

eluded to produce the triplets; pressure dependence of the 501&A 

(3 P—2 S) line is found to follow closely the predictions of the Two 

Level Transfer Model0 A modification of this model which takes account 

of the fact that triplet states are not produced directly by the beam 

© 3 3 
allows the prediction of the pressure dependence of the 587&A (3 D—2 P) 

line» 

Certain technical questions are investigated,, It is found that 



light output of the chamber is more than ample (l60kev, 0.02 m.a.) and 

that x-ray induced noise in the EMI photomultiplier is not excessive. 

The 0.000125 inch Havar foils used are found to carry 0.3 m.a. at 

l60kev. The beam is found to be scattered by the foil and then by the 

A1 back plate of the chamber, causing electrons to strike the walls of 

the chamber and the glass to fluoresce and become brown tinted with use. 

A modified chamber design to rectify this situation is suggested. 

The possible uses of the technique of high energy electron beam 

excitation of gases and liquids are discussed. Mobility studies of 

ions and excited species in gases and liquids should be possible, The 

fact that the high energy beam excites only those states with the same 

soin multiplicity as the ground state (singlets in Helium) should faci¬ 

litate the measurement of excitation transfer cross sections between 

states of different multiplicity. Finally, the process of optical 

oumning of Helium and the uses of beam excitation therein are dis¬ 

missed. The relaxing effect of the beam’s magnetic field gradient upon 

3 
the optically polarized He nuclei is investigated, and it is concluded 

that the application of a small external field will be necessary but 

that such a field should not affect the beam optics substantially. 
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I« Introduction 

Experimental studies of properties and interactions of ions and 

electrons, excited atoms, and molecules in gases and liquids require 

a means for populating the desired excited states0 Aside from re¬ 

sonance absorption of photons, the traditional techniques for producing 

excitation have been by use of electrical discharges and radioactive 

sources; both suffer from certain disadvantages0 

Electrical discharge techniques cannot be used in liquids or in 

condensed matter; glow discharges are stable only in gases at relatively 

low pressures (typically less than 100 Torr0)« Furthermore, the 

electrical breakdown involved is an inherently chaotic process with a 

limited dynamic range, since a selfsustained discharge requires a rela¬ 

tively high level of ionization., Due to the difficulty of building up 

a conducting mode in the gas, a discharge cannot be pulsed faster than 

: 3 

a certain rate (about 10 per second),, Characterization of the dis¬ 

charge is difficult, since the average electron energies are much 

greater than kT and the kinetic energy distributions are non-Maxwellian 

and generally unknown0 In Helium, for example, it is not even known 

whether the discharge-sustaining ionization process is predominantly 

direct (ionization of ground state atoms by electron impact) or cumu¬ 

lative (ionization following excitation)„ Finally, the electric fields 

necessary to energize the electrons, and hence to sustain the discharge, 

often affect the experimental results in a manner for which correction 

is not easily made.. 

The use of ionizing radiation from a radioactive source is appli¬ 

cable to liquids and solids as well as to gases„ In this case, the 

level of excitation may be selected initially, but, once the source is 



2 

implanted in the sample, the level is fixed0 Pulsing, of course, is out 

of the question0 The level of excitation is well known and constant, 

and there are no complicating electric fields® However, even to attain 

quite low levels of excitation, highly active sources are usually re¬ 

quired § these sources may require special handling and precautions, 

and the low levels of excitation which they produce may necessitate the 

us© of elaborate techniques to produce useful signalsto-noise ratios® 

Almost all of the difficulties mentioned above may be circumvented 

if the method ©f excitation by charged particle beam is usedo One may 

excite liquids, solids, and gases® The level may be varied over an 

extremely wide range, essentially from zero excitation up to levels 

characteristic of electrical discharges; also, the properties (current, 

energy, geometry) of the exciting particle beam are generally well 

known and may be changed at will® Pulsing is easily achieved at almost 

any rate desirea, and no electric fields need be present in the sample® 

If a proton beam is used, no radiation hazard exists; an electron beam 

of energy greater than about 16 kev does require x~ray shielding, but 

even in this case, one has the convenience of a lack of radiation hazard 

when the beam is off® Furthermore, an electron beam may be focussed 

to a small pencil or be made as diffuse as desired, whereas the geometry 

of an electrical discharge is at best extremely difficult to control; 

radioactive sources may be collimated only at the cost of radiation 

output® In fact, high energy electron beams allow the achievement of 

the largest energy densities known to man (even larger than laser beams) 

1 
as is evident from Table 1, from Schumacher® 

For these and other reasons, a high energy electon beam excitation 

facility is being developed in the Rice University Atomic Physics Labor*- 
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atory„ The first use planned for this facility is to provide excita¬ 
nt- . 3 

tion of Helium gas for optical pumping experiments in He and in He ; 

previously such excitation has been produced in this laboratory by 

means of RF discharges0 Later, the facility may be used to study re¬ 

actions and transport properties of electrons, ions, and excited atoms 

in gases and in liquids, including, perhaps, liquid Helium,, The pur¬ 

poses of the present work were to gain familiarity with the electron 

beam excitation facility, to establish techniques to be used in gas 

and liquid excitation, and to investigate the behavior under high ener¬ 

gy electron bombardment of Helium, preliminary to doing optical pumping 

of Helium0 The expected advantages of doing optical pumping of Helium by 

this method will be discussed in Section IV of this paper,, 
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Ho Apparatus and Technique 

The accelerator in this experiment is a Texas Nuclear Corporation 

Cockeroft-Walton electron accelerator capable of delivering as much 

as 5 m0a0 of beam current at energies up to 200 kev® The beam may be 

pulsed at a rate up to 10 pulses per second, and both the pulse length 

and the delay time are continuously variable® With the present electron 

©ptics it is possible to focus the beam to a one eighth inch diameter 

spot as viewed on a Zinc Sulfide target which may be inserted remotely 

into the beam path® The accelerator is housed in a room having one 

quarter inch lead shielding and two leaded glass windows for viewing 

the apparatus while in operation® 

As mentioned earlier, the use of high energy electron beams to 

excite gas is a rather new technique and, as such, is subject to tech¬ 

nical difficulties® Before it could be decided whether the technique 

would be useful, several questions had to be answered® 

The first question was simply how to get the beam from the beam 

pipe vacuum into the gaso One method, considered briefly was that of 

differential pumping® A basic problem associated with this method is 

that target gas densities must be kept low® Also, in the case of opti¬ 

cal pumping experiments, the escaping gas contains optically pumped 

species and thus constitutes a limiting factor on the desired effects 

of optical pumpingj in addition, many of the experiments involve the 

3 
rare He isotope which is too expensive to pump away® All things con¬ 

sidered, it was felt that a foil system would be best. The chamber 

for the experiment and foil mounting system are shown in Figure 1. The 

chamber was constructed from a standard 6 inch section of conical Pyrex 

glass pipe, of 3 inch internal diameter, manufaciered by Corning Glass 
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Workso An Indium o-ring was used to seal the foils to the end plates. 

A OoOOl inch thick Aluminum foil was tried and found unsatisfactory as 

the electron beam induced foil rupture. Thereafter a 0.000125 inch 

thick Haver foil was used successfully at beam currents of up to 0.3 m0a. 

Further technical comments pertaining to foils and to the gas handling 

system will be found in the Appendix. 

The second question which needed to be answered was whether suffi- 

cient light output was available to be recorded with, out spectrometer- 

photomultiplier system which, for these first experiments, was a one 

half meter Jarrei-Ash spectrometer with an RCA 931A photomultiplier. 

Calculations based on energy loss per collision for electrons in the 

lOOkev range had indicated that our accelerator should be able to pro¬ 

duce sufficient excitation. It was found that the light output of the 

chamber was more than ample, being faintly visable to the dark adapted 

eye with only 0.02 m.a. of beam current. With larger currents the 

light from the chamber was visible even when the accelerator room was 

not completely dark. The appearance of the glow was somewhat surprising 

in that the light seemed to emanate uniformly from all parts of the 

interior of the chamber; closer inspection showed the expected central 

pencil of light, the remainder of the glow apparently coming from the 

vicinity of the walls of the chamber. Further comments upon this flou- 

rescence will be made later. 

The final major question was whether x-ray induced noise in the 

photomultiplier output would be excessive. With the RCA 9J1A photomul¬ 

tiplier it was found that the brightest Helium lines could be observed. 

Wrapping the photomultiplier housing wih one eighth inch lead sheet 

reduced the dark current substantially but increased the signal-to- 
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noise ratio by less than a factor of two® Later, EMI photomultiplier 

types 6256 and 9558Q were used, and it was then possible to observe many 

of the fainter Helium lines, the signal-to-noise ratio being greatly 

improved® 

In addition t© the questions mentioned.above, several unexpected 

phenomena were encountered as the work progressed® First, it was found 

that the Pyrex glass chamber became brown tinted after usage® A change 

in color could be observed after a beam of 0®Q5 m®a® had been passed 

through the chamber for only 5 mintes, and the hue of the tint deepened 

as time progressed® It was determined that the tint could be etched 

away with hydrofluoric acid® Therefore, of the two mechanisms consi¬ 

dered which might have produced such a color change, namely, x-ray in¬ 

duced browning ©r charged particle browning, the latter was thought to 

be the more likely, since x-rajrs should have produced a change more or 

less uniformly throughout the glass® A second phenomenon observed was 

a bluish surface fluorescence on the glass, which caused the light from 

the chamber to appear uniform in character, as mentioned previously® 

Since large numbers of ions and electrons were produced by the high 

energy beam, one might hypothesize that these particles were recombining 

at or in the vicinity of the glass surface® However, no recombination 

spectrum of Helium was observed either when the optical system was se¬ 

lectively focussed on light from the center of the chamber or on light 

from the walls® Although it is possible that recombination was present 

but too faint to be observed, conclusive evidence was obtained that the 

process involved was not recombination^ this evidence was the observa¬ 

tion that the fluorescence was present undiminished (as it appeared to 

the eye) when the chamber had been pumped out to 10 torn® and no Helium 
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had been admitted,, Third, it was found that the ratio of the beam cur¬ 

rent collected on the back plate of the chamber to that which emerged 

through the back foil was about 50$1. The ratio was independent of 

pressure, remaining unchanged throughout the entire range tested, i*e*, 

down to 10 torr* Finally, sparking from the chamber walls to the end 

plates occurred at very low pressures, where electrical breakdown of the 

gas would be most likely* 

Taken together, these observations imply that several effects 

must have occurred<> First, the bulk of the beam must have undergone 

a scattering of at least several degrees upon passing through the en¬ 

trance foil of the chamber* Such a scattering would explain why fifty 

times more beam current was collected on the back plate of the chamber 

than was passed through the exit foils that this scattering occurred in 

the, entrance foil and not the gas would explain the fact that this ratio 

was independent of Helium gas pressure* Next, upon striking the back 

plate of the chamber, a large fraction of the electrons must have been 

"bounced*1 back into the chamber through Rutherford scattering* Some 

of these electrons undoubtedly struck the walls of the chamber and, 

thus, caused surface fluorescence and wall brownings the fact that this 

process is independent of gas in the chamber would explain the observa- 

“5 
tion of fluorescence of 10 torr* vacuum* Sparking was observed be¬ 

cause of these electrons, under conditions which would facilitate elec¬ 

trical breakdown of the gas, i*e*, at low pressure* 

Future chambers could be designed to remedy these conditions* 

The exit foil of the chamber could be enlarged and moved closer to the 

entrance foil so as to subtend a larger solid angle, thus enabling more 

of the beam to leave the chamber* In the event that we should be un- 



able to pass all of the beam through the chamber, we might attempt to 

collect charged particles at the surface of the glass by coating the 

surface with a conducting metal film. Another possibility would be to 

use an all-metal chamber with a side-arm leading to a viewing window, 

before which might be placed a metal grid to collect charged particles 
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IIIo Theory and Preliminary Results 

If an atom has a spontaneous radiative transition probability from 

state j to state k, A., , then, for an ensemble of atoms in equilibrium 

and free from radiation of wavelength , we have 
JK 

I = A n , 
Ok ok 0 

where 1^ is the number of quanta of wavelength emitted per second 

and n. is the number of atoms per unit volume in state j* Thus, if one 

observes relative spectral line intensities, he can calculate the rela¬ 

tive populations of the excited states of the atoms comprising the en¬ 

semble * A set of relative level populations of Helium gas excited by 

the high energy electron beam is given in Table 2% for comparison, 

level populations determined for an RF excited Helium discharge are also 

listed* The transition probabilities used were those of Gabriel and 
2 

° 1 1 
Heddle except in the case of the 5016A (2 P - 2 S) transition, where 

correction must be made for ultra-violet trappingj in this case, the 

3 value used was that of Bennett * It can be seen that the population 

3 of the 3 D level is relatively greater under discharge excitation than 

under beam excitation* The reason for this difference will be given 

later in this section* Before entering into this discussion, certain 

other concepts must be mentioned* 

When a beam of electrons is incident upon a gas, a certain proba¬ 

bility for excitation of the gas exists, and one can define an excita¬ 

tion cross section in the usual ways 

n, = Q,N(g) Js 
J J 

+-U 

where n. now represents the number of the excited state produced 
J 
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per cubic centimeter per second, Q. is the excitation cross section to 
th 

the j level, N(g) is the number of ground state atoms per cubic cen- 

timeter, and J is the beam current density in particles per square cen- 

timeter per second# The population of the j level will depend upon 

Qbut several other factors complicate the situation,. In particular, 

one may express,the condition of steady state by the equation. 

QaN(g)J + 2 N(i)A 
i>j i j 

electron cascade transfer 
impact 
gain 

gain gain 

= N(j)A 
J + fajk»(3)P 

cascade transfer 
loss loss 

where the phenomenon of ultra-violet trapping has been neglected and 
th 

where the quantity A. is th© total radiative decay rate of the j 
J 

level# In measuring excitation cross sections, one usually works at a 

pressure low enough that excitation transfer can be neglected# The 

cascade terms can be accounted for by measuring the apparent (without 

cascade) excitation cross sections of the level in question and of high¬ 

er levels which cascade to it0 Measured excitation cross sections 

of Helium have a very broad maximum at about 100 ev; other singlet ex¬ 

citation cross sections have moderately broad maxima at about 50 ev0 

Triplet excitation cross sections, on the other hand, have very sharp 

maxima at about 35 ev, the values decreasing rapidly to zero thereafter# 

One wo'ifLd expect this rapid fall-off, since, in the Born approximation, 

triplet excitation is impossible, and this approximation becomes better 

and better as one goes to higher energies# At 500 ev Helium cross sec- 
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tions calculated under the Born approximation agree very well with ex¬ 

periment,, At the energies used in this experiments some three or four 

hundred times greater, the Born approximation may be taken as essential¬ 

ly exact o 

The peak present in the shape of triplet excitation cross sections 

may be cited at this point in explaining the fact, introduced above 

(efo Table 2 ), that the number of 3 D states relative to the number of 

2 S states is larger in a gas discharge than in a gas excited by an 

electron beam,, In a discharge, the free electrons are ''heated" by the 

discharge-sustaining electric field, and a substantial number of them 

may have energies which fall in the region where triplet excitation 

cross sections are largeo However, electrons ejected as a result of 

ionization by high energy particle impact have an energy spectrum which 

k 
is extremely peaked at a very low value of energy , probably less than 

an electron volt for the conditions of this experiments hence the dif- 

3 
ference in the relative numbers of 3 D states in the two methods of 

excitation^ 

Some knowledge of the expected populations of excited states may 

be gained from qualitative considerationss One would not expect any 

noticeable number of triplet states to be excited directly by the elec¬ 

tron beam because, as just mentioned, such excitation is forbidden in 

the Born approximation,, We would expect large numbers of r states to 

i 1 
be excited since optically allowed radiative transitions (l S - n P) 

5 
have by far the largest excitation cross sections in this approximation,, 

1 
When ultra-violet trapping is present, the populations of P levels 

would be expected to be further enhanced; also, large populations of 

■j 

■“•P states would be .expected in the volume surrounding the beam, rather 
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than just at the location of the beamc We would also expect large num¬ 

bers of ions and electrons to be produced, since at these energies, the 

ionization cross section is larger than the total cross section for ex¬ 

citation to all stateso 

1 3 
In Figure 2, relative populations of the 3 S and 3 S levels are 

given as a function of pressure® It will be noted that the population of 

3 i the 3 S level increases relative to that of the 3 S as the pressure is 

increased® If both of these states were produced directly, the relative 

population would be independent of the pressure® The result can be un- 

3 
defstood, then, if one assumes that the 3 S states are not produced di¬ 

rectly, but, rather, are produced by some pressure dependent process® 

Hence, this observation tends to support the Born apporximation predic- 

tion® In Figure 3» the relative intensities of the 5876A (3^D -.2 P) 

and 5016A (3^ - 21S) lines are given® The general decrease with pres¬ 

sure down to about 60 microns is expected for the reason just given. 

The general rise at lower pressures is interpreted as resulting from a 

relazing of the complete ultra-violet trapping condition® Such a relax- 

6 
ation is in agreement with the results of St. John, Bronco, and Fowler , 

who found such trapping to be complete at pressures above 50 microns 

and non-existent only at pressures below 0.5 micron. Since their geo¬ 

metry was not vastly different from that of the present apparatus, their 

results might be expected to carry over to this work® 

As mentioned atiove, direct electron beam excitation of triplet 

states is not expected in this experiment, the Born approximation being 
3 

essentially exact at these energies® Yet 2 S metastable states are ne¬ 

cessary if one is to do optical pumping, and, in fact, lines in the tri¬ 

plet series have been observed, as reported above® Several methods of 
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producing triplets are possible, the chief among which beings ion- 

electron recombination, excitation by an ejected secondary electron, 

and collision induced transfer of excitation from a singlet state to 

a triplet state0 

The first of these possibilities, recombination, might, upon cur¬ 

sory consideration, be thought likelyo When a high energy electron from 

the beam strikes an atom, the most likely outcome of the collision is 

ionization of the atom Further, when an electron and a He* ion recom¬ 

bine, the formation cf a triplet state is three times as likely as the 

formation of a singlet due to the statistical weights of the two„ How¬ 

ever, no recombination spectrum was observed in this work, and other 

7 
authors have also reported the lack of a recombination spectrum,, One 

may also apply an electron clearing field to his chamber and observe any 

changes which might result in the triplet line intensities0 The proce¬ 

dure was not carried out in the present experiment, but other workers 

8,9 
have obtained negative results„ A check which was made was the de¬ 

pendence of the triplet line intensities upon beam current« If triplet 

production depends upon an electron encountering an ion, then triplet 

state populations, and hence line intensities, should be quadratic 

in beam current, since both electron density and ion density are propor- 

3 3 tional to beam currento The intensity of the 58?6A (3D - 2 P) line 

in the triplet series, however, was observed to be linear, not quadra¬ 

tic, as a function of beam cur rent5 this result is shown in Figure 4, 

The second process mentioned above, direct excitation of triplets 

by secondary electrons, should have a quadratic pressure dependence, 

since both the number of secondary electrons produced and the number of 

triplets excited for a given number of electrons are proportional to the 
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pressure and since the mean free path for triplet excitation is much 

larger than the chamber size., The dependence of the intensity of the 
o 3 3 

5876k (3 D - 2 P) line on pressure was complex but not quadratic as 

shown in Figure 5° One could not eliminate this mechanism as a contri¬ 

buting factor on the basis of the pressure curve alone» Therefore a 

crude calculation was made0 The ionization cross section of Helium 

was estimated from the formula QLE = A log E + B, where is the 

cross section for ionization, E is the energy, and A and B are con- 
10 

stants, the values taken for them being those in Kinston., The rate 

of ejection of secondary electrons was then calculated for a gas pres¬ 

sure of one torr0, and a linearly decreasing velocity spectrum was 

assumedo Such a spectrum was chosen since, as already stated, high 

energy electrons of this type cause the ejection of a secondary elec¬ 

tron spectrum which peaks at a very low value of energy, ^ an electron 

volt or less? any error made would be in the direction of overestima¬ 

ting the effect of secondary electrons., Next, it was assumed that all 

2^P states formed would result in 2^S metastable atoms (He^), but that 

3 3 higher triplet states could be ignored0 The 2"o and 2 P cross sections 

2 taken were those of Gabriel and Heddle at 108 ev; the shapes of the 

3 respective excitation functions were taken from the shapes of the S 

3 
and P families of excitation functions given in the paper of St0 John, 

Miller, and IAn0 ^ The total number of He^ resulting per unit target 

thickness was then calculated, and a net cross section for the combined 

M 
processes of secondary electron production and subsequent He production 

by the secondary electron was then determinedo The result was Q ^ < 

-28 2 ne 

10 cm„ Even if this cross section had been tinder estimated by a 

. . 8 
factor of 10 , the process would still be negligible<> 
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We are brought then to the final possibility mentioned above, 

collisianal transfer of excitation.. Upon first thought, this process 

might seem to be the most unlikely of the three to be considered, since 

a reaction such as 

HeCnS) + HeO^S) ^HeO^S) + He(n3D) 

violates the WLgner Spin Rule, which states that, the total spin of the 

two collision partners must remain unaltered, before and after the 

collision.. Nonetheless, Lees and Skinner have put forth conclusive 
1 3 12 evidence that the P and D states are connected., Maurer and Wolf 

subsequently measured extraordinarily large cross sections for pro- 
13 cesses such as the above, However, recent evidence indicates that 

3 
Maurer and Wolf may have erred in assuming that their D states were 

produced directly by reactions of this type, In particular, Lin and 

Fowler have shown, first, that in the two state, near-resonance 

approximation, one has the selection rule AL = 0, ±2, indicating that 

a collision between a ^P state atom and a ground state atom is likely 

to result in the formation of a S' state and, second, that for the 

higher F states, L and S are really not good quantum numbers, so that 

such states have a mixed singlet and triplet character. Thus, once 
1 

an atom is put into a F state, it may eventually decay into the tri- 
3 

plet scheme to a D state. Such a process would explain the observa¬ 

tions of Lees and Skinner without violating the Wigner Spin Rule, 

With simplifying assumptions, it is possible to construct a model 

for collisional transfer. Let us suppose that collisional transfer 

takes place between an upper level, denoted by the subscript "1," and 

a very slightly lower level, denoted by n20
n If higher levels which 
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might cascade to 1 and 2 are separated from them by a large energy gap, 

making radiative cascade to 1 and 2 unlikely, and if the pressure of 

the gas is at least moderate, so that collisions are frequent, then 

it is reasonable to assume that the cascade contributions to the popu¬ 

lations of 1 and 2 are negligible,, Let N be the level density, F.P 
i 1 

be the direct formation rate, a. „P be the rate of transfer from i to 

j, and be the optical decay rate0 Then, in the steady state, we 

may write 

(A + a. ,P)N. a 
= F.P + a..PN ., 
i J* 

j = 1, 2$ i 

The rate of spontaneous emission is 

F±P + (F, + F3)a3iP
2/A3 

1 + (a^/Ai ♦ a../A3)P 

Thus, in this approximation, one can measure transfer cross sections 

a^ by observing the pressure dependence of the absolute intensity of 

a transition originating in either level 1 or level 20 However, even 

if one is not in a position to measure absolute intensities, as the 

author was not, it is possible to determine whether collisional trans¬ 

fer of this sort takes place, merely by observing the pressure depen¬ 

dence of an appropriate transition,. The pressure dependence should 

fit the functional form 

I _ a + bP (1) 
P 1 + cP ° 

If collisianal transfer is taking place, two levels which are very apt 

1 1 
to fit the Two Level Transfer Model and the 3 P as level 1 and the 3 S 

as level 2$ the separation between these two levels is only 6kT while 
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the n = 4 levels are roughly 30kT higher. In this work the pressure 

oil 1 
dependence of the 5016A (3 P - 2 S) line, which originates in the 3 P 

level, was examined. The experimental data and a functional fit by 

Equation 1 are shown in Figure 6. The values of the parameters a, b, 

and c which were used are given in Table 3° It can be seen that the 

functional form of Equation 1 fits the data extremely well. One pre¬ 

diction of the model which was not borne out by the data concerned the 

relative intensities of the lines origination in the 1 and 2 levelsi 

the population of the lower level, 2, such as the 7281A (3^3 - 2*P), 

should be much more intense than one originating in 1, such as the 

50l6A (3 P - 2 S) line, given roughly equal radiative transition pro¬ 

babilities. In actual fact, the 5016A line was always brighter than 

o 

the 7281A line; even at the highest pressure used, 230 torr,, where 

the prediction should be the strongest, the 5016A line was over 6 times 

as intense as the 7281A line0 The main reason for the discrepancy is 

that direct formation of the 2^P states and ultra-violet trapping (of 

1 1 1 
2 p - 1 S radiation) cause the population of the 2 P state to be inor¬ 

dinately large. Also, the Two Level Transfer Model considers the two 

levels as being isolated. That this requirement is patently not ful¬ 

filled is evident from Figure 7, the Helium energy level diagram^ the 

1 11 
2 D level is in even closer resonance with the 2 P than is the 2 S. 

One can investigate the pressure dependence of the 5876A (3D - 

3 2 P) line with a similar model. Let us suppose that the level 1 can¬ 

not be formed directly from the beam, but must be produced by colli- 

sional transfer from level 20 The latter, however, can be formed 

directly. Then we have 
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AN + a PN, = a N9P 11 12 1 21 2 

A2N2 * a21PN2 = F2P + a12NlP 

p 
21 

I1 = = 
a-F2P/A; 

1 + (a12/A + a21/A2)P 

where is the number of photons per second produced from transitions 

originating in level 1„ Then we have the form 

P _ mP + b, 
I 
1 

where m and b are constants„ Thus, the functional dependence of the 

quantity P/l^ on pressure, P, should be linear,. Now, based on the 

13 
model of Lin and Fowler mentioned above , we will take level 1 to be 

the 4 F level and level 2 to be the 4^Pj the reader will recall that 

F states are formed preferentially in collisional tranfer with P 

states because of the approximate selection rule L = 0, +2, Also, 

it will be recalled that Lin and Fowler suggested that the higher F 

states have no well-defined spin multiplicity, i»e., that the M4 F" 

3 
has really some 4 P character also and may decay !nto the triplet 

scheme o For simplicity one might think of a collisional transfer pro- 

1 3 
cess taking place directly between the 4 P as level 2 and the 4 F as 

level lo Then the quantity I^s above should be proportional to the 

o 3 3 
intensity of 18,684A transition originating in level 1 (4 F - 3D)« 

3 
If we assume that 3 D states are formed primarily by this decay, then 

o 3 3 
we might expect the intensity of the 58?6A (3D - 2^P) transition 

also to be proportional to I . A plot of the observed values of the 

a\iantity P/I vs„ P for the 58?6A line is shown in Figure 8„ It can 
1 
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be seen that the expected linear form is followed closely at pressures 

above 18 torr. It would be expected that the collisional transfer 

model would be better as collisions become more frequent, i.e., as 

pressures become higher. 

Despite their oversimplified nature, the Two Level Transfer Model 

and the modification of it just given have indicated that collisional 

transfer did, in fact, take place under the conditions of this exper¬ 

iment, Given that such transfer occurred and given the large popula¬ 

tions of *P states expected, as discussed above, it is not surprising 

that triplet states were produced in the experiment, especially in 

view of the plausible production mechanism of Lin and Fowler. Given 

that triplets were produced, one would expect that radiative decay 
M processes would lead to the production of He atoms necessary for op¬ 

tical pumping. 

Two attempt'? were made to observe an absorption of 10,829A 
3 3 (2 S - 2 P) light by the sample, but both failed due to instrumental 

difficulties. The author plans to pursue one of the methods further 

as this work continues. A diagram of the proposed experimental set-up 

is given in Figure 9. 
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IVo Applications of the Technique of Electron Beam Excitation 

A potentially extremely useful aspect of electron beam excitation 

is the controllability of the energy of the incident particle in the 

excitation collision,. Since excitation cross sections have peaks at 

specific energies, it is possible to excite particular states somewhat 

selectively* Also, by using high energy incident particles, one can 

selectively excite only those states with the same spin multiplicity 

as the ground state, since only such excitation is allowed in the Born 

approximation,, In Helium for example, the ability to excite singlet 

states exclusively makes feasible the measurement of excitation trans¬ 

fer cross sections, since any triplets produced must be produced by 

transfer of excitation from excited singlet states„ 

Another area of potential usefulness is in mobility studies of 

ions in liquids* The focussing capability of the electron beam makes 

possible the production of a thin pencil of excitation* The pulsing 

capability allows diffusion studies to be made of the ions created 

in this pencil* The controllability of the beam energy whould permit 

the measurement of excitation functions of species in the liquid state, 

a new area of endeavor* 

The immediate use planned for the electron beam excitation faci¬ 

lity an this laboratory :1s the performance of optical pumping experi¬ 

ments. Some explanation of the nature of optical pumping will be given 

before entering a discussion of the measurements we might expect to 

make. 

By means of the process of optical pumping, angular momentum may 

be “pumped" into a gas, producing a polarization and net magnetic mo- 

4 
ment. In the case of He , the net polarization results from an unequal 
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s 

levels, the 

3 15 population of the magnetic sublevels of the 2 S metastable state , 

3 
while for He , the polarization results both from this phenomenon and 

from a net orientation of the nuclear spin^. 

In Figure 10 are shown the pertinent energy levels for He « One 

M illuminates the sample containing He atoms with circularly polarized 
O 

10,830A radiation of, for example, positive helicity, The result is 

3 3 
to produce transitions from the 2 S levels to the 2 PQ ^ £ ^-eve^-s» 

with the selection rule rn = +lo Once in the 2 Pn * 0 
3 0,1,£ 

atoms can only reradiate back to the 2^S^ levels« However, at pres¬ 

sures in the millimeter range, collisions occur sufficiently frequent- 

3 
ly that the populations ©f the subleyels of the 2 P . states become 

U, 1,2 

equal, since the collisions can induce transitions among the sublevels; 

3 
the atoms then radiate back to the 2 sublevels with equal proba¬ 

bility,, The net effect of the m_. = +1 selection rule and the equal 

reradiation probabilities is to depopulate the m = -1 and m. = 0 
i J 

3 J 
sublevels of the 2 atoms, resulting in a net magnetic moment for 

the ensemble of atoms, 

3 
In He , cf, Figure 11, this process also takes place when one 

shines in ’’pumping light,” but the metastability exchange reaction 

He(lSQ) + HeM — 
M 

He 4* He(lS ) 

now has a different effect than in the previous case. In the case 

4 
of He , meuastability exchange could not alter the magnetic quantum 

3 
number. He , however, has a nuclear spin I = i/2, making the ground 

state a Zeeman doublet. As a result, angular momentum may be con¬ 

served when a Jl change occurs in the metastable magnetic quantum 

number since the ground state magnetic quantum number may undergo a 
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corresponding 4- a change» As a metastability exchange collision is a 

more frequent occurence for an atom than is the absorption of a "pump- 

3 ing" photon, one would expect the He metastables to be rapidly mixed 

among all of their possible sublevelsa However, the angular momentum 

transferred to the ground state is not losts one builds up a polari¬ 

zation of the ground state nuclei0 In the steady state both the ground 

3 3 state He atoms and the Hev metastables contribute to the polarization, 

since, as the ground state system becomes more and more polarized, it 

is less and less able to absorb angular momentum from the metastable 

system to depolarize it0 One can ascertain that the sample is opti¬ 

cally pumped by applying an RF field of a frequency which can induce 

transitions among the “pumped'* sublevels, either of the ground state 

system or of the metastable system! the result is to depolarize the 

sample, and one then observes a decrease in the transmitted pumping 

lighto The polarization of the ground state has been used in this 
3 

laboratory to provide polarized targets and polarized beams of He 

for nuclear physics experimentso 

One of the advantages of doing optical pumping with electron beam 

excitation is simply that populations of the various species in the 

excited gas are relatively easily calculable, since the excitation 

and ionization cross sections are known (or easily determined, say, by 

Born approximation)o For example, one can estimate the electron num¬ 

ber density by applying the condition for steady state 

I **e ,, Q^CgH© - ™ 1» 

where is ionization cross section, N(g) is number of ground state 

atoms per cubic centimeter, t is target (chamber) thickness, I is beam 
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current in amperes, e is electronic charge, ne is average number den¬ 

sity of electrons, is mean lifetime of electrons against diffusion 

to the walls, and V is chamber volume0 The result, taking the first 

o 
diffusion mode, is 10 electrons per cubic centimeter for 0.15 m.a. 

beam current? this number gives average electron density being higher 

near the beam and lower near the walls. A large amount of work has 

been dene in this laboratory on optical pumping under conditions of RF 

discharge excitation? it is hoped that the very different set of condi¬ 

tions provided by electron beam excitation (different populations of 

various excited species) will provide a means of checking the mechanisms 

and hypotheses which have been developed previously. Several reactions 

of interest involving electrons which have been thus far undetected 

might now be observed because the electron densities under beam excita¬ 

tion should be larger than under RF excitation. Examples are 

and 

M 
He + e 

mj 

He(2 SQ) + e“ 

n M 
He 4* © 
m3 

•He(2^S1) + e“ 

The lack of electric fields in the beam excitation method should 

create other possibilities. In a discharge, the sustaining electric 

fields Mheat up" the free electrons, causing rapid ambipolar diffusion 

of ions and electrons to the container walls, where they recombine. 

With beam excitation diffusion losses whould be reduced by about a fac¬ 

tor of 100 below typical losses in a discharge, leading to larger steady 

state ion and electron populations. Now we would expect some angular 

momentum to be stored in the He0®" ions because of the charge exchange 

reaction 
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He + He* ^ He+ + He, 

17 
but Eyerly was unable to find the resonance of the He+o With the 

larger He densities and longer lifetimes attainable under electron 

beam excitation^ it might be possible to observe this resonance and 

measure the reaction cross section,, 

One possible source of difficulty in the beam excitation method 

arises from the fact that a magnetic field gradient present surrounding 
3 

the beam# A polarized He atom undergoing Brownian motion in the pre¬ 

sence of a field gradient "sees'* a randomly fluctuating magnetic field 

which must have a Fourier component at the NMR resonant frequency of 
3 

the polarized nuclear spin of the He „ The result is to depolarize the 
18 spin» Following the work of Schearer, the relaxation time was calcu¬ 

lated for a polarized sample at 1 torr. in the presence of the earth*s 

field and experiencing a magnetic field gradient equal to that produced 

one sixteenth of an inch away from a line of current flowing at the rate 

of one tenth ampere,, The result was slightly less than a minute# Such 

a relaxation time would be much too small for any useful results to be 

obtained from the optical pumping„ Therefore, it will be necessary to 

apply an external field to the sample, since the relaxation time in¬ 

creases as the square of the applied fieldo An applied field of 6 

gauss, which should not affect the beam optics substantially, would be 

sufficient to increase the relaxation time by a factor of 100, making 

the experiment quite feasible# 
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Vo Conclusions 

This thesis is in the nature of a progress report on a new line 

of experimentation in this laboratory centering about the production 

of excitation by means of a high energy electron beam* In the course 

of the work, answers have been found for several technical questions, 

including how to get the beam into the gas (a foil technique was used), 

whether sufficient light would be available for the monochrometer “detec¬ 

tor system (it was available), and whether x-ray induced noise in the 

detector (photomultiplier) would be excessive (it was not)0 Mention was 

made of several other technical problems which were encountered, inclu¬ 

ding discoloration of the Pyrex chamber with use, fluorescence at the 

surface of the glass, and failure of most of the beam to exit from the 

chamber,, 

The excitation of Helium gas by the beam was investigated, A 

comparison was made of level populations in the beam-excited gas and 

in a sample of RF discharge-excited gas; an explanation was given for 

the most striking difference observed, the much larger population of 

3 
the 3 D state under discharge excitation. The mechanism of triplet 

state production under beam excitation was investigated, since the Born 

approximation forbids triplets being produced directly by high energy 

particle impact with a ground state singlet. Of the three possible 

production processes considered, ion-electron recombination, excitation 

by ejected secondary electron, and collision induced transfer of excita¬ 

tion from a singlet state to a triplet state, the last was concluded to 

predominate. Mention was made of a mechanism proposed by Lin and Fowler 

by which such a transfer could take place without violating the Vtigner 

Spin Rule, 



Finally several possible applications of the technique of high 

energy electron beam excitation were discussed, including the measure- 
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raent of mobilities of ions and electrons in liquids, and the per for- 

mance of optical pumping experiments using 2 S Helium metastables ex¬ 

cited by the electron beam0 In conclusion, several reactions were listed 

which we might hope to investigate using optical pumping via electron 

beam,, 



Appendix: Some Technical Details 
Concerning the Foils and the Gas Handling System 
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The foils used were made of 0.000125 inch thick Havar and were 

sealed to the Aluminum end plate of the chamber with Indium o-rings. 

Used over a 3/8 inch diameter hole, this combination has been found to 

be capable of with standing atmospheric pressure, an asset which made 

tbe chamber more convenient to use but which was not an absolute re¬ 

quirement for the performance of the experiment. It was found that the 

foils could be operated continuously even when glowing red hot; also, 

by the color of the glow, one could judge when the current was approach¬ 

ing the maximum that the foil would stand. 

The gas handling system in this experiment was constructed ex¬ 

clusively of glass and was of rathbr standard design. A glass system 

was chosen to reduce adsorption of impurities on the surfaces exposed to 

vacuum. The diffusion pump was a Consolidated Vacuum Corporation GF-25 

water cooled, glass pump, which gave a working vacuum in the chamber of 

1CT6 torr. A nitrogen cooled glass trap was provided to absorb imouri- 

ties continuously while the experiment was being performed. Early in 

the work, leakage problems were encountered. It was found that the leaks 

were located in the Indium foils and had resulted from a slight surface 

roughness in the steel plate used to flatten the Indium o-rings during 

their installation. The use of a smoother plate eliminated the leakage. 
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TABLE 1 

ENERGY DENSITIES POSSIBLE FOR VARIOUS SOURCES 

MICROSCOPE LAMP 

SUN 

ELECTRON BEAM 

2o5 WATTS/CM2—STERRADIAN 

350 WATTS/CM2—STERRADIAN 

8 X 109 WATTS /CM2—STERRADIAN 



TABLE 2 

RELATIVE POPULATIONS OF STATES IN HELIUM UNDER RF DISCHARGE EXCITATION 
AND ELECTRON BEAM EXCITATION 

3 3 1 , 1 3 1 
b D b s b D b S 3 D 3 D 

DISCHARGE 3.0$ 3.1$ 2.9$ 2.0$ 42.8$ 100$ 

BEAM 1.2$ 0.56$ 1.1$ 0.83$ 3o6$ 100$ 

(The discharge was produced in a He Pyrex bulb at b torr. The 
Pyrex bulb was in the form of a circular tube approximately 1 inch in 
diameter and 3 inches long connected to a 3 inch capillary of about 
l/b inch diameter. Approximately 10 watts of RF power at 50 megacycles 
were fed into the capillary by external electrodes. ^ 

The conditions for beam excitation were? 6 torr. of He excited 
by 0.1 m.a. of beam at l60kev.) 



TABLE 3 

VALUES OF THE PARAMETERS a, b, and c FROM THE EQUATION 

I/P = (a + bP)/(l + cP) WHICH WERE USED TO FIT THE PRES¬ 

SURE VARIATION OBSERVED OF THE 5016A (3»P—2°S) LINE 

a b c 

3l8(sec”1torr. ) 
-1 “2* 

2„08(sec torr. ) 
-1 

i»35(torr0 ) 



FIGURE 1 

CHAMBER AND FOIL MOUNTING SYSTEM 

FOIL MOUNTING SYSTEM 
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FIGURE 0 

THROUGH SAMPLE 



FIGURE 10 

He^ Levels 
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FIGURE II 
He^ Levels 
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