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S T E L L I N G E N



I

Het is misleidend dat in vele astrofysische artikelen aan de Λ-doublet
toestanden van het OH radikaal een pariteit wordt toegekend welke tegenge-
steld is aan de algemeen voor 2 Π molekulen toegepaste verwachtingswaarde
van de reflektie operator zoals gegeven door o.a. Lepard.

D.W. Lepard, Can. J. Phys. 48,1664 (1970)

II

In het populatie inversie model voor interstellaire hydroxy! radikalen ge-
baseerd op excitatie door ultraviolette straling wordt het effekt van de spon-
tane emissie van de Α 2Σ|/2 toestand naar de aangeslagen Χ2Π rotatie toe-
standen ten onrechte verwaarloosd. Zowel het rendement van het pomp-pro-
ces als de resulterende populatie inversie kunnen drastisch veranderen indien
deze overgangen worden meegenomen.

MM. Litvak, A.L. McWhorter, M.L. Meeks
and H.J. Zeiger, Phys. Rev. Lett. 17,821 (1966)

HI

Voor de interpretatie van de resultaten van populatie transport experi-
menten, uitgevoerd in een moleculaire beam maser, is in het algemeen de
kennis van de toestands-selector opbrengst noodzakelijk.

Dit proefschrift

IV

De onderstelling van Redpath en Menzinger dat in een moleculaire
nozzle bundel de excitatie temperatuur voor de fijnstruktuur niveaux van NO
invriest beneden een translatie temperatuur gelijk aan 177 °K is ongemoti-
veerd.

E. Redpath and M. Menzinger,
J. Chem. Phys. 62,1987 (1975)

^•ji. ..:a-.„i



De resultaten van recente cyclotron resonantie metingen aan n-GaP door
Suzuki en Miura zijn verenigbaar met de door Lawaetz voorgestelde "camel's
back" struktuur voor de geleidingsband in GaP indien in de berekeningen van
Lawaetz reeds bekende experimentele waarden voor de afstand tussen de XI
en X3 punten van de twee laagste geleidingsbanden worden gesubstitueerd.

P. Lawi tz, Solid State Commun. 16,65 (1975)
K. Suzuki and N. Miura, Solid State Commun. 18,233 (1976)
J.D. Wiley and M. Didomenico Jr., Phys. Rev. BI, 1655 (1970)

VI

De resultaten van infrarood metingen aan matrix geïsoleerde NaCN en
KCN molekulen door Ismail, Hauge en Margrave geven geen duidelijk uitsluit-
sel omtrent de struktuur van deze molekulen in de gas fase.

Z.K. Ismail, R.H. Hauge and
J.L. Margrave, J. Mol. Spectr. 45,304(1973)

VII

De overeenkomst welke Veseth vindt tussen zijn berekende en een aantal
bekende experimentele waarden voor de Λ-doublet overgangsfrequenties van
LiO geeft geen zekerheid omtrent de geldigheid van zijn theoretische model
voor de hyperfijnstruktuur van Hund's case (c) molekulen.

L. Veseth, J. Mol. Spectr. 59,51 (1976)
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VIII

In de beschrijving van meervoudige reflektie van licht tussen twee even-
wijdige oppervlakken wordt in veel standaard boeken gebruik gemaakt van de
relatie R + Τ = 1, waarin R en Τ respektievelijk de coëfficiënt voor reflektie
en transmissie van de straling aan een van beide oppervlakken is. Aangezien
deze relatie uitsluitend geldig is indien de brekingsindices van de media aan
weerszijden van een oppervlak gelijk zijn geeft dit aanleiding tot verwarring.

G.R. Fowles, "Introduction to modern Opties", Holt, Rinehart and Winston,
Inc., New York (1968)

S. Tolansky, "An Introduction to Interferometry", Longman, Green and Co,
London (1955)



IX

Het zou voor alle betrokken purtijen beter zijn indien natuurkunde bij
het V.W.O. eindexamen op twee niveaux zou worden geëxamineerd.

De aanwezigheid van kindercrèches in poliklinieken zou de problemen
verbonden aan de lange wachttijden aldaar enigszins verminderen.

J.J. ter Meuten Nijmegen, 29 april 1976
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C H A P T E R 1

INTRODUCTION

2.1 THE ANOMALOUS MICROWAVE EMISSION FROM

INTERSTELLAR HÏDROXÏL RADICALS

Since the detection of its microwave radiation from the

interstellar space the hydroxyl radical (OH) has been the

subject of many theoretical and observational activities in

the field of radio astronomy. In 1963 Weinreb et al (WEI 63)

reported the observation of absorption spectra at 18 cm which

appeared to correspond with the four hyperfine transitions

between the lower (F = 1,2) and upper (F'« 1,2) A-doublet
2

levels of the rotational ground state ( Π, ,,' J m
 3/2) of OH.

The detection of the emission spectra by Heaver et al̂  (WEA 65)

followed two years later. In the period 1968-1970 also emis-

sion from several excited rotational states has been observed.

Most of the OH sources have been detected in the direction of

the galactic center. The angular sizes of the sources are

extremely small; some of the resolved sources turned out to

have an angular size as small as 0
e
005". The linear sizes are

12
typically of the order of 10 A.O. (s 1.5 χ 10 m ) .

The emission spectra revealed many puzzling features.

The most important were the high intensities corresponding

to brightness temperatures between 10 and 10 K, the ano-

malous intensity distribution between the microwave transi-

tions, the small line width indicating kinetic temperatures

lower than 10 °K and the high degree of polarization (ROB 67,



TUR 70). Nearly all the anomalous properties can be ex-

plained if oaser amplification of either microwave back-

ground radiation or spontaneous emission is assumed (e.g.

DYM 73). The maser action requires obviously some inversion

mechanism by which a net population transfer is induced

from the two lower to the two upper Λ-doublet hyperfine

states. This transfer (or pumping) process must be balanced

by the microwave emission rate and other thermalizing pro-

cesses. As a consequence the nature of the population inver-

sion mechanism is very sensitive to the physical conditions

in the OH sources such as molecular densities, radiation

intensities and kinetic temperature. These quantities are

generally unknown. Only estimates are available based on cer-

tain models of the emitting sources (PER 66, COO 68, LIT 68,

LIT 69, LIT 71).

As pointed out by Turner (TUR 70) most of the observed

OH spectra can be classified into four classes according to

certain characteristic spectral features. Each class seems

to be associated with certain specific objects such as HII

regions, infrared stars and supernova remnants. Most inte-

resting are. probably the class I sources which exhibit

strong emission on one or both of the main Α-doublet transi-

tions (AF = 0) while in the latter case the Ρ = 1 •*• F*~ 1

transition at 1665 MHz is usually the more intense one. The

two satellite lines (AF * +1) are generally anomalously weak

or are not observed at all. The stronger class I sources are

always found in the vicinity of HII regions surrounding early

type hot stars and are probably associated with the advancing

ionizing HII shock front (COO 68, GWI 73, HAB 74). Other in-

vestigators have suggested that the OH masers are produced

in contracting protostars (MEZ 68, LIT 69, GWI 73).

10



Various mechanisms, have been proposed for the produc-

tion of an inverted population distribution prerequisite for

the maser action» One of the favourite models is based on

tl.e electronic excitation of OH by ultraviolet (UV) radia-

tion near 3070 A and the subsequent decay preferentially to

the upper Λ-doublet states (LIT 66). Direct inversion of the

Λ-doublet populations by collisions with anisotropically

streaming electrons or ions has been suggested by Johnston

(JOH 67). Another possible inversion mechanism proposed by

Gwinn et_ al_ (GWI 73) for the class I sources is based on the

collisional dissociation of H.O by Η atoms producing hydroxyl

radicals preferentially in the upper Λ-doublet states. The

same authors suggested that also collisions between OH and

Η or Η might produce an inverted population distribution.

Population inversion inherent to the way of OH formation

(SOL 68) has not been well examined theoretically. The same

is the case for the model of Jefferies (JEF 71) where the

inversion is the result of radiation generated by collisions

inside the gas "cloud". Other proposed inversion mechanisms

such as pumping by microwave or infrared radiation (LIT 69a)

are generally assumed to be too inefficient to account for

the observed microwave intensities of class I sources.

Which of these inversion processes is the most dominant

one is not yet clear. In fact none of the models can explain

all spectral features observed from the class I OH sources

which indicates that a combination of processes is respon-

sible for the maser action. The solution of this problem may

have important consequences with respect to the understanding

of stellar formation, and to a wider extent of the structure

of our galaxy. Although most of these theoretical studies have

been performed already five to ten years ago no experiment·

11



in this field have been reported yet. This is due partly

because of some fundamental difficulties and partly because

of complicated techniques. In the next section the compli-

cations and the resulting requirements for an experimental

set up are discussed.

1.2 THE PROSPECTS OF LABORATORY EXPERIMENTS

The population inversion of interstellar hydroxyl radi-

cals takes place under extreme physical conditions which

generally cannot be reproduced in a laboratory experiment.

This is illustrated in Table 1.1 where the values of the

most important quantities as assumed to hold in the vicinity

of the OH maser sources are compared to the typical condi-

tions in a laboratory experiment. Consequently the experi-

mental investigation of most of the proposed inversion pro-

cesses is restricted to the examination of some aspects of

the population transfer such as the determination of colli-

sion cross sections or radiative transition rates. Another

approach is to study the populations of the Α-doublet states

of OH under the action of a pumping mechanism at laboratory

conditions and to extrapolate the results to the situation

in the interstellar space. In this section mainly the latter

method is considered.

The most direct and sensitive method to investigate the

difference between the populations Η of an upper and M. of a

lower Λ-doublet state under the action of a certain pumping

process is to induce transitions between the two states by

a microwave field. If the microwave frequency equals ν , the
ο

transition frequency, both stimulated absorption and emission

12



Physical Quantity

kinetic temperature (°K)

OK density η (cm" )

total density (cm )

electron density (cm )

length OH region (m)

UV radiation density (W m~
2
H"

1
)

Ζ

Interstellar

OH Source

•v. 100

Λ , Ι Ο "
2

«ν. 10
4
x η

io
1 3
- io

1 6

* ΙΟ"
1 7

Laboratory •

Experiment
 j

300-500 j

io
1 4
 ;

*
 n
OH

io
8
 ;

1

-6
10

TABLE 1.1 A comparison of some relevant physical quantities
as assumed to hold in the vicinity of the inter-
stellar OH sources with the values obtainable in
a laboratory experiment. The values given for the
interstellar OH sources follow from the conditions
required for an efficient operation of the popula-
tion inversion mechanisms based on the excitation
by UV radiation (LIT 66) or by electrons (JOH 67).

takes place with equal probability (the spontaneous emission

is negligible at microwave frequencies). In the case of ther-

mal equilibrium the lower Λ-doublet state is slightly more

occupied than the upper one:

ΔΝ = 2

hv hv
(1-1)

13



J. ι uiaiiaivy,

London(1955)

with Ά the Boltzmann constant and Τ the kinetic temperature

of the OH radicals. At room temperature ΔΝ varies between

—4 —3

-2 x 10 and -3 x 10 for the lowest rotational states of

OH. As a result the net effect of the stimulated transitions

is an absorption of a fraction of the microwave power. If the

population difference is modified by a pumping process a

change in the absorption of the microwave power is observed.

Evidence for population inversion tAN > 0) is obtained if the

microwave absorption changes into emission. Essentially the

same situation occurs in the interstellar OH sources.

Two classes of microwave spectrometers can be distin-

guished:

(a) gas cell absorption spectrometers

(b) molecular, beam (MB) spectrometers

In the first case the transmission of microwaves through a

cell containing OH radicals with random velocity distribution

is measured. Because of rapid destruction the OH radicals and

their decomposition products are flowing continuously through

the cell. In the MB set up the beam molecules moving along

essentially parallel trajectories pass through a well defined

microwave field, usually in a resonant cavity. In both cases

the absorption of microwave power is proportional to (N.-N ).

The fundamental difference between the two spectrometers is

that in a gas cell the molecules are subject to intermolecular

and wall collisions which are normally absent in a beam

experiment. At the start of the present investigation no MB

experiments on OH had been reported and microwave spectro-

scopy on OH had been performed only with absorption cells

(DOU 55, EHR 59, ΡΟΥ 68, RAD 68).

For the investigation of the pumping processes the follow-

ing properties of the spectrometer are decisive:

14



- the sensitivity to detect changes in ΔΝ,

- the resolving power to separate the effects on

different hyperfine states,

- the control of the pumping process (excitation effi-

ciency/ relaxation processes).

The sensitivity of the MB absorption spectrometer is

low compared to that of an absorption cell due to a much

smaller number of molecules in the microwave field

12 14 18 20

(<υ ίο - 10 versus 10 - 10 in the gas cell). This defi-

ciency of a MB spectrometer can be eliminated to a large

extent by the application cf state selection. This method is

a basic feature of the beam maser spectrometer and is con-

sidered in the next section. From the present investigation

it turns out that in the case of OH the sensitivity of a

beam maser is about a factor of 10 lower than the sensiti-

vity of an absorption cell and changes in ΔΝ of O.ljt can be

detected. State selection is not strictly necessary for the

observation of population inversion effects but then ΔΝ must

be larger than 1% in order to detect emission signals.

The resolving power of the absorption cell is small com-

pared to the MB spectrometer. The microwave absorption line

in a cell is collisionally and Doppler broadened but the line
2 3

width ('v 10 - 10 kHz) is sufficiently small to resolve the
4 5

hyperfine splittings of OH (̂  10 - 10 kHz). However, for an

accurate determination of the line center frequencies a much

higher resolution is required. In a MB spectrometer the

width of the microwave line is determined only by the transit

time of the molecules through the microwave field and can be

of the order of 1 kHz.

The control of the pumping process is difficult in the

gas cell where the pumping has to compete with the stimulating

15
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microwave field and with thermalizing collisions. The Μΰ

spectrometer offers much better control possibilities. Except

for the chemical inversion processes the pumping process can

be induced in a well defined region between the beam source

and the microwave field in the absence of the thermalizing

collisions or microwave transitions if desired.

In the investigation of the UV pumping mechanism the

highest excitation rate is obtained when using a frequency

doubled dye laser, a new technique which is not yet fully

developed. In the absorption cell a maximum excitation rate

Ν , averaged over the volume of the cell, of 1 s~ is ex-
P
pected. The collisional rate W in the cell is typically

6-1

about 10 s . Consequently between each two UV induced tran-

sitions the OH radicals undergo more than 10 thermalizing

collisions and the effects of the pumping on the microwave

intensity are normally far below the detection limit. In the

MB spectrometer the action of the pumping process is not re-

duced by collisions but by a limited time spent by the mo-
-4

lecules in the pumping region (t> 10 s). However, because of

the low molecular densities in the beam the number cf UV pho-

tons incident per OH radical is much larger than in the coll.

The excitable fraction of OH radicals in the beam is of the

order of 1% (see Sect. 2.3.2) which is readily detectable.

The investigation of population transfer of OH by colli-

sions is a complicated matter in an absorption cell. The j.n-

jection of atomic or molecular collisional particles - colli-

sion experiments with charged particles are impossible in the

gas cell - causes an extra pressure broadening and conse-

quently an intensity decrease of the observed microwave ab-

sorption line. Even if a change in the microwave intensity

can be attributed to inelastic collisions with the injected

16



particles the interpretation is extremely difficult. The OH

radicals form only a small fraction i< 1%) of the gas mixture

composed of a variety of molecules (0_, Η , H
2
O). The relative

molecular densities and consequently the relative collisional

rates are unknown. Moreover a large number of energy states

of OH are involved in the inelastic collisions.

In a MB experiment the collision processes are much

better controlled. The OH radicals collide only with the in-

jected particles. The effects for molecules in two (or more)

different rotational states can be measured simultaneously

by the application of two (or more) consecutive microwave

cavities tuned to transitions involving different rotational

states. By the application of state selection it is possible

to investigate only the collisional effects for molecules in

the upper Λ-doublet states. However, some complications are

present. In collisions with atoms, molecules or ions the OH

radicals are partly scattered out of the beam. In the case of

electron collisions the elastic scattering effects are negli-

gible but the excitation rate is small (<, 1%).

The investigation of chemical reactions producing OH in

inverted Λ-doublet states requires an experimental set up in

which the OH radicals undergo very few collisions between

the production and the microwave detection. This is more com-

plicated in the absorption cell than in the MB set up where

the OH production can take place very close to the molecular

beam orifice. In the absorption cell the population inver-

sion, if present, is destroyed within a time of the order of

W corresponding to a path length of about 0.1 cm.

In conclusion a molecular beam spectrometer offers the

best prospects for the investigation both of population trans-

fer of OH induced by radiative and collisional pumping pro-

17



cesses and of population inversion by chemical reactions pro-

ducing OH. From the foregoing it is evident that also reliable

measurements of certain relevant quantities related to the po-

pulation transfer (cross sections, transition rates) are fea-

sible only in a molecular beam experiment.

1.3 THE BEAM MASER SPECTROMETER AND ITS APPLICATION

IN THE PRESENT INVESTIGATION

The present investigation has been performed with a mo-

lecular beam maser spectrometer. First introduced in 1954 by

Gordon et_al (GOR 54) the beam maser spectrometer has proved

to be the best high resolution spectrometer of good sensitivi-

ty in the microwave region between 1 and 50 GHz, The basic

components of a beam maser are schematically shown in Fig. 1.1.

Microwave
power

Diffusion pump

FIG. 1.1 Schematic diagram of a beam maser spectrometer.
The straight and the dashed curve represents the
trajectory of a molecule in the upper and the
lower state, respectively.
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The molecules emerging from the beam orifice pass through

an electrostatic state selector and enter a microwave cavity.

If the resonance frequency of the cavity equals the transi-

tion frequency between two energy states both coherent emis-

sion and absorption of microwave radiation is stimulated by

the electromagnetic field present. The change in the micro-

wave power is equal to

ΔΡ (N - N, )hv
u 1 o

(1-2)

for a transition probability equal to 1. The modified micro-

wave power is coupled out of the cavity and detected using

sophisticated microwave techniques.

In the absence of state selection only the small differ-

ence between the populations of the upper and the lower state

involved in the transition contribute effectively to a net ab-

sorption signal. The population difference |N - Ν | and con-

sequently the sensitivity can be increased by eliminating

the molecules in one of the two states. This can be achieved

by subjecting the molecules to an inhomogeneous electric field

(VE φ 0). In such a field a force

(1-3)

."1
,4
•A

is acting on the molecules, with W the molecular Stark energy.

In the usually applied state selectors -r- > 0 and •=— = 0

where r is the distance from the selector axis and φ the azi-
dw

muthal angle. If the Stark effect is such that -£ > 0 for the
dW

 d E

upper state and — · < 0 for the lower state (i.e. repelling
α Ε

doublet type) the molecules in the upper state deviating from

the axis undergo a force in the direction of the axis, where-

19



1

as the lower state molecules are repelled from the axis as

illustrated in Fig. 1.1. In the ideal case all molecules in

the lower state are removed from the beam and the molecules

entering the microwave cavity are all in the upper state.

As a result only stimulated emission takes place causing a

gain in sensitivity given by ι ;.• • ̂ ' ι which is equal to
'

 N
u ~

 M
l'(ΔΝ)

u l
according to Eq. (1-1). The gain may be of the order

of 10
3
 to 10

4
.

In the case of OH tae Stark effect is large and indeed

of the repelling doublet type. In combination with very fa-

vourable values of the transition frequencies for the lowest

well populated rotational states this makes the OH radical

particularly suitable for beam maser spectroscopy. However,

the reactive properties of OH/ the special requirements for

its production and the necessary shielding of the earth's mag-

netic field make the design of the beam maser not easy. We

did succeed in the construction of a beam maser with a power-

ful OH source and obtained signal to noise ratios up to 100

at an RC time of 1 s which promised to be a good basis for the

investigation of the pumping processes.

In the beam maser the OH molecules can be subjected to a

pumping process either in the region

(a) between the beam orifice and the state selector, or

(b) between the state selector and the microwave cavity.

If no voltage is applied to the state selector both situations

yield the same results. Only in the case of strong population

inversion ((N - Ν ) > 1 χ 10 (Ν + Ν )) microwave emission

signals are detectable; in fact the pumping process may re-

place the state selection. In the presence of state selection

the situations

A-doublet

20

(a) and (b) yield different results. If only

transitions are induced population inversion may be



observed in the case (a) which is demonstrated by an increase

of the microwave intensity. In the case (b) only a decrease

of the intensity can be observed which is related to the

cross section or excitation rate of the pumping process acting

only on the selected upper state molecules. The situation is

more complicated when other excitation processes such as ro-

tational transitions are possible or when elastic scattering

by a secondary molecular beam takes place. In this case a

better control of the process is obtained when measuring the

relative effects on different hyperfine or rotational states

by the application of two (or more) consecutive microwave

cavities tuned to different transitions.

The main objectives of the present investigation are:

(i) accurate measurements of the Λ-doublet hyperfine

transition frequencies

(ii) investigation of the population transfer of OH radicals

excited by UV radiation

(iii) measurements on inelastic collision processes between

the OH radicals and low energetic electrons

(iv) investigation of population inversion between the

Λ-doublet states occurring in the OH production region.

The accurate values of the transition frequencies are impor-

tant for the determination of the radial velocities of the

interstellar OH sources causing the emission spectra to be

Doppler shifted. Although most of the Α-doublet hyperfine

transition frequencies of the lowest rotational states have

been determined in microwave absorption gas cell experiments

(DOU 55, ΡΟΥ 68, RAD 68) the reported experimental errors

are much larger than the line widths (* 1 kHz) of the de-

tected emission spectra, in beam maser spectroscopy the line

center frequencies can be determined readily with an accura-
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cy smaller than 0.5 kHz. The pumpino processes (ii)r (iii)

and (iv) described in some detail ir· the next chapter are

considered both for the interstellar OH sources and at the

specific condition» in the beam meser spectrometer. The main

complication in the radiative pumping and in the electron

collision experiments is the small excitation rate. Although

the UV pumping process should be the first population trans-

fer process to be investigated in the beam rnauar the la?;* of

an appropriate radiation source caused us to switch over to

the electron collision experiments* It is shown in Sect. 2.3

that n«w prospects for the investigation cf the UV pumping

process are present with the high intensity dye lasers.
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C H A P T E R 2

THE POPULATION INVERSION MECHANISMS

AND THEIR INVESTIGATION IN THE BEAM MASER

2.1 INTRODUCTION

In this chapter the proposed population inversion me-

chanisms based on the pumping by UV radiation, by collisions

with electrons, and by chemical reactions are explained

briefly. For a better understanding first the molecular

properties of OH (wave functions, energy level scheme, tran-

sition probabilities) are summarized. In Sect. 2.3 the UV

pumping mechanism and the feasibility of its investigation

in the beam maser is discussed. The inverting action of

electron collisions is described in Sect. 2.4 and the in-

vestigation performed on this process is introduced. Finally

the chemical reactions producing OH in inverted states, and

their importance at the typical conditions in the production

region of the beam maser are considered in Sect. 2.5.

2.2 THE MOLECULAR PROPERTIES OF OH

The diatomic OH radical possesses 9 electrons in an

open shell structure resulting in a nonzero total electronic

orbital (L) and spin (S) angular momentum. The coupling

scheme of the angular momenta is close to Hund's case (a),

represented in Fig. 2.1. In this scheme both L and S are

quantized along the internuclear axis with eigenvalues
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FIG. 2.1 The angular momentum coupling^scheme^ for OH
according to Hund's case (a). L and S represent
the electronic orbital and spin angular momentum,
respectively and Κ stands for the nuclear end
over end rotation.

Λ and 2 = +, 1/2, respectively. The total angular momentum

along the internuclear axis is Ω • Λ + Σ. For the electronic

ground state |Λ| = 1 and the spin-orbit interaction causes a

splitting into two states designated as Π . and Π-,/ο

corresponding to |Ω| = 1/2 and 3/2, respectively. Por the
2

first excited electronic state, the Α Σ . . . state, A = 0 and

|»| = 1/2.

In Hund's case (a) Ω couples with the angular momentum

Κ of the end over end rotation of the nuclei to the total
•*• 2

angular momentum J. Both IU s-tates have their own rotatio-

nal energy levels characterized by the quantum number

J « ΙΩI, j ΡI + 1, ···. The two-fold degeneracy of each rota-

tional state (states with +Ω and -Ω have the same energy) is

lifted by an interaction between the electronic orbital angu-
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lar momentum and thenuclear rotation. By this interaction

each rotational state is split into two levels, a A-doublet.

In addition each Λ-doublet level is split into two

hyperfine states by the interaction of the spin I * 1/2 of

the hydrogen nucleus. The total molecular angular momentum is

given by Ρ » J + I with the eigenvalues P « J + 1/2.

The resulting energy level scheme is shown in Fig. 2.2.

Neglecting the hyperfine structure the molecular ener-

gies and wavefunctions are obtained from the electronic-rota-

tional Hamiltonian for OH:

• B(J - £ - AL.S (2-1)

where Β is the rotational constant and A the spin-orbit

coupling constant, equal to 18.515 cm' and -139.38 cm" ,

respectively (MEE 75a). The Hamiltonian matrix is usually set

up in the representation of the symmetrized Hund's case (a)

functions (DOU 55):

with

|£ Ω JM >

ΙΛΣΩΟΜ > =

>+ |-Λ -Σ -Ω JM >}

2 J +
U(A,E)

β*
2 '

M
(α,β,γ)

(2-2)

(2-3)
i

The function ϋ(Λ,Σ) is the pure electronic function, while
D
r> .. (α,β,Ύ) describes the molecular rotation with respect
"'

M
j

to the space fixed frame of reference and is expressed in the

Euler angles (α,β,γ) according to the convention used by

Edmonds (EDM 57). The quantum number Η is the projection

of J on the external quantization axis. The symmetry of the

basis functions with respect to a reflection Ρ in a plane
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FIG. 2.2 The energy level scheme of the electronic ground
2

state Χ Π of OH. The splittings of the A-doublet
and hyperfine levels are not on scale. The + and
- signs indicate the parity of the states. The
arrows denote the observed microwave transitions
from the Interstellar emission sources. The obser-

2
vation of the ^

1/2
*

 J
 *

 5
/

2
' F • 2 • 2 transi-

tion is very doubtful.

containing the internuclear axis determines the parity

(NEE 72):

Ρ |+ il JM > - + (-)
J
~
1/
'
2
|+ Λ JM,> (2-4)
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The spin-orbit splitting and the rotational energies

of the electronic ground state of Cö are obtained by dia-

gonalizing the Hamiltonian matrix for |Λ|« 1. The resulting

wavefunctions are (DOU 55):

ι 2 *

with

and

(Ω,α) |+ 1/2

C
2
(3/2,J)

c
2
<n,j) |+_ 3/2

(2-5)

= C
2
(1/2,J)

where X - {4(J + j )
2
 + λ ( λ - 4 ) }

1 / 2
 and λ - | .

The energy differences between the rotational states |j>

and |j+l> of both the Π, ,
2
 and the Π_,

2
 state is equal to

2B(J+1). The energy difference between the I L
/ o
 and Π,,,

states with the same J value is equal to BX which is of the

same order of magnitude as the rotational splittings. The
2 —1

lowest energy state is IU ,„, J - 3/2 lying 126 cm below

the
 2

Π
1 / 2

, J = 1/2 state.

In second order (off diagonal in |λ|) there is a
2 2

mixing between the IL· and the Α Σ. ._ states resulting in the

Λ-doublet splittings. These splittings are of the order of

10~ of the rotational energies. The wavefunctions as given

in Eq.(2-5) are slightly modified by an extra contribution

of the I Ej/
2
JMj> wavefunctions defined according to Eq.

(2-2) and (2-3). The resulting, rather complicated, functions

are given in (DOU 55, RAD 6 1 ) . However, this contribution

is of the order of 1 χ 10** and can be neglected when popu-

lation transfer processes are considered.
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The lower and the upper state of each Λ-doublet corre-

sponds to the wavefunction | iC^Mj*
 a n d

 I
 II
ft

aM
j

>
'
 r e s

P
e c
~

tively, except for the Π,,, states with J > 9/2 where the

correspondence is reversed. Gwinn et^al^(GWI 73) have shown

that the orientation of the electronic distribution in the
2

states is parallel to the nuclear rotational angularI3/2
 +

momentum Κ for the lower Λ-doublet states and perpendicular

to Ψ. for the upper states. The same holds for the Π* ,,

states except for J < 7/2 where the situation is reversed.

The theory of the hyperfine structure in free radicals

has been developed first by Frosch and Foley (FRO 52) and

applied to OH by Dousmanis et al̂  (DOU 55). Ά refinement of

the theory has been given by Freed (FRE 66) and by Heerts

and Dymanus (MEE 75a) who applied a degenerate perturbation
2

theory to Π states. The hyperfine splittings are unequal

for the two Λ-doublet states of a given |j> state and vary

between 10 and 100 MHz.

Between the energy states of OH electric dipole tran-

sitions are allowed. The transition probabilities are propor-

tional to (TOW 55):

(2-6)

where |i> and |j> represents the initial and final state,

respectively, μ is the electric dipole moment directed along

the internuclear axis and equals 1.668 D (MEE 73) and the

summation is over the hyperfine substates of |j>. The calcu-

lation of the transition probabilities is straightforward

The transition |
2
R«JIF > ]

2
JlQ

t
3*JF

§
> is allowed only if

δ - (-)"'" α in which case the expression is obtained (MEU

70b, MEU 72):
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2, • , , (
F l 1 Ρ

 Ι
2

( J I J ' )

( J 1 J'V

" 2 ° 2 I

J 1 J'

yielding the well known selection rules:

AJ = 0, +_ 1

ΔΡ - 0, + 1 and Ρ «

(2-7)

C2-7a)

In addition transitions are permitted only between states of

different parity. As can be seen also from Fig. 2.2, for

AJ = +_ 1 only transitions are possible either between the

upper Λ-doublet states (a « 6 • +) or between the lower Λ-
2

doublet states (ot = δ = -) of the Π
β
 rotational levels. For

AJ = 0 transitions? can occur only between an upper and a lower

Λ-doublet state (α Φ δ).

The Λ-doublet hyperfine transitions observed from the

interstellar hydroxy1 radicals are Indicated in Fig. 2.2 by

2 ·> F'= 2 transition of

the "Π . , J - 5/2 state as reported by Schwartz and Barrett

(SCH 69) has not been confirmed by other observations and

must be considered as very doubtful (BAL 71).

Important for the UV pumping mechanism are the probabili-
2

ties for transitions to the Α Σ
 / o
 states. For the transi-

tion j r°
/o
J'IF'> «- I n™JIF> the selection rules (2-7a) are

*/« 2
also valid and |u

i
 | is given by (MEU, 72, MEU 74):
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1/2 J'F
1

3he

8u
2
mv

 Π 0
'

Σ 0

{F' 1 F 1

J I J')

't

( J 1 J'\ / J 1 J'

I . i ) ±C
2
(O,J')( 3

 1

" 2
1
" 2 / \~ 2

 X
 7

.J+J
1

(2-8)

where the +_ sign holds for α β +_, δ = (-) α (parity selec-

tion rule), hv is the energy difference between the two levels

involved, e and m is the electronic charge and mass, respec-

tively, and f_
n
 „ is the oscillator strength for the vibra-

tional X II-, v=0 •* Α Σ.
/ 2
, ν'=0 band. The oscillator strength

is related to the lifetime τ of the A ^
1 / 2

, v'= 0 state by

ΠΟ,ΣΟ

4πε me
ο

8ττ
2
ν
2
β
2
'τ

(2-9)

with c the speed of light; all quantities are expressed in

MKSA units. Recent measurements of Brophy et al^ (BRO 74) and

of German (GER 75) yielded for τ the values 788(13) ns and

692(21) ns, respectively.

I
\i

2.3 PUMPING OF OH BY ULTRAVIOLET RADIATION

2.3.1 Population inversion by UV pumping

According to the model of Litvak eit al^ (LIT 66) OH

radicals in the two Λ-doublet states of the rotational ground
2

state are excited by continuous UV radiation to the Α Σ , , ,
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FIG. 2.3 The rotational transitions from the Π
3/2'

3/2

state to the first excited electronic state Α Σ
1/2

by UV radiation at wavelengths between 3060 and

3080 A. The excitation is followed by fast spon-

taneous decay back to the rotational states of

states. The cascade down thethe \
/ 2
 and \

/ 2

Π
η
 states involving 30 rotational transitions is

not shown. The given numbers are the relative

transition probabilities.
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state via six rotational transitions with wavelengths between

3060 and 3080 A (Fig. 2.3). Spontaneous decay back to the
—6

ground state takes place either directly in about 10 s or

vie

V
via a cascade (not shown in Fig. 2.3) along the "

3
/

2

 a n d

Ί/2 vibrational and rotational states within about

10 - 1000 s.

The solutions of the population transfer equations

(MEU 72) show that population inversion is produced by the

selective absorption of the UV radiation in the interstellar

OH "cloud". As shown in Fig. 2.4 the radiation with wave-

lengths corresponding to the strongest transitions is ab-

sorbed very fast so that at large optical depths presumably

the weak transitions are dominant for the population trans-

fer. At small optical depths the pumping occurs via the

strong inverting P. and anti-inverting Q
2 1
 and Q. transi-

tions, yielding a net anti-inverted population distribution.

At intermediate depths the transitions R-. and R. both from

the lower Λ-doublet state are dominant and inversion takes

place. At large optical depths the very weak S,* transition

causes again anti-inversion.

The model does not take into account the hyperfine

splittings; this is justified when these are smaller than

the UV Doppler widths as is already the case for the ground

state splittings at temperatures higher than 1°K. As a result

no anomalous population distribution for the hyperfine levels

belonging to a given Λ-doublet state will be produced con-

trary to the observed preference for the upper F * 1 state.

However, the hyperfine splittings of the rotational

states are not precisely known. German e£ al_ (GER 73) have

estimated the hyperfine splitting of the A γ/
2
'

J
 *

 1/?2 a n d

J • 3/2 state to be equal to 227 and 509 MHz, respectively.
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FIG. 2.4 The absorption of the UV radiation at the six
wavelengths of the excited transitions and the
resulting population inversion of the ground
state Λ-doublet as a function of the optical
depth τ.
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Turner (TUR 70) has shovm that If these splittings are larger

than the UV Doppler widths (for a splitting of 500 MHz:

Τ <30°K) the transfer of population may be changed drasti-

cally in favour of the upper F • 1 state.

Also not considered in the model is the additional pum-

ping of OH radicals by the spontaneously emitted UV radia-

tion. If this effect is negligible the pumping mechanism

suffers from a very low efficiency: one UV photon produces

not more than one microwave photon so that the energy con-

version efficiency is lower than 1 x 10~ . Only very fast OH

production rates may then account for the observed intensi-

ties (LIT 74).

Another problem is formed by the occurrence of thermali-

zing collisions which can decrease the microwave gain sig-

nificantly (TOR 70).

2.3.2 Ultraviolet pumping in the beam maeev

The investigation of the UV pumping process in the beam

maser poses several difficulties. The main problem is the

excitation of the OH radicals which requires very high UV

intensities due to the short time t spent by the molecules

in the radiation zone. The probability for a transition from

a hyperfine state |l> in the rotational ground state to a

hyperfine state |2> in a given rotational Α Σ ._ state is

equal to:

ρ. .(ν ,ν·) • Β, _t f ρ(ν ,v)g(v',v)dv (2-10)
1,2 ο' c' 1,2 *

 κ %
 ο' ^ ο'

where B. „ is the Einstein coefficient for absorption:
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Β1,2 3h
2 '1.2' (2-11)

with \]χ
ί 2
1 given in Eq. (2-8); ρ (ν ,v) is the radiation

density at frequency ν with ν the center frequency of the

induced transition; g(v',v) is the shape of the molecular

absorption line which is generally Doppler shifted to a

center frequency v' due to the divergency of the molecular

beam.

When the UV radiation is incident perpendicularly to

the molecular beam axis the transition probability averaged

over the beam is given by (MEU 74):

On
 V +

P
1 o(

v
~)If 2 Ο irv το

X {

sine

1 - «

ƒ
V -

v"

Pl,2

c
sine

( V o

V

ο

' V o>

- vf

ο
V

(2-13)

where ν is the molecular velocity, θ the angle of divergence

of the molecular beam and v, ν (1 + — sine)
O — CThe bandwidth of the radiation absorbed by the mole-

cular beam is equal to (MEU 74):

ν sin9 (2-14)

with ν the averaged molecular velocity. In the present beam

maser Δν, is of the order of 100 MHz which is much smaller
b

than the bandwidth Δν of all conventional UV radiation

sources (the case of a single mode laser is considered later

in this section). Consequently the radiation density can be

set constant in Eq. (2-10):
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p(v
Q
,v)

c Δν (2-15)

with Ι(ν ) as the radiation intensity at ν . The transition

probability is independent on v' and it follows directly from

Eq. (2-10):

P
1,2<V

Β .KvjL
ι,ζ ο

vc Δν..

(2-16)

with L as the length of the radiation zone.

The strongest transition from the rotational ground

state is the P, transition
 Σ

ΐ /
2
' J « 1/2, F • 1 •*—

 ?

J • 3/2, Ρ - 2 at 3082.6 A for which Β.
 Λ
 « 5.8 x 10

1 7
3/2, Ρ - 2 at 3082.6 A for which B,

3 -1 -1 '

Hz mJ s (MEU 74). In the case of a radiation zone of length

10 cm and width 1 cm the intensity per unit of bandwidth re-

quired to excite \% (detection limit * 0.19) is then equal to:

KvJ
(2-17)

The spectra of broad band sources consist in general of

emission lines of the discharged gas superimposed on a con-

tinuous background. The region around 3070 A i« quite an un-

favourable part of the electromagnetic spectrum for two

reasons, hit the readily attainable temperatures (<. 6000 °K)

the Planck's curve has a maximum in the visible to infrared

part of the spectrum and falls off rapidly towards the UV

region. Only in the case of a carbon arc discharge tempera-

tures of the order of 10000 °K can be obtained at which the

top of the Planck's curve is in the region of 3000 A. Then

there are practically no atomic emission lines close to the

OH transition frequencies. Only in ths c&se of zinc (Zn) an
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emission line can be excited which coincides within 0.01 A

with the wavelength of the R_. transition of 3072.95 A. This

line has been used by German and Zare (GER 69) for the exci-

tation of OH radicals in the gas phase. Other OV spectral

sources are mercury and xenon lamps whose pressure broadened

emission lines overlap the region around 3070 A.

We have performed extensive investigations on the most

promising radiation sources: a xenon lamp (OSRAM XBO 450 W),

a hollow cathode zinc lamp (Rank Precision FL 379), a micro-

wave discharge through zinc vapour and a carbon arc discharge

through zinc oxide vapour. The latter two radiation sources

were of own design (FES 72a). The spectral output of these

radiation sources has been analyzed with a monochromator

(Hilger and Watts D400) and a radiant flux detector (Hewlett

Packard 8334A) measuring the absolute intensity (FES 73). The

results obtained for the total emitted intensity per unit of

bandwidth are summarized in Table 2.1. Evidently the intensi-

ties of all four sources are far below the minimal required

value of 12 W/A (Eq. (2-17)).

The broad band sources are highly inefficient for the

pumping experiment because only a very small fraction of the

spectrum is used for the excitation of the molecular beam.

This difficulty is essentially absent in a single mode laser

whose line width is of the order of 10 MHz or smaller. As-

suming in Eq. (2-10) a Gaussian shape for both the absorp-

tion line and the laser radiation density profile the inte-

gration in Eq. (2-13) yialds (MEU 74) :

Β
) « 1.1

)L

vc
(2-18)

The excitation of 1% of the OH radicals via the Pj transition
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Radiation source

Ι/Δν
(W/A at 3070 A)

-1

-2

xenon lamp (450 W) 1.5 x 10

carbon arc discharge ' 3.5 χ 10

hollow cathode lamp 3.1 x io"

microwave discharge 1.7 χ ίο"

TABLE 2.1 The total UV intensity per unit of bandwidth
for several investigated radiation sources.

in a radiation zone of 1 cm x 10 cm at Δν. * 100 MHz requires

a total laser intensity of 4 χ 10~ W. This is a low value

compared to the broad band sources. Moreover with a laser a

mirror system can be used which reflects the laser beam a

number of times back and forth through the excitation region

thus enhancing the radiation density. The enhancement factor

is determined by the number of reflections and the reflec-

tivity of the mirrors, and may easily reach a value of 50

when special dielectric mirror coatings are used. The re-
—4

quired laser intensity is then of the order of 1 x 10 W.

It is expected that this intensity can be obtained readily

by doubling the frequency of a dye laser operating at

6140 A. The development of the dye lasers is very recent and

only now this approach to the OH inversion problem has be-

come possible. An extensive discussion of the feasible UV

pumping experiments with a laser in the beam maser is given

in (MEU 74).

Μ

1
I 1 _ '
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2.4 COLLISIONS BETWEEN OH AND ELECTRONS

2.4.1 Population inversion by collisions with charged

particles

It has been suggested by Johnston (JOH 67) that popula-

tion inversion may be induced by inelastic collisions between

the hydroxyl radicals and charged particles. The idea is

based on the strong Stark effect for OH radicals in the rota-

tional ground state. By the electric field of the charged

particle a repulsion between the OH radicals in the upper

Λ-doublet state and the incident particle takes place, while

attraction occurs for OH radicals in the lower A-doublet

state (see Eq. (1-3)). So the interaction path lengths in

the two cases are different resulting in unequal inelastic

cross sections.

Applying the first Born approximation Johnston obtained

indeed different cross sections for downward A-doublet tran-

sitions than for upward transitions. In the case of a paral-

lel incident beam of electrons the solutions of the popula-
2

tion transfer equations for the Π . , J = 3/2, A-doublet

states yield for the upper F = 1 and F = 2 levels an increase

in population by a factor equal to 1 + 0.32 ξ and 1 + 0.57 ξ,

respectively; herein ξ = ΔΕ/Ε with ΔΕ as the energy differ-

ence between the A-doublet states and Ε as the electron

energy. The populations of the lower F * 1 and F * 2 states

decrease by the same amounts. However, the changes in the

populations of the individual | M > substates are very differ-

ent; some of the substates of the same |F> state increase in

population, others decrease. As a result the effect on the

microwave intensity depends strongly on the direction of
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microwave propagation in the OH cloud relative to the direc-

tion of the electron beam. If the microwave radiation is

perpendicular to the electron beam the microwave transitions

are of the ΔΜ_ * 0 type. In this case weak absorption in the

satellite lines (AF • +_ 1) and strong emission in the main

lines (AF * 0) is obtained, with a slight preference for the

F = 1 -> F'« 1 transition. If the microwave propagation is

parallel to the electron beam only AM • +. 1 transitions

occur and all four microwave lines are in absorption. In the

aa.se of ion collisions the same asymmetries in the popula-

tion distribution are produced but the efficiency is lower

by a factor of about 3 compared to the pumping by electrons

of the same velocity (JOH 67).

Essential for this model is that the OH cloud is irra-

diated by a parallel stream of charged particles. For random

velocities no population inversion is produced. Following

the model of Cook (COO 68) Johnston suggested that the OH

sources are very long thin amplifying columns placed in the

shell of the HII ionization front and directed towards the

earth. The amplifying column is that part of the OH cloud

through which the ionized plasma is streaming, predominantly

in one direction (radially outwards). The electron velocity

is taken equal to the speed of advance of the ionization
4 -1

front which is about 5 * 10 m s corresponding to energies

of 5 x 10*" eV. The resulting population inversion between

the ground state Λ-doublet levels is then about 1 χ 10-3

2.4.2 Electron collisions in the beam masev

The excitation efficiency is the main problem also in

OH-electron collision experiments. However, whereas the re-
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quired ÜV intensity can be estimated quite reliably from the

well known absolute transition probabilities, the absolute

cross sections for the inelastic electron collisions are un-

known except for the theoretical values derived in the first

Born approximation. Until now no experiments on OH-electron

collisions have been reported. Also in the case of other
2
Π molecules no experimental results for the excitation of

Λ-doublet transitions by electrons are known. The situation

is, however, much worse as no experimental data are known for

rotational excitation of polar molecules by electrons in

general.

The investigations reported on electron-polar molecule

collisions are either electron transmission or electron swarm

experiments. Xn the first case the electron energy loss is

measured. As in general the rotational splittings are smaller
_2

than the minimum obtainable electron energy spread f̂  10 eV)

no information can be derived about Λ-doublet or rotational

excitation processes. In electron swarm experiments only

cross sections for the total momentum transfer can be ob-

tained from the measurement of drift velocities. The only

exception form the molecular beam recoil experiments at the

Columbia University. Absolute total and differential cross

sections have been measured for the scattering of CsF (SLA

74), CsCl (BEC 74) and KI (SLA 74a) by electrons with ener-

gies between about 0.5 and 15 eV. The values obtained for the

total cross sections were smaller than the values predicted

in the first Born approximation by a factor of about 2.

As a consequence of the lack of experimental data the

excitation efficiencies have to be estimated from theory. In

the next chapter the first Born approximation and a combined

first Born-Eikonal approximation are applied to A-doublet
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and rotational excitation of OH by electrons with energies

from 10x(threshold energy) to 100 eV. The most efficient

process is the induction of the Λ-doublet transitions in the

rotational ground state. The electron current density re-

quired for the Λ-doublet excitation of 1% of the OH radicals
2

in the ground state is about 10 E mA/cm with E in eV, for

a time spent by the molecules in the interaction region

equal to 1 x 10" s, Generally such a current density is

difficult to obtain due to space charge effects.

We did succeed in constructing an electron gun in which

high current densities at low electron energies are obtained

by the application of an external homogeneous magnetic field

(see Sect. 4.7). The disadvantage of this method is that the

information about the exact values of the electron energy is

lost and no reliable values for the absolute inelastic cross

sections can be obtained. Consequently the investigation of

the OH-electron collisions was concentrated on the measure-

ment of relative values for two inelastic cross sections and

of possible population inversion effects.

2.5 PUMPING BY CHEMICAL REACTIONS INVOLVING OH

2.5.1 Population inversion of interstellar OH radicals

by chemical reactions

The chemical pumping models are based either on the

Lsional dissociation of H_<

association reaction (JUL 71):

collisional dissociation of H_O by Η (GWI 73) or on the pre-

H(
2
S) + 0{

3
P)
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In this reaction the OH radicals are produced in the rota-

2

tional levels of the vibrational Α
ν' = 1 state above

2
the X H state asymptote. The inverse pre-dissc-ciation pro-

2

cess is due to the interaction between the Α Σ. >_ state and

the ground state continuum. This interaction should be the

strongest in the case of the v'= 1, K'= 1 state which has

a positive parity. Accordingly the spontaneous decay to the

electronic ground state should result in a population inver-

sion of the Λ-doublet states. However, the inversion is less

evident if also production of OH in the higher K' states

takes place. Elmergreen and Smith (ELM 72) found appreciable
2

pre-dissociation from the Α Σ. .„, v'= 1 state but could not

draw any conclusion about the K' states involved. Solomon

(SOL 68) has suggested that in the reaction (2-19) the OH

radicals are formed in the v'= 2 state, but this rate should

be only significant at temperatures higher than 2000 °K

(JUL 71).

In the model of Gwinn e£ al̂  (GWI 73) the OH radicals are

produced directly in the upper (+) Λ-doublet states. Two

processes have been proposed:

Η + H O + 5.19 eV

Η + H
2
O + 0.69 eV

OH(+) + Η + Η

OH(+)

(2-20)

(2-21)

The mechanism is based on the assumed conservation of the

spatial orientation of the ρ electron of the oxygen atom

along the broken H-(OH) bond. In the residual OH the elec-

tron distribution is then oriented perpendicularly to the

axis of nuclear rotation and to the internuclear axis. This

configuration corresponds to the upper Λ-doublet states for

state and to the lower Λ-doublet states for thethe
 2
It
3/2

%,„ states with J < 7/2. In addition the process (2-20)
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may result in a selection of hyperfine levels in such a way

that the OH radicals are produced in the F * J - 1/2 hyper-
2

fine levels for the Π,
/ ο
 states and in the F « J + 1/2

2 '
levels for the Π.

/ 0
 states. So this model is in agreement

2

with the observations of emission from the Π.
/ 2
 rotational

states with J - 3/2, 5/2 and 7/2, but fails in explaining

the unquestionable emission detected from the Π. .-, J * 1/2

state.

Of the two proposed reactions probably the second one

is the most relevant one because too high temperatures are

required (> 7500 °K) for an efficient OH production by the

process (2-20). The attractive feature of the model of Gwinn

e£ al_ is the prediction of the observed association of type I

OH sources with H_O emission sources.
Gwinn

processes:

a^ proposed also collisional pumping by the

H, + OH(-) + translational energy

-* H
2
 + OH(+) (2-22)

Η + OH(-) + translational energy

-»• Η + OH(+) (2-23)

v
v
-sre the OH(+) and OH(-) radicals are in the upper and in

the lower Λ-doublet state, respectively. Both processes are

based on a short living chemical bond between the two col-

liding particles whereafter the OH radicals are produced in

the upper Λ-doublet states as in the H_O dissociation model.

It is thought that these processes are highly efficient to

convert the translational energy into A-doublet radiation

also because of their low activation energies.
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2.5,2 Population inversion of OH vadioale by

ohemioal reactions in the beam maser

In the production region of the beam maser, described

in Sect. 4.2, many particles apart from OH are present such

as H, H,, 0, 0- and H-0. So even if the reactions (2-19) and

(2-21) (the reaction (2-20) is obviously too inefficient)

are not applied as the primary OH producing reaction they

will certainly occur and may invert a certain fraction of

OH radicals. The same holds for the collisional processes

(2-22) and (2-23). In this section we shall consider the

efficiencies of these reactions at typical conditions in the

production region of the OH beam maser, i.e. at a tempera-

ture of 300 °K and at partial pressures of H., O_ and H_O
15-3

smaller than 0.1 Torr (densities < 10 cm ) and of Ο, Η

and OH smaller than 0.01 Torr (densities < 10 cm**
3
).

The OH production in the reaction (2-19) is given by:

n

OH
k
l

n
l

n
0

n
H

(2-24)

where η
χ
 represents the density of particles χ and k. =

4 χ 10 cm mole~ s~ at temperatures higher than 100 °K

(ELM 72). Similarly in reaction (2-21):

n
OH

 = (2-25)

with k
0
 = 2.6 x 10 Τ exp(-9400/T) cm mole s

3 - 1 - 1
(MAY 67). At room temperature k_ = 0.3 cm mole s .

It follows that the produced OH densities in the reactions

(2-19) and (2-21) are < 10
1 0
 cm"

3
 and < 10

5
 cm"

3
, respective-

ly. For the microwave detection in the beam maser a minimum
12 —3

OH concentration in the source chamber of about 10 cm is
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required (Sect. 4.6). Consequently the possible inverting

effects in the two reactions are far below the detection

limit.

The rates of the inverting coliisional processes (2-22)

and (2-23) are unknown. Only for the process (2-22) Gwinn et
12 1/2 ~~™

al have estimated a reaction constant of 6 * 10 Τ χ
~~~ 3 —1 —1 13 3

x exp (-23O/T) cm mole s which is equal to 5 x 10 cm

mole" s~ at 300 °K. This value is a factor of 2 larger

than the reaction constant of the most important destruction

reaction of OH by atomic oxygen (Sect. 4.2). Because of much

smaller densities of Ο atoms compared to the H_ densities

present, the process (2-22) should be dominating by far and

the produced OH radicals might undergo some 10 or more in-

verting collisions before they are destroyed. However, the

uncertainties in the rather speculative model are large.

First the reaction constant has been calculated for an essen-

tially non-rotating OH radical and will be certainly much

smaller if the radical is rotating. Then the activation

energy has been assumed to be equal to 150 cm which is

not much lower than the translational energy (t> 250 cm" )

of the OH and Η molecules at room temperature.

In conclusion, of the proposed chemical pumping pro-

cesses only the process (2-22) might produce detectable

population inversion effects at the typical source condi-

tions in the beam maser. Possible effects from the reaction

(2-23) should be smaller compared to the process (2-22) be-

cause of a low atomic hydrogen density.
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C H A P T E R 3

INELASTIC OH-ELECTRON COLLISIONS

3.1 INTRODUCTION

inelastic collisions between electrons and polar

diatomic molecules have been investigated by several

authors. Older calculations performed by Massey (HAS 32)

and by Altshuler (ALT 57) were based on the first Born

approximation (FBA) where the polar molecule was considered

as a point-dipole. The validity of this approximation has

been investigated by Itikawa and Takayanagi (ITI 69) in a

partial wave analysis both in the FBA and in a close cou-

pling calculation for CN and HCl. They concluded that the

FBA, in combination with the point-dipole model/ is justi-

fied for incident electron energies down to 0.01 eV (near

threshold) if the dipole moment is smaller than about

1 a.u.(=2.54 D), except in the case of large angle scatter-

ing where distortion of the lowest partial waves occurs and

the transition probability in the FBA may exceed unity. To

circumvent this difficulty Rogers and Barrett (ROG 68)

considered a strong and a weak interaction case in a time

dependent perturbation (TDP) calculation. In their treat-

ment the strong interaction approximation is assumed to be

valid for small impact parameters; it is replaced by the

weak field approximation for impact parameters with a

transition probability < 1/2. Rogers and Barrett applied

this model to the Λ-doublet transitions of OH radicals in

the rotational ground state. A refinement of the TDP cal-
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culation has been given by van Hierlo and ter Heulen

(HIE 72) who take into account the hyperfine structure

of OH.

In this chapter the preblsss of OH excitaties by

electrons is treated using a combination of the FBA and

the Eikonal or Glauber approximation (GLA 59). It turns

out that in the FBA only inelastic scattering takes place;

the expressions for the transition probabilities are iden-

tical to the results of the wsak interaction TOP calculation.

Where the adiabatic criterion (TOE 66) yields

h ,τ.ΔΕ » (3-1)

the transition probability sharply drops to zero. Herein

ΔΕ is the energy distance between the two molecular energy

states involved in the induced transition and τ is the

interaction time, of the order of — with b the impact

parameter, and ν the relative velocity of the incident

electron. At electron energies large compared to ΔΕ and

small impact parameters the condition (3-1) is no longer

satisfied; the transition probabilities assume large values

and the FBA becomes unreliable. In the extreme case (sudden

approximation):

τ.ΔΕ « h (3-2)

the molecule is practically non rotating during the inter-

action, a situation considered in the strong interaction

TDP calculation. The Eikonal approximation is based on the

condition

Ε » ΔΕ. (3-3)
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with E the electron energy, and, except in the case of

large impact parameters, the condition (3-2) is fulfilled.

The expressions for the transition probabilities are iden-

tical with the results of the strong interaction TDP cal-

culation. Consequently it may be expected that the Eikonal

approximation is not reliable for large values of b where

(3-1) must be applied. Contrary to the FBA the transition

probability obtained in the Eikonal approximation cannot

exceed unity when b goes to zero. It follows that a com-

bination of the FBA for large impact parameters and the

Eikonal approximation for close encounters will yield

better results for the cross section than the FBA applied

over the whole impact region. It turns out that at values

of b intermediate between the values satisfying the con-

ditions (3-1) and (3-2) the transition probabilities in

both calculations nearly coincide over a large range of

•"mpact parameters. The model is applied both to the

Λ-doublet hyperfine transitions (ΔΕ * 10~ eV) for electron
-4

energies E > 1 χ 10 eV and to rotational transitions of
_o

OH (ΔΕ *> 10 eV) for Ε > 0.1 eV. The cross sections

obtained (integrated over all b-values) are smaller than in

the case when only the FBA is applied. For OH the difference

is of the order of 10$ or smaller. For larger values of the

dipole moment the difference increases because the FBA over-

estimates transition probabilities for a larger range of

impact parameters.

Recently Takayanagi (ΤΑΚ 74) and Ashihara et al. (ASH 75)

have applied the Eikonal approximation in a calculation of

differential and total cross sections in the case of large

dipole moments. Compared to the FBA the results were in

better agreement with electron collision experiments on

alkali halides (y up to 11 0), performed at the Columbia
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University (BEC 74, SLA 74, SLA 74a). Ashihara et al

considered also the short range forces, the polarizability

and the quadrupole interaction. The resulting effects on the

total cross section were negligible at least in the case of

large dipole moments and energit? lower than 10 eV. At higher

energies the short range forces, due to the finite size of

the dipole may become important. It turns out from the pre-

sent calculation that even a drastic change of the transi-

tion probability at small b values and energies up to 100 eV

will hardly influence the values of the cross sections. It

is assumed that these additional interactions can be neglec-

ted. Also not included in the present calculation is the

occurrence of resonances for instance as a consequence of

the temporary capture of the incident electron by the

molecule (TUR 66, GAR 71, GAR 75). The resonances cause

a strong increase of the cross sections for rotational,

vibrational or electronic transitions and generally take

place within very narrow energy bands. In the present in-

vestigation the electron energy spread is large and it is

assumed that the resonance effects, if present, are smeared

out and negligible.

Before the combined FBA-Eikonal model is considered

first the cross sections in the pure FBA are calculated.

As in the population inversion model of Johnston (JOH 67)

discussed in Sect. 2.4.1 the resulting expressions for up-

ward and downward transitions are slightly different. The

difference decreases as the electron energy becomes larger.

In the FBA-Eikonal model, valid for high electron energies,

the cross sections for upward and downward transitions are

equal and no inversion between two equally populated energy

levels is expected.
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S.2 BASIC THEORY

Consider a parallel beam of electrons of equal veloci-

ty with the external z-axis chosen parallel to the direction

of incidence. Because the electron velocities considered

are larger than the averaged molecular velocities by a

factor of at least 10, the OH radical is considered as a

rotating dipole fixed in the origin of the center of mass

system during the interaction with an electron. The inter-

action is described by the Schrödinger equation:

(HQ + Η
χ

V - = 0 (3-4)

o

where Η
Λ
 = - ·=— V is the translational Hamiltonian oper-

—0 2m .

ating on the electron with mass m and position vector r, and

H, is the electronic-rotational Hamiltonian (2-1) of the

OH radical. The interparticle potential V = V(r) is con-

sidered to contain only the monopole - dipole interaction.

The second order contribution by the non-spherical part of

the polarizability of the OH radical is neglected. The

spherical part of the polarizability gives rise to pure

elastic scattering effects. The total energy Ε is equal to

(3-5)

where Ε is the translational energy of the electron and

Ε the electronic-rotational energy of OH. The latter

energy and the wavefunctions Ψ.
2 t

solutions of the equation

- 0

o f E<
!· (2-5) are

(3-6)
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If V - 0 the total wavefunction can be written as

ik .r

= e
(3-7)

where k. is the wave vector of the incident electron
ρ

parallel to the z-axis and λ stands for the quantum

numbers of the initial energy state of the OH radical.

In the interaction region the wavefunction of the electron-

OH radical system can be expanded as

Σ (3-8)

where the index < runs over all possible values of the OH

quantum numbers Ω, j and M_, or when the hyperfine struc-
j

ture is considered over SI, J, F and Μ . The functions
•¥ -•

 F

F (k
R
,r) are determined by requiring that Ψ satisfies the

Schrödinger equation (3-4). The substitution of Φ in (3-4)

and projection on the final state φ. of the OH radical

yields:

Ε - - Σ = 0 (3-9)

where Ε is the molecular energy of the final state φ

ν ν

and V (r) = <Ψ
1
 | V(r)|φ >. With the help of the Green's

ν κ
functions and for appropriate boundary conditions a formal

solution is obtained (MES 62). For r ·*· "> :

i k
Y

rik .r

e
f(k

ft
,A->-k , e (3-10)
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where it is the wave vector of the outgoing electron in

the direction f and f (it , χ-> it , ν; f) is the scattering

β γ

amplitude for the excitation of the transition λ •*• ν at

which k
Q
 ->• k :
Ρ γ

f (k
B
,X- it

y
,vi*) 2

2πϋ
ν

ν|ς
(Γ·»

κ
(ΐ?

β
,Γ·)β

 γ
 ' dr·

In the FBA it is assumed that the distortion of the

incident plane wave is negligible and Ρ (.k_,r') is replaced

·* ->
 κ β

by exp(ik
s
.r')e .:

Ρ
 κ

»
λ
 + + .».

ik .r' -ik (r'.f)
P γΡ

k.v;*> 21 f
v
 (r')e dr'

(3-12)

In the Eikonal approximation it is assumed that the phase

of the incident plane wave is modified and the function Ψ

is set equal to (GER 74) :

Φ = φ exp(ik
g
z-j^· ƒ Vlr'Jdi') (3-13)

λ -°°

where ν is the velocity of the incident electron. The

approximation holds only if the electron energy Ε is much

larger than the energy loss ΔΕ and the scattering takes

place mainly in the forward direction. For the considered

electron energy range (Λ-doublet excitation: Δ Ε *v< 10 eV,

Ε >10"
4
eV; rotational excitation: Δ Ε *V 10~ eV, Ε

χ
>1θ" eV)

the first requirement is satisfied. The condition of forward

scattering is probably not satisfied in the case of very

close encounters at impact parameters of the order of 1 A

or smaller. As in the case of the short range forces

considered in the foregoing section it is assumed that these
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effects are negligible. The scattering amplitude is then

equal to

f(k_,X-»-i ,v;f) = ~ ƒ
β γ

 2πη
2

i(k z'-k F'.f)

e
 6 Υ

(3-14)

Since k = k the integration over z' (from -<» to +») can
3 γ*

2

be performed and yields for ν φ λ :

r x
X
'

 + k
v v*'

}

x <ψ. |exp(- i- f V(z')dz')U. > dx'dy' (3-15)

*v
 h v

 -»
 J

X

The integration of the scattering amplitude over the

solid angle Ω in the direction of £ yields the cross section:

J ^ ƒ |f(iyX->iyv;r)|
2
 dfl (3-16)

This cross section is related to the transition probability

k
v
,v;
Υ

2π2π _̂

,v) = ƒ ƒ P(iyX+ïyv;b,*) (3-17)

where b is the impact parameter and φ the azimuthal angle.

When the FBA is applied for the entire impact region

the cross sections can be derived from Eq. (3-12) and (3-16)

without any simplifications as shown in the next section. In

the combined FBA-Eikonal approximation the cross sections

are calculated according to:
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σ(ί + j)

2π b

J [ƒ ° P„(i •*• j; b,*) bdb +

0 0
 E

+ ƒ Ρ (i -*• j;

b
 B

c

bdb} (3-18)

where P_ and P_ are the transition probabilities in the
a a

Eikonal approximation and FBA, respectively» and b is some

c

properly chosen value of the impact parameter (see Sect.3.5).

The expressions for the transition probabilities are ob-

tained from Eq. (3-16) and (3-17). By substituting the

expressions (3-12) or (3-15) for the scattering amplitude
_2

and setting dfi - k dk
τ

can be written as:

dk , assuming k - k , Eq.(3-16)
Ύ

.v) J/
-iik x'+k

(3-19)

with

in FBA, and

ƒ h(r')dz" = imv

2TA
<ψ " Sv / ν(ζ·)^ζ·)|ψ

in the Eikonal approximation.

The integration of the exponential functions over k and

k yields a two dimensional delta function. It follows

with dx'dy
1
 = bdbd<P:

2

o(k
a
,\+£ ,v) « - - ƒ ƒ |J hirMdz'l^ bdbd? (3-20)

2if

ƒ ƒ |J h(r')dz'|
2

V γ 0 0-»

The transition probabilities follow by comparing Eq.(3-20)

ψwith Eq.(3-17). With k
y
 * k

p
 = ψ- the result is:
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-~2
h ν

in FBA, and

,λ+$ ,νι b,
p
 '

in the Eikonal approximation.

3. Ζ THE FIRST BORN APPROXIMATION

00

-j-7 ƒ

z'))
d z
T

(3-21)

(3-22)

The monopole-point dipole interaction potential is

equal to:

g.S

r
2

(3-23)

where μ§ is the dipole moment of OH lying along the inter-

nuclear axis and r is the radius vector of the electron

relative to the OH radical. When the direction of t and S

in the space fixed x,y,z system is given by the angles φ,Θ

and φ',Θ', respectively, it follows that

f .s = — sin Θ' + — cos Θ' (3-24)

The matrix elements of V(r) follow from the transformation

of the space fixed frame of reference (SFR) to the molecular

frame of reference (MFR):
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4ττε _r

iff

(3-25)

The matrix elements are calculated by evaluating the

wavefunctions according to Eq.(2-2), (2-3) and (2-5) and by

applying the expression (7.1.8) in (EDM 57). It follows:

Π« JPM
p
>

F+F'+M_
. F
}

4 i t e o r

I < 3
-

2 6 )

with μ___
 ftlTlnl

 the dipole moment matrix element given in

Eq.(2-7). According to Eq.(3-12) and (3-16) the cross

section is equal to:

x (2F+1)

r H £ -Μ KFi

(3-27)

with Κ = k - ko. The integration over r can be performed by
Ύ Ρ
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expanding the exponential functions in terms of the spheri-

cal harmonics:
-»· -»•

Σ irtl
1
 Y,

 m
(K) ƒ j.(-Kr)dr

1 m
 o

 1 l f M

(«)d«

_2i γ (ν)
Κ 1,M

W (3-28)

with Κ = |κ| . Thus the double integral in Eq.(3-27) is

equal to

16IT
2
/ |Y,

 M
( K ) |

2 \ dfl. (3-29)
1,M

 K
2

with dn - dk . Because k. is parallel to the z-axis
τ « Ρ

k (Θ',ν'
1
) and Κ (Θ, φ) have the same ̂ -dependence while for

the angles Θ and Θ
1
 the relations can be derived:

+ Lk
cos Θ • -

cos Θ
1

K
2
 * "

2

2 K k ,
(3-30)

(3-31)

2 2 2 •*
where Ak = k

o
 - k . With these relations the Υ. „(Κ)
ρ Ύ lfM

functions can be expressed in terms of the wave vectors and

the integration is straightforward. The resulting expressions

for the cross sections are:

Wy «'
- 8ir (·

em .2

4ire
}
 '

y
 β-J'F·'

(2F+1) f '
1

^l r^+^lniT
VN

«F/
 k

3

4
2kt

r
Xl

)

for AM - 0 transitions, and
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,2„ct
4π (

4ιτε

(2F+1)( F* 1 F \

1 Ι --Ι
+
(1-^ V Ν

(3-33)

for + 1 transitions.

With the sum rules for 3j-symbols as given by Edmonds

(EDM 57) it follows for the total cross section:

,2 „et.
J'F')

8π em
Hi*

4πε
ι»Ίι «JF.fl'J'F·

1

-^ 1η(

Ac·

With ξ = =§• it follows:

k + k

V Ν ,
IVN

1
'

(3-34)

σ(
2
Π> +

 2
nj,

dfi All
J
 4ire h ν

ο

[ ln(|) + I (3-35)

where the + and - sign holds for a downward and upward

transition, respectively. So the cross section for molecules

in the upper state is larger than for molecules in the lower

state. The resulting effects on the population distribution

have been discussed already in Sect. 2.4.1.

In the combined FBA - Eikonal approximation the FBA is

applied at large values of the impact parameter where
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k • k
o
 - k * - • With the matrix elements of V(r) given
Ρ Ύ#Ζ V

by Eq. (3-26) it follows for the transition probabilities

given by Eq. (3-21) :

( 2 F +

-« r
2 )

(3-36)

The integrals can be expressed in the modified Bessel

functions K. and K.. With the sum rules for 3j-symbols it

follows for the total transition probability:

4πε

(3-37)

For b •* 0 the functions K_
0

( )) and K. (—) and consequently
ν 1 ν

the transition probability go to infinity. The selection

rules are the same as for electric dipole transitions (see

Sect. 2.2). The result (3-37) is exactly equal to the

expression obtained in the weak interaction TDP calculation

(MIE 72).
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3.4 THE EIKONAL· APPROXIMATION

The expression (3-22) for the transition probability

can be simplified by expanding the exponential function and

considering only the first two or three terns. However, the

first term corresponds to the FBA with its singularity in

b = 0. Consequently it is necessary to consider the full

expansion. As follows from Eq. (3-25) :

<
3
"

38
>

So:

exp(-
k 1

2
k,l-0

(γ
1

(s))
k
(Y

l

(β))

(3-39)

2iey
4ire hvb * 3

o

The repeated application of the product rule for two Υ

functions with the same argument (EDM 57) yields:

3 k/2 4TT 1/2
(
* l

f +
l

W )

The resulting products of the form Υ Υ,

,+k
(S) (3-40)

in Eq. (3-39) can

be written as a summation of single '1

The result for Eq.(3-39) is:

. 00 00 00

exp(- —• ƒ V(r)dz) = 2 Σ (-)
-oo L=0 k,l=0

k-1

or D„ functions.
0m

k 1

Ρ q

χ (2L+1)
/ k 1 L \ /k 1

U ι k-i/Vo o

ï (21)!

(3-41)
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The matrix elements of the D
n
 „ functions are calculated

in the same way as in the case of L = 1 (FBA). The result

is:

Ι

( F
f
 h F \ iF

1
 L F

-Μ, Μ J i j I ,.
(3-42)

with for J' > J :

- c
2
to,j)c

2
(fi·

1/9 / J
1
 L J\

V" 2 ° 2 '

(3-43)
.α.δ

where (-) • + 1 for ο • + δ. In the case of J'< J the
"" J—1/2 "

phase factor is (-) . Using the explicit expressions

for the 3j-symbols it follows:
00

<
 2
n*,J'P'H^leap(- jL. ƒ V(?)dz)|

2
n*JFM

F
> =

O0

k,l=0 L=0

-1)! (L+l-k)!]

X-Μ; i-k M_/

S F
1
 L F I

J I J')
(3-44)
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Prom the 3j-symbols in Eq.(3-41) and (3-44) the conditions

for k, 1 and L follow:

(1) 1-k = M̂ , - Mp = Μ

(ii) k > L-l or k > y (L-M)

(ill) k+l+L is even i.e.:

if L even then Μ • 0, + 2, + 4, ...

if L odd then Μ = + 1, + 3, ...

The expression (3-44) can then be written as:

Jl-J' «o

Σ Σ
L=0 k-(L-M)/2

y(L+M)+l)

-
T(2k+L+M+2)r(k+

where Γ(χ) = (x-l)i / and

F+F'-Mp+J'+drH!)^

g
LM

 = q (
" 2T

(2L+1) x

KiH-M).'(L-Μ) !]

•
l
r

(p· L F W F ' L F ^

-Μ' Μ Μ / (j I J')

(3-45)

(3-46)

The summation over k yields a spherical Bessel function

of the first kind and expression (3-45) becomes equal to:

J+J'

(3-47)

The total transition probability is then equal to:
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P(
2
n^JF -»· ̂ .J'F')

J+J
1

Σ [ (-)

L,K=O

2F+T

Κ

(3-48)

where the summations over Μ and Η are restricted to the

values satisfying Μ +L = even and Μ + Κ • even. Substi-

tuting the expressions (3-46) for g_
u
 and g ^ and using

IM KM

the sum rules for the 3j-symbols (EDM 57) yields the result:

J+J
1

Σ
L=0

,2

(
2
n«J

2
n£,PClftJF-»- Ίΐ° J'F') = Σ (3-49)

with

'(2L+1) (2J+1) (2J'+1) (2F'+1)
iF' L FV

(j I J
1
)

L

Σ'
(L-M

L
)!

(3-50)

Exactly the same expression for P(i -»• j) is obtained in the

strong interaction TDP calculation (MEU 72a). In contrast

to the FBA there are no selection rules although they are

present for each individual L term. In fact any transition

between two arbitrarily energy states is possible. Also the

parity rule does not hold anymore. If the parity of the two

involved states is equal the transition probability is

determined by the terms with L = even whereas in the case
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of different parity the terms with odd values of L give a

contribution. Consequently also transitions between the

hyperfine states of the same Λ-doublet level are possible

in this approximation. The L = 0 term is only different

from zero if α - δ, J - J
1
, F » F

1
 and Mp • MI and yields

no contribution to the inelastic cross section. The L • 1

term gives a nonzero contribution if the quantum numbers

satisfy the selection rules for electric dipole transitions.

The higher order L terms can be interpreted as describing

multiple electric dipole transition processes. It is shown

in the next section that usually the summation over L can

be restricted to the L = 1 term which yields the simple

expression: _ 2

2
 (3-51){P^-) ι,φ

In this first order Eikonal approximation (FEA) the

transition probabilities go to zero for small values of b.

With the relation (MEU 72, MEU 74):

( ) •

(3-52)

it follows that the total transition probability for a

molecule in the state |
 n
^JF> is given by:

P(
2
n£jF) = 3j (J)

2
 (3-53)

which is independent of the quantus state and has a

maximum value of 0.58.
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Although for large values of the impact parameter the

transition probability goes to zero the integration over b

yields an infinitely large cross section when b ·*• « due to

an overestimation of the PEA at large b values as discussed

in Sect. 3.1. In the next section the cross section is

calculated by combining the FEA and FBA, the latter approx-

imation being applied for large values of b.

3.5 THE FIRST BORN - EIKONAL APPROXIMATION

The impact parameter dependence of the transition

probabilities in the FBA and FEA is shown in Fig. 3.1 for

the Λ-doublet transition H.,_, J 3/2, F

the rotational transition Π . , J « 5/2, F

2 * 2 and for

β 3
 * \,V

J = 3/2, F = 2 which are the strongest transitions for OH

radicals in the ground state. The electron energy is taken

equal to 1 eV. The curves for the two approximations nearly

coincide over a large range of impact parameters for b > 5 A.

After the crossing point the differences between the two

curves increase fast as shown in Fig. 3.1 for the J = 5/2• ·*·

J = 3/2 transition. For both the Λ-doublet and the rotation-

al transition the FBA and FEA curves cross each other at a

value of the impact parameter equal tob = 0.32 — , at

which the condition (3-2) is hardly fulfilled and tht

Eikonal approximation may be unreliable. So the cross-over

from the FEA to the FBA has to be taken at a smaller value

of b, say b , which will depend on the electron energy. The
c a \

resulting discontinuity is small for b j> 6 χ 10 v~ A
_i

 c

with ν in m s , in which case the transition probabilities

in both approximations differ by less than 1% for the

Λ-doublet transition and by less than 2% for the rotational

transition. The cross section is then given by:
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transition probability ·

KT
1

10"
2

ΙΟ"
3

101-4

10" 10° 10
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2
 10

3

impact parameter (X)

FIG. 3.1 The transition probabilities as a function
of the impact parameter in the Eikonal approxi-
mation (FEA) and in the first Born approximation
(FBA) both for Λ-doublet and rotational
excitation. The electron energy is equal to lev.
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(3-54)

The integrations are straightforward (ABR 65) and, within an

error of less than 1% for b < 0.1 - , yield the result:

ln(1.814 2-)

(3-55)

which is independent of the exact value of b . The result is

very similar to the expression (3-35) derived in the pure

FBA, except for the argument of the logarithm function which

in Eq. (3-55) is inversely proportional to the dipole

moment. If the dipole moment is equal to 1.15 D the numeri-

cal results of both calculations are the same. At larger

values of the dipole moment the FEA yields a smaller cross

section than the F2A. In Fig.(3.2) the cross sections are

given for the two processes considered above as a function
-1 2

of the electron energy between 10 and 10 eV. The cross

sections for the other hyperfine transitions follow from

the relative values of the dipole moment matrix elements.

As can be seen from Fig. 3.2 the cross sections are very

large for small electron energies but fall off rapidly as

the energy increases. Also given in Fig. 3.2 is the cross

section obtained in the pure FBA for the rotational transi-

tion. The relative difference between the FEA and FBA cross

sections increases as the energy decreases. At 1 x 10~ eV

the difference is about 9% for the rotational transition

and about 3% in the case of the Λ-doublet transition.

The higher order Bessel functions in Eq. (3-49) converge
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cross section (I2)

1 0 3 -

TC 3/ ? . T=3/2 ,F=2 -^TCy„ T=5/2.F= 3

electron energy (eV)

FIG. 3.2 The cross sections for Λ-doublet, rotational,

vibrational and electronic excitation from the

ground state of OH as a function of the electron

energy. The solid lines are the result from the

FBA - FEA theory. The dashed lines are obtained

when only the FBA is applied.
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very rapidly for b -*• ». Consequently the expression (3-54)

may be extended by including the terms

J+J' « ^

(3-56)

with (ABR 65)

9

ƒ j,<£)
2

L=2

bdb = 2"
5

γ

2 Σ
n=0

Γα+η-1)Γ(η- ~)

Γ(L+n+ h n!

Numerical tests have shown that the contribution of these

higher order terms is negligible for a transition with a

large dipole moment matrix element; this applies to the two

transitions considered above. The L = 3 term gives a contri-
-4 -2

bution smaller than 4 χ 10 and 3 χ 10 relative to the

first order contribution for the Λ-doublet and the rotational

transition, respectively (the h=2 term yields no contribution

because the parities of the two states involved are differ-

rent). For transitions with a small dipole moment matrix

2 2

element, for example Π ^ '
 J
 "

 5
/

2
'

 F = 2
 "*"

 Π
3/2'

 J =

F = 2 and for the normally forbidden transitions, the higher

order terms have to be taken into account. The cross sections

for this type of transitions are more than an order of mag-

nitude smaller than for the main Λ-doublet (AF = 0) or rota-

tional (AJ = +1, AF = +1) transitions. Consequently the total

inelastic cross section is obtained to a good approximation

by summing the expression (3-55) over the quantum numbers

fi',J' and F' . Since the total contribution of the transi-
2 2

tions between the Π_
/ ο
 and IL

 / o
 states is only of the orderl

3/2 1/2
of the summation can be restricted to the transitions with

in the case of a well defined external z-axis (in the

foregoing calculation assumed to be parallel to the velocity
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of the incident electron) the cross sections for transi-

tions between the hyperfine substates are different. It is

shown below that mainly transitions of the type ΔΜ̂ , = +1

are induced as expected from the fact that the electric

field of the electron in the direction of the OH radical

is mainly perpendicular to the z-axis during the interaction.

When the z-axis is perpendicular to the direction of the

incident electron velocity both ΔΜ = +1 and ΔΜ «•- 0

transitions are induced. The cross sections for this situa-

tion can be derived in a way similar to the case of paral-

lel incidence which is exclusively considered in the

following.

Xn the FBA the probabilities for ΔΜ̂ , = 0 and ΔΜρ - +1

transitions follow from Eq.(3-36):

2
n£,J'F'M

p
) =

V

\2

,—)

(3-57)

Except for values of the impact parameter at which the

transition probabilities are smaller than 1 χ 10 ,

K
1

(
\T

} >:>
 V v ^

 a n d t h e i n f l u e n c e o f
 the ΔΜ

ρ
 = 0 transi-

tions can be neglected.

In the Eikonal approximation only ΔΜ_ * +1 transi-

tions are induced yielding (in FEA) the probabilities:

il
'Ά
','rl
| i
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-v f s
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.

58;

The reason that no ΔΜ_ * 0 transitions occur stems from the

short interaction time. In fact in the Eikonal approximation

the interaction takes place only at closest approach where

the electric field of the electron in the direction of the

OH radical is perpendicular to the z-axis.

The cross sections for the transitions between the

hyperfine substates are obtained in the same way as the

expression (3-55). The result is:

The cross sections for transitions between the substates

differ which is important in a situation where the sub-

states are not equally occupied as is the case behind the

state selector in the beam maser spectrometer.

3.6 VIBRATIONAL AND ELECTRONIC TRANSITIONS

The distances between the vibrational levels of the
2

Χ Π
ο
 state are equal to 0.44 eV whereas the first excited

2
electronic state Α Σ . lies at 4.03 eV above the ground

1/2

state. For this type of transitions the Eikonal approxi-

mation is no longer justified since the energy loss of

the electrons can not be neglected anymore. The first Born

approximation will not be valid in the threshold region
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because of distortion of the lowest partial waves. At

larger electron energies the main contribution to the

cross section comes from higher partial waves which are

associated with larger impact parameters and do not

penetrate into the innermost part of the interaction region.

The distortion effects will then be smaller and the FBA

is assumed to be reliable within one order of magnitude

which is sufficient to get an idea of the importance of

these inelastic processes relative to Λ-doublet and

rotational transitions.

In the case of a vibrational transition the dipole

moment matrix element is equal to (MEU 74):

3he I *
M
flJF

y
fl'J'F'' I

vv
1
 \ μ /

(3-60)

where f , is the oscillator strength for the ν
vv

1
 *

v' band.

The reported values for the oscillator strength of the

ν = 0 -*• v' = 1 transitions show a very large spread. In

the summary of Scarl and Oalby (SCA 71) they vary between

3.9 χ 10~ and 4.6 χ 10~ . More recently a value of

2.5 χ 10~ has been reported by Roux &t_al^ (R00 73). Taking

the maximum value if follows for the dipole moment matrix

element:

|2
I

2
 = 9.8 χ 10"

3
(3-61)

For the Α Σ
.

Χ Π
Ω
 transitions the expression- (2.8) has

to be applied with the band oscillator strength f
n
 _ , ,

equal to 8.4 χ 10~ in the case of the ν = 0 •+· ν' = 0 band

(ELM 72).

The cross sections for both the electronic and

vibrational transitions follow from Eq.(3.35) and are

given in Fig. 3.2 as a function of the electron energy in
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the case of the transitions

2fl
3/2 '

 V
 *

3/2

2 and

v' = l, J'=3/2, F'=2

J = 3/2, F = 2 and
 Σ

1 / 2
 ·

 v l = 0
» J'=3/2,

F'=2 •*• "ΠΧ/, » v=0# J = 3/2» Ρ=2 which are the strongest

transitions of this type from the ground state. The re-

sulting cross sections for both transitions are quite small

and differ from the cross sections for rotational transitions

by more than a factor of 100.

3.7 CONCLUSIONS

The results obtained for the inelastic cross sections

for Λ-doublet and rotational transitions in the first

Born - Eikonal model differ only slightly from the results

when only the FBA is applied, in the case of OH. This

confirms the conclusion of Itikawa and Takayanagi (ITI 69)

about the validity of the first Born approximation for

dipole moments smaller than 2.5 D. The FBA-FEA calculation

is better than the pure FBA because the transition probabi-

lity remains smaller than 1 as the impact parameter goes to

zero. No uncertainty is expected from the middle range

where the cross-over from the FBA to the FEA is taken

because the curves for the transition probability in both

approximations practically coincide over the whole range

5 A £ b < , 1 5 0 A for the rotational transitions. For the

Λ-doublet transitions this range is even much larger

(b up to 10
5
A ! ) .

At large energies (£ 100 eV) the short range forces be-

come important and the finite size of the dipole has to be

taken into account (SHI 63, ΤΑΚ 68). Moreover electron ex-

change processes may occur (ITI 71). At small energies (£leV)

resonances may take place leading to much larger cross
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sections for rotational and vibrational transitions. Aside

from these resonances the derived cross sections for the

Α-doublet transitions will be reliable for energies down
-4

to 10 eV. The cross sections for rotational transitions

will be inaccurate in the threshold region (between 10

and 10 eV) due to distortion effects. This is also the case

for vibrational and electronic transitions. However, from

the obtained order of magnitude it can be concluded that the

latter processes are negligible with respect to the induction

of Λ-doublet and rotational transitions.

The FBA - FEA model is applicable for the rotational

excitation of polar diatomic molecules; it is not difficult

to extend the theory to polar symmetric and asymmetric top

molecules.
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C H A P T E R 4

THE OH BEAM HASER SPECTROMETER

4.1 INTRODUCTION

The OH beam maser spectrometer is schematically shown

in Fig. 4,1. The vacuum system consists of three chambers

all made of stainless steel cylinders, 35 cm in diameter.

The first chamber contains the source for the production of

hydroxyl radicals. Two Roots pumps with a total capacity of

500 m h" pump the reaction products of which only a small

fraction enters the second vacuum chamber through a hole with

a diameter of 3 mm. This (buffer) chamber is pumped by a

3000 1 s~ oil diffusion pump. A fraction of the molecules

pass a diaphragm, 8 mm in diameter, separating the buffer

chamber from the third (the main) chamber. The latter chamber

is ah tut 110 cm long and is pumped by three 1000 1 s" oil

diffusion pumps and by two liquid nitrogen traps. Here the

molecular beam passes through the state selector and two

microwave cavities placed inside magnetic shields. For the

investigation of OH-electron collisions an additional

cylindrical vacuum chamber containing the electron gun is

mounted between the state selector and the first cavity as

shown in Fig. 4.1. The molecular beam is modulated at 120 Hz

by a mechanical chopper mounted in the buffer chamber. During

operation of the maser the pressures in the three consecutive

chambers are typically of the order of 10" , 10~ and 10"
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SCHEME OF THE OH-BEAM MASER
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Torr, respectively. The pressure in the main chamber may be

as high as 5 χ 10" Torr; beyond this value the microwave

intensity in the second cavity decreases.

In the next four sections the OH production, the state

selection, the shielded microwave cavities, and the detec-

tion system for the microwave transitions are described in

some details. In Sect. 4.6. the sensitivity of the spectro-

meter is discussed. The last section contains a description

of the electron gun.

4.2 THE OH PRODUCTION AND BEAM FORMATION

4,2,1. The production system

It is now well established that the most efficient

production of hydroxyl radicals is obtained from the fast

exothermal reaction:

Η + N0
2
 •*• OH + NO + 1.25 6V (4-1)

First studied by Del Greco and Kaufman (DEL 62) and applied

to microwave spectroscopy by Poynter and Beaudet (ΡΟΥ 68)

this way of OH production is by far superior to the conven-

tional electric discharge in water vapour.

The OH source developed for the present experiments is

shown in Fig. 4.2. In the S-shaped flow tube (internal

diameter of 17 mm) made of quartz atomic hydrogen is pro-

duced by an electrodeless microwave discharge in Η_Ο. The

discharge cavity resonating at 2.45 GHz is similar to the

"type 5" described by Fehsenfeld et al. (FEH 65). The micro-

wave power is obtained from a 200 Η microwave power generator

(Electro Medical Supplies). Near the end of the flow tube
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ROOTS PUMP 250 m'/h

, !2£E2 ,

MICROWAVE DISCHARGE CAVITY
ROOTS PUMP 250 n'/h

FIG. 4.2 The flow tube with NO„ injecting capillary array

and beam orifice.

NO» molecules are injected in the direction of the molecular

flow via 13 small holes in a glass spiral which can be moved

along the tube axis. The diameter of the holes is about 0.5

mm. la a later stage of our investigation the spiral has

been replaced by a fine glass capillary array depicted in

Fig. 4.2. The H„O and NO- gas supplies are controlled by

needle valves. The flow of each gas is typically about

19 -1
1 χ 10 mol.s as determined by measuring the liquid H_O

and NO- volumes before and after a run of several hours. The

pressure in the flow tube is monitored with a thermotron

gauge placed between the H„O needle valve and the discharge

cavity. The thermotron gauge has been calibrated against a

differential manometer filled with silicone oil. A typical

value of the H-0 pressure is 0.2 Torr. At the end of the flow

tube the reaction products are streaming freely into the

first vacuum chamber of the beam me<ser and a fraction of them

passes through the beam hole. The distance (x) between the

beam hole and the reaction tube is adjustable. For highest OH

beam intensity this distance is only 1 to 2 mm; it determines
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the flow velocity in the reaction tube which turns out to

be the most critical quantity for the net OH production.

4.2.2. The veaetion kinetics

In the microwave discharge of Η,Ο both atomic hydrogen

and hydroxy1 radicals are produced:

H
2
0 + e -• OH + H + e (4-2)

with the OH radicals predominantly in the A i. ,„ state

(BRO 53). The inverse reaction between Η and OH is very slow

(CLY 61) compared to the main secondary reactions:

M ^ H . + M

where Η represents H o r H, , and

OH + OH -»• H-0 + O

immediately followed by

O + OH •*• O, + Η

(4-3)

(4-4)

(4-5)

As shown below the two latter reactions are very fast and

nearly all hydroxyl radicals have recombined before they

reach the end of the flow tube. This is confirmed by the

fact that no microwave signals of OH could be observed when

no N0_ was injected. Thus the NO
2
 gas is supplied to a gas

mixture containing mainly H, H_ , o_ and H„O. The relative

concentrations of these gases are difficult to determine

because the overall stoichometry depends largely on the

degree of dissociation of H.O. Recent measurements of

Meerts (MEE 75) under nearly the same production conditions

showed that the atomic hydrogen flow at the end of the flow

tube was about 35% of the initial H_O flow. Accordingly the
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atomic hydrogen density should be about 2 χ 10 cm

assuming no pressure gradient along the tube. At this concen-

tration the reaction time of the process (4-1) is about'
:
10~ s

(MEU 70a). The reaction time of the secondary reaction (4-4)

is longer by about a factor 40. Consequently the net OH

production is determined by the destruction reactions (4-4)

and (4-5), the thoroughness of the mixing between the Η atoms

and the NO_ molecules and the wall recombination of the

hydroxyl radicals the rate of which depends on the pretreat-

raent of the surface. It has been shown by ter Heulen (MEU 70a)

that the decay of the OH radicals in the case of instantaneous

mixing between Η and NO. is governed by the equation:

OH

η
OH

*-η°
k
 n
OH

w

-1
(4-6)

where n___ is the initial concentration of OH radicals at

On

time t = 0 , η is the concentration after a decay time t, k
12

is the rate constant of reaction (4-4) equal to 1.4(2) χ 10

cm mole' s~ (WES 73) and k is the rate constant of the
W
 -1

wall recombination which may vary between 10 and 150 s

(BRE 70, WES 73). In the derivation of Eq. (4-6) it is assumed

that each Ο atom produced in the reaction (4-4) reacts imme-

diately with an OH radical in the fast process (4-5) which

has a reaction constant of 2.6(8) χ 10 cm mole" s"

(BRE 70). This is confirmed by the absence of atomic oxygen

in a mass spectrometric analysis (MEE 75). The decay curves

calculated from Eq. (4-6) are given in Pig. 4.3 for different

initial OH concentrations corresponding to partial pressures

of 3 χ 10~
3
 , 3 χ 10~

2
 and 3 χ ΙΟ"

1
 Torr and a wall recombi-

nation rate of 124 s" . The dashed curves are obtained when

the wall recombination is neglected in which case Eq. (4-6)

is replaced by:
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η
OH

(4-7)
η
OH

When a surplus of NO
2
 is added the initial OH concentration

can be set equal to the present atomic hydrogen density of

the order of 2 χ 10 cm" . It follows then from Fig. 4.3

that most of the OH radicals have recombined within a few

milliseconds. Consequently very high convective flow veloci-

ties are required to get a sufficient number of OH molecules

out of the flow tube. In the present set up the flow velocity

is estimated to be about 10 m s as followed from pressure

and flow measurements. Reducing the distance (x) between the

PIG. 4.3 The decay of OH (calculated). The dashed curves

are obtained by neglecting the wall recombination.
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reaction tube and the beam hole to a few mm decreases the

flow velocity and consequently also the OH survival chance.

On the other hand the overall molecular density in front of

the beam hole is thereby increased resulting in a larger

molecular beam intensity. The relative importance of the

competing processes has been investigated by measuring the

microwave intensity as a function of the distance (d) of the

NO. injector from the end of the reaction tube at three

different values of χ namely 1.5, 3.0 and 5.5 mm. The results

depicted in Fig. 4.4, show that in all three curves a

maximum in the microwave intensity is obtained at a specific

distance d . As the distance χ between the reaction tube and
m

the beam hole is reduced the maximum increases and occurs at

positions of the NO» spiral closer to the end of the tube.

At a gas flow velocity of 10 m s" the reaction (4-1) is
_2

completed within about 10 cm from the NO» spiral which

should mean that in all three cases considered in Fig. 4.4

a maximum could be expected close to d « 0. In fact the

obtained curves should correspond to the theoretical curves

given in Fig. 4.3 when expressing d in terms of the gas

flow velocity V as d = Vt.

The discrepancy is obviously the result of a non-

instantaneous mixing between Η and NO». A measure of the

mixing performance is given by the length d . It follows from

Fig. 4.4 that the mixing performance becomes better when the

flow velocity decreases (smaller values of x). For d > d all

Η atoms will have reacted with the NO» molecules before they

reach the end of the tube and the net OH production is

mainly determined by the destruction reactions. The production

efficiency is then higher for larger flow velocities which

results in a larger OH beam intensity. At values of d < d
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the efficiency is dominated by a competition between the

mixing performance and the recombination rate. This competi-

tion is probably more favourable in the case of large flow

velocities.

The higher microwave intensity observed at small flow veloci-

ties will be the result of a larger molecular density in

Intensity (arb.units)

9

-1 0 1 2 3 4 6 6 -1 0 1 Ζ 3 t 5 Β

FIG. 4.4 The microwave intensity as a function of the

distance d between the NO., injecting spiral an

the end of the flow tube. The three curves corre-

spond to different values of the distance χ be-

tween the flow tube and the beam orifice. At

negative values of d the NO_ is injected between

the flow tube and the beam orifice.

FIG. 4.5 The microwave intensity when the spiral is

replaced by the glass capillary array. Different

curves are obtained when measuring up and down

waich is caused by large relaxation times occur-

ring after changing the position of the NO
2

capillary array.
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front of the beam orifice. The sharp increase of the effi-

ciency when the reaction takes place just outside the flow

tube (negative d values) is probably due to a much smaller

recombination rate. Replacing the spiral by the glass

capillary array resulted in an improved mixing performance.

This resulted both in a somewhat (̂ 20$) higher microwave

intensity and in a decrease in the length d ; the production

efficiency curves are shown in Fig. 4.5. The performance of

several other mixing systems tested appeared to be inferior

to the capillary system.

Evidence for wall recombination has been obtained from

an observed decrease of the OH production in time. This

decrease is of the order of 10$ after a running period of

some 100 hours. Highest production takes place just after the

cleaning of the reaction tube with a 20? hydrogen fluoride

solution.

For the production of atomic hydrogen also a discharge

through H. has been applied. The OH production appeared to

be about the same as in the case of a discharge through

H O . The latter case has been preferred because of a better

flow stability.

4.2.3. The beam orifice

Several beam sources have been tested: a glass effuser,

a collimated hole structure and a single hole. Only in the

latter case with an optimum hole diameter of 3 mm useful beam

intensities were obtained. Clearly recombination of the

hydroxyl radicals takes place inside the small channels of

directive beam sources. The total molecular flow from the
18 —1

beam source is about 6 χ 10 mol.s . Applying a similar

production system in a molecular beam electric resonance
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spectrometer Meerts (MEE 75) found that the OH fraction in

the molecular beam was between 5 and 10$. In our case this

17 17

should correspond to an OH flow of 3 χ 10 to 6 χ 10

mol. s
-1

4.3. THE STATE SELECTION

The state selection is performed by an electrostatic

octupole consisting of eight well polished rods of stainless

steel, 26 cm long and 2.5 mm in diameter. The rods are

mounted on perspex rings at mutual distances of 2 mm to form

a cylinder with e.n internal diameter of 10 mm. The applied

potential difference V between two adjacent rods could be as

high as 40 kV before breakdown across the insulators occurred.

As shown by Voribun (VON 58) the electrostatic field in an

η-pole as a function of the distance r from the axis and the

angle φ from a plane intersecting two diagonal rods is given

by:

nV
E(r,<f>) 2b ln(k)

_ 2n η -1/2

[!+(-) - 2(£) cos ηφ]

(4-8)

η η η η

1/2 2 2 2 2

where b = [ R(R + ρ) ] ' and k = (b + R )/(b - R ) with 2R

the inside diameter of the η-pole and 2p the diameter of the

rods.

For the present octupole η = 8, R = 5.0 mm and p=

1.25 mm. Consequently b '̂  R and the φ-dependence can be

neglected except for r + R. At r = 0.9 R this approximation

results in an error of about 20$. At still larger values of

r the errors increase fast (KES 71). However, (see below)

the contribution to the selector efficiency from the region

close to the rods is generally small due to "oveir-focusi/ig"
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and to a good approximation the octupole field can be

considered as cylindrically symmetric. Its magnitude is

then given by

E(r) - 1.69 (4-9)

which is a factor of 1.18 smaller than the field of a similar

octupole with hyperbolic rods (PAU 55).

The force acting on a molecule is equal to

£ dW dE
 Λ

dE dr
(4-10)

where W represents the molecular Stark energy. Neglecting the

hyperfine structure the Stark energy of hydroxyl radicals in

the Λ-doublet of a rotational state |j> is equal to:

£
 [(ΔΕ)2+

yE)
2
J

1 / 2
(4-11)

where ΔΕ is the Λ-doublet splitting and <Ω> = C, IÜ,3) +
2 1

3C2(fi,J) , where C^ and C2 are defined in Eq. (2-5). The

+ and - sign is appropriate for the upper and lower Λ-doublet

states, respectively. It follows that the OH radicals in the

upper Λ-doublet states undergo a force directed towards the

selector axis while the radicals in the lower'.Λ-doublet

states are repelled from the axis.

Usually the efficiency of the state selector is

expressed in terms of the acceptance angle defined as the

maximum angle between the velocity ν of an incoming molecule

in the upper state and the selector axis at which the molecule

is just bent towards the axis before it collides with the

rods. However, not all the upper state molecules reaching the

state selector within this acceptance angle will be focused

into the microwave cavity. Moreover the acceptance angle

depends on the velocity and the distance between the beam
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source and the state selector. Consequently a discussion of

the efficiency of the state selector is only significant when

the complete beam maser geometry is considered. Furthermore

there is a fraction of molecules in the lower state which are

not deflected out of the beam because of the small field

gradient near the axis.

We define a selector efficiency for each rotational

substate |jM> of the upper (+) or lower (-) state as:

S(+,J,|M

ν-
(4-12)

Where N(+,J,|M |) represents the number of molecules in the

considered substate which are focused by the state selector

field into the entrance opening of the microwave cavity, and

Ν (+,J,|M I) and Ν (+,J,|MJ) are the total numbers of OH
S C

radicals in the substate |+JM > within the solid angle fi

and Ω subtended at the beam source by the state selector
c

and the cavity, respectively. The value of the selector

efficiency is 0 when no voltage is applied to the rods and

reaches 1 in the extreme case that all molecules in the

upper state within the state selector angle ft are focused

into a cavity with an infinitesimal small entrance opening.

The knowledge of the state selector efficiencies is

important for the design of the optimum selector geometry.

In the present investigations the values of the efficiencies

are required for the calculation of population inversion

effects created in the OH production region and for the

interpretation of relative electron collision effects.

The selector efficiencies cannot be determined from the

observed signal to noise ratios, not only because the exact
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Rotational

substate

Τ Μ Ι
Τ I

3/2 3/2

3/2 1/2

Upper Λ-doublet

N(+
. 1 . '

.>l ,J, Mj|J jj ^

0.388 5

0.285 4

state

IΜ
' 1 j

J, |M
J

.08

.00

Lower Λ-doublet state

) N ( - •
_ c/_ τ IΜ \\ — ^ _
/ ' U N i"#fc

öd

-0.076 0.

-0.051 0.

r IΜ 1)
'1 jl'
Γ, |M_|)

20

.46

5/2

5/2

5/2

5/2

3/2

1/2

0.

0.

0.

492

371

106

6.18

4.91

2.12

-0.058

-0.045

-0.019

0.39

0.53

0.80

TABLE 4.1. The state selector efficiencies S(+,J,IMJ)

2
 J

for the rotational states Π,/, / J • 3/2 and

2 '
Π
3/2 '

 J
 ~

 5
^

2 i n t h e S e t u p
 9

i v e n i n
 ^9·4.6.

The quantities represent the

ratio of the flows of OH radicals in the

|+,J|M l> state passing through the microwave

cavities with and without state selection.
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ν
Ί

fraction of OH radicals in the beam is not known but mainly

because the several M, substates contribute in a different
j

way to the microwave signal as shown in Sect. 4.6. For a

calculation of the selector efficiencies we considered a

typical experimental set up shown in Fig. 4.6. In the two
2

consecutive cavities the microwave transitions Π-·- ,J • 5/2,
2

F = 3 ·*· 3 and Π-,- , J = 3/2 , F - 2 -»· 2 are measured

simultaneously. Between the state selector and the J = 5/2

cavity a diaphragm is mounted with a diameter of 10 mm equal

to the internal diameter of the octupole. The trajectories

of both the upper and the lower state molecules were calcu-

lated numerically for 50 values of the entrance angle and

60 values of the molecular velocity for each H, substate.

The selector efficiencies were obtained by counting the

number of molecules which enter the cavities and averaging

over the velocity distribution assuming a kinetic temperature

of 300 °K. The results for S(+,J,|M_|) as defined in Eq.(4-12)

where Ω is replaced by the solid angle Ω. of the diaphragm

are summarized in Table 4.1. Although the Stark energy of the

J = 3/2, ΙΜJ - 3/2 upper Λ-doublet state is larger than the

Stark energy of the J - 5/2, I M_| = 5/2 upper state by a

factor of about 4 the efficiency appears to be somewhat

smaller. This is due to the oscillating behaviour (over-

focusing) of the J = 3/2, J Μ I = 3/2 upper state molecules

entering the selector field at large angles Θ with the axis

as shown in Fig. 4.6 for the trajectory (b). The velocity

component perpendicular to the axis may be large when these

molecules leave the selector. Consequently a number of them

collides with the exit endcap of the J = 5/2 cavity. This

effect is increased by the neglect of the fringing fields in

the calculations. As a consequence the radial velocity
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beam orifice

ιοί no 117 in

FIG. 4.6 The geometry of che two cavity set up in the beam
maser. All dimensions are in mm. Also shown are
some possible trajectories for molecules in the
upper Λ-doublet state.

component of the molecules entering the selector can become

larger in the selector field as shown i.n Fig. 4.6 for the

trajectory (c). This is in contradiction with the conserva-

tion of energy. The omission of the fringing fields causes

erroneous results especially for molecules entering the

selector at large angles Θ and with small velocities. From

the calculated number of upper state molecules which pass

two or more times through the selector axis the resulting

errors in the efficiencies are estimated to be about 10 to

20$.

The negative efficiencies for the lower A-doublet

states implicate that less molecules enter the microwave

cavity than in the case when no state selection takes place.

This is illustrated also by the quantities

(+,J,|M |) given in Table 4.1.

The gain in the microwave intensity by the state
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selection is of the order of

2J + 1

r-

Σ [
(

+fJ
,

Mj
)

α
Ν (-,J,M )
Ω
ά

 J
hv

Herein r-~ is the relative difference between the population

of the upper and lower state at thermal equilibrium, hv is

the energy distance between both states, k is the constant of

Boltzmann and T. is the kinetic temperature of the molecules.

For the J = 3/2 and J = 5/2 states the gain is of the order

4 3

of 1.6 x 10 and 4.0 χ 10 , respectively.

4.4. THE MICROWAVE CAVITIES AND MAGNETIC SHIELDING

The stimulated transitions were observed with cylindri-

cal, reflection-type cavities resonating in the TM ._ mode.

The resonance frequency is related to the cavity diameter D:

ex

irD
(4-13)

where x. « 2.405 is the first zero point of the Bessel

function J. (x), and c is the velocity of light. The

J = 3/2 and J = 5/2 cavities are coupled to a coaxial line

via a loop. For optimum incoupling the length of the loop has

to be about one quarter of the wavelength. At higher fre-

quencies the mode is excited from a waveguide by an iris at

half the cavity length. Fine tuning of the resonance frequen-

cy is performed thermally. To this purpose water is pumped

through a copper tube wrapped around the cavity or through a

surrounding jacket as described by Bluyssen (BLU 68). The

quality factors of the several cavities used varied from

3 χ K T to 1 χ
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Because of the unpaired electron the hydroxy! radical

possesses a large magnetic moment (Μ μ for the rotational

ground state). Consequently the microwave lines are readily

broadened or split by the earth's magnetic field. The weak

field Zeeman effect of OH has been discussed by ter Meulen

(MEU 70). It turned out that in first order approximation

the Zeeman energy of a hyperfine substate |F M > of a

rotational state |j> is equal to:

W =
F(F + 1) + J(J + 1) - 1(1 + 1)

2F(F + 1)
(4-14)

with

1

J(J
{(J - 3C

2
(fi,J)

2
]

2 2

the Π .- and Π ,„

The Zeeman energy is maximum for the J = 3/2 states of both

state and decreases rapidly to zero as

the rotational energy increases. In second order approxima-

tion a slight difference between the g factors of the upper

and lower Λ-doublet states is produced by the interaction

2 2
between the X JI

n
 and Α Σ

it
states. Although this difference

is only of the order of 10~ χ W the three groups of coin-

ciding first order lines corresponding to ΔΜ_, = l
f
0 and -1

are split into single lines, except for the AIL = + 1 transi-

tions of the main lines (AF = 0). Moreover the splitting

patterns become asymmetric due to a slight shift. The split-
2

tings for the ^
3
y

2
'

 J = 3
/

2
' F = 2 -> 1 and F = 2 -»· 2 transi-

tions at the high frequency side of the zero field line

position are shown in Fig. 4.7a and Fig. 4.7b, respectively,

as a function of the magnetic field strength. In the case

of the F = 2 ·*· 2 transition a reduction of the earth's mag-

netic field by a factor of 5 is sufficient to reduce the
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splitting due to the ΔΜ = 0 transitions to a fraction of

the half width. Ά much larger reduction of the earth's

magnetic field is required to reduce the splitting due to

the AM„ = + 1 transitions to a negligible amount. The

relative intensities of the ΔΜ_ - 0 and ΔΜ_, = + 1 transitions

depend on the direction of the residual magnetic field

inside the cavity relative to the microwave electric field

vector which is parallel to the cavity axis. If φ is the

angle between the direction of the magnetic field and the

A W [kHz]
10'

10'

10'

Iff'
ΙΟ"

1

Iff

1

FIG. 4.7 The line splittings of the transitions

J - 3/2, F - 2 * 1 (Fig. 4.7a) and
 2
"

J β 3/2, F • 2 •+ 2 (Fig. 4.7b) at the high fre-
quency side cf the zero field line position as a
function of the magnetic field strength. The
dashed line gives the experimental half width.
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cavity axis the intensities of the ΔΜ^ » 0 and ΔΜ_ * + 1
2 2

transitions are proportional to cos φ and sin φ, respectively.

Consequently by the application of an extra axial magnetic

field the intensities of the ΔΜ_ = + 1 lines decrease in

favour of the intensity of the ΔΜ * 0 lint. The strength

of the axial field has to La chosen in such a way that it

is larger than the residual field present by at least a

factor of 2 and smaller than the earth's magnetic field by

a factor of 5 which means that in the absence of the axial

field the residual field in the cavity may be maximally of

the order of 50 mG.

In the case of the satellite transitions F *»• F' » F - 1

and F - 1 •+• F' « F the earth's magnetic field causes a

splitting into (6P - 3) separate lines of roughly the same

intensity. In the absence of an external magnetic field the

satellite transitions are at least a factor 10 weaker than

the strongest main transition of the same Λ-doublet, the

latter having typically a signal to noise ratio of 60 at

RC = Is in the present set up. Consequently in the earth's

magnetic field the intensities of the individual Zeeman com-

ponents are small and usually below the detection limit. In

order to obtain sufficient intensity the components have to

coincide within the linewidth which means that the earth's

magnetic field Has to be reduced by e factor of about 10
3
 as

follows from Fig. 4.7a.

At first the microwave cavity was placed inside two

concentric open cylinders made of demagnetizing material

(Conetic, Magnetic Shield Division). The shielding factor

appeared to be only about 10 and weak and split satellite

lines were observed as shown in Fig. 4.8 for the F • 2 •*· 1

transition. The splittings are in agreement with the
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FIG. 4.8 The observed transition Π,,,'
 J
 * 3/2,

 F
 *

 2
 "*"

 1 #

The splittings correspond to a local magnetic field

of about 60 mG. The M
p
 • 0+ î ,

1
 « + 1 transitions

were too weak for detection.

theoretical curves in Fig. 4.7a and correspond to a residual

field of 60 mG. In later measurements the second cavity was

placed inside a cylindrical box of mumetal, 1.6 ran thick

(Telcon Metals Limited). The transit holes for the molecular

beam, the coaxial line and the water tubes were surrounded

by cylinders with a length equal to twice the diameter. The

residual magnetic field in this cavity was about 5 mG. In

both magnetic shielding systems the axial magnetic field was

provided by four coils, 18 cm in diameter and placed at a

distance of 8.5 cm from each other. Fest and ter Heulen

(FES 72) showed that the inhomogeneity of the induced magnetic

field over the length of the cavity was smaller than 2% so

that no extra line broadening was produced.

4.5. THE DETECTION SYSTEM

The superheterodyne detection system used in the present

experiments in the 6 to 24 GHz range is essentially the same

as described by Verhoeven (VER 69). For the measurements on
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FIG. 4.9 The coaxial microwave detection system;
A • attenuator, CD * crystal diode;
DC • directional coupler, FI * ferrite isolator,
XL » klystron, ST * stub tuner.



2
the Π

/ 9
 , J - 3/2, Λ-doublet transitions the coaxial set

up shown schematically in Fig. 4.9 has been used. The set up

employs only one klystron which serves primarily as the local

oscillator at a frequency v
Q
 + 30 MHz, v

Q
 being the transi-

tion frequency. Ά fraction of the klystron power is fed to a

crystal diode where it is mixed with a 30 MHz signal from an

RP generator. The generated signals with frequencies v_ and

v
Q
 + 60 MHz are fed to the microwave transition cavity tuned

to v_ . The reflected power is mixed with the local oscilla-

tor power yielding a 30 MHz signal which is amplified, demod-

ulated and finally fed to a lock-in amplifier tuned to the

chopper frequency. Although also the signal with a frequency

v
n
 + 60 MHz which contains no information but may contribute

to the mixer noise, is detected the signal to noise ratio

obtained with this system was the same as with the two

klystron system. The klystron is stabilized by mixing a small

fraction of its ouput power with the signal of a combined

Schomandl-Rohde and Schwartz frequency generating system

which is set at a frequency 30 MHz lower or higher than

the klystron frequency. The resulting 30 MHz beat frequency

is phase locked to a 30 MHz reference signal by means of a

Schomandl FDS 30 syncriminator. The klystron frequency is

swept by varying the reference frequency which is accurate

to 1 : 10
10
.

Most transitions have been measured at RC times of 1 or

3 s. In the case of weak lines thé* signal to noise ratio was

improved by time averaging with a computer of average

transients (TMC, type CAT 400 C). The working principles of

the CAT and the measuring method have been given by

Verhoeven (VER 69). The signal to noise ratio increases as

the square root of the number of scans which is usually of
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the order of 100 to 400 at a sweep time of 16 s.

For the measurement of the effects of electron collisions

the microwave intensity was registered both in the presence

and in the essence of the electron beam. As the resulting

differences in the microwave intensity were generally small

(of the order of 1% of the full intensity) the measurements

were repeated a large number of times and the results were

processed digitally. To this purpose the measuring procedure

shown schematically in Pig. 4.10 was applied. This procedure

is based on cycli of eight measurements of the line intensity

either at the frequency v., the transition frequency, or at

ν - + 20 kHz giving the base line. At both settings the

microwave
intensity

D.T.! :0.T.
W Η
I I

zero level line center'intensity

electron gun off

D.T. !D.t:
I I I

zero level
ι Ι

electron gun on

!D.t!
--ι j< »l

! line center intensity ! zero level

electron gun off

• time

FIG. 4.10 The digital measuring procedure for the detection
of electron collision effects on the microwave
intensity. Each step takes exactly 10 seconds
during which the signal is sampled plus a dead
time (D.T.) of 6 seconds.
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intensity is measured with the electron gun switched on and

off. Each measurement takes exactly 10 seconds determined

by a frequency counter phase locked to a 1 MHz reference

signal. During this time the output of the lock in detector

is fed to a voltage to frequency converter (VIDAR 251) and

the converter pulses are sampled by the frequency counter.

After the measuring time of 10 s the obtained frequency is

recorded by a tape puncher (FACIT 4070) and the next step

takes on with a dead time of 6 s to account for relaxation

times or the stabilization time of the electron gun. In order

to correct for drift effects the first four steps shown in

Fig. 4-10 are repeated in a reversed sequence. The punched

data are analyzed by a computer (DEC PDP 11/20). If the

measured data for the eight steps are denoted by I, to I.
1 O

successively as illustrated in Fig. 4.10 the effect of the

electron beam on the microwave intensity is calculated

according to:x-i h-h
h'h

6

h-h
] (4-15)

Assuming that the measuring error in each of the eight data
Ν

is equal to where Ν represents the observed noise at

1 s it follows that for small effects the relative error in

X after Μ complete cycli is given by:

X
(V

1

ν (4-16)

where S/N represents the signal to noise ratio measured at

i s. Usually the measuring times vary from 2 to 4 hours corre-

sponding to 60 to 120 cycli. For a typical S/N value of 50 at

1 s the possible accuracy is then about 0.1% which agrees

with the obtained results.
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When the effects on two microwave transitions are

investigated simultaneously a complete cycle consists of 16

steps of which the first eight measurements are performed on

the microwave signal from one of the cavities whereafter the

signal from the other cavity is fed to the lock-in amplifier.

4.6. THE SENSITIVITY

The power ΔΡ emitted in the cavity tuned to the reso-

nance frequency v. of a transition between an upper state

Ii> and a lower state (j> is equal to (THA 61):

ΔΡ
2

(N, - N.) hv- sin (
i 3 0

(4-17)

where N. and N. stands for the number of molecules in the

upper and lower state, respectively, passing through the

cavity per second, E is the strength of the microwave

electric field, |μ, .| the absolute value of the dipole

moment matrix element and t = — the transit time with L

the length of the cavity and ν the molecular velocity. At

optimum incoupling of the microwave power Ρ the signal to

noise ratio is equal to (DYM 74):

ΔΡ
S/N = 0.226

(PkTFAf)
1/2

(4-18)

where F is the overall noise figure of the detection system,

Τ the temperature and Af the effective bandwidth. When op-

timized with respect to Ρ and averaged over the thermal

velocity distribution in the beam (RAM 56) it follows that

the maximal signal to noise ratio is equal to:
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V
0

Q
L 1/2 (4-19)

Herein Q is the loaded quality factor of the cavity due to

wall and coupling losses, V is the volume of the cavity and

ν = 1.22/ the most probable velocity in the molecular
ρ m

beam with m the molecular mass. It can be shown that the

transition probability at optimum input power equals unity

for molecules travelling at the most probable velocity.

For a calculation of the minimum required flow of CHI

radicals defined by the condition (S/N) « 1 we consider

2 max

the Π.,-, J • 3/2, F = 2 •*• 2 transition measured in the set

up shown in Fig. 4.6. As pointed out in the foregoing section

the observed line consists only of the ΔΜ., = 0 transitions of

which the transition Μ * 0 •* 0 is forbidden. The absolute

value of the dipole moment matrix element between the sub-

states |FM
p
> is equal to (MEU 70b):2F + 1 1/2

(4-20)

with Ι μ I given in Eq. (2-7). Expressing N, and N. in

Nt+,Ρ,Μρ) and N(-,F,MJ respectively, it follows that the

signal to noise ratio is proportional to:

- N(-,2,2) ,2,-2) - N(-,2,-2)J

[N(+,2,1) -N(-,2,l) + N(+,2,-l) - N(-,2,-l) J (4-21)

With help of the non-crossing rule for the |M > substates

of the F = 2 and F = 1 hyperfine states it can be shown

(e.g. LEE 71) that the following correlation between the

hyperfine |M_> and rotational |M > substates exists:
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upper F = 2 state:

lower F = 2 state:

iHpl

|Μ
ρ
Ι

I»
F
I

|M
P
I

|M
F
I

2 *

= 0 "

3/2

3/2

1/2

3/2

1/2

1/2

• r

It is assumed that in the fringing electric fields between

the octupole and the cavity the energy level splittings are

reduced adiabatically to the values corresponding to the

local magnetic field. The expression (4-21) can then be

rewritten in terms of the state selector efficiencies

S(+,J,|MJ|) defined in £q. (4-12), which leads to the signal

to noise ratio:

(S/N) = 0.046 ï6S(+,3/2,3/2) - 4S(-,3/2,3/2)- 2S(-,3/2,3/2]

v_O_ i/2J (4
ρ 0

r) (4-22)

where N
n
 represents the total number of OH radicals per
Ω

,-3
second within the solid angle Ω = 5.1 χ 10 sterad of the

s

state selector and f(3/2) is the occupation factor of the

rotational ground state. Assuming that the OH radicals are

at room temperature and the occupation of the rotational

states is not anomalous, f (3/2) is equal to 0.196 (MEU70b).

The minimum flow of OH radicals required for (S/N)

Ώ
, is calculated using |y

0.18 m, V
-3 3

2.68 χ 10 m ,

2

max

4.01 χ 10**
30
C m,

8800, ν
Ρ

Τ = 300 Κ, F * 10 and f

Q_ 8800, ν
l< Ρ

1 Hz. The result is χ

-1
658 m s ,
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(4-23)

From the observed signal to noise ratio of about 60 it

follows that the actual number of hydroxyl radicals within

the angle Ω is:

Ν
Ώ

- 6.4 χ 10
1 3
 s"

1

Following the same procedure for the Π_ ·
2
 , J

(4-24)

5/2,

F = 3 •*• 3 transition observed also with a signal to noise

ratio of 60 in the set up given in Fig. 4.6 the result for

Ν
Ω

is:

Ν,
Ω

= 2.9 χ ΙΟ
1 3
 s"

1
(4-25)

In the same cavity a.iso the Π_ ._ , J = 5/2, F = 2 -»• 2

transition could be measured by increasing the temperature

of the water flowing through the jacket surrounding the

cavity with about 40°C. The transition was observed with a

signal to noise ratio of 25, from which a value for N_ was

s
derived:

Ω
= 2.6 x 10

1 3
 s"

1
(4-26)

This value is in good agreement with the result derived from

the F = 3 •*• 3 transition although the state selector effi-

ciencies are fairly different in the two cases. The intensity

of the F = 3 -*• 3 transition is based for 80$ on the selection

of the ΙΜ I = 5/2 substate, whereas the intensity of the

J = 5/2, F = 2 -> 2 transition is determined by the selection

of the IM J -- 3/2 and f Μ I = 1/2 substates. Consequently the

state selector efficiencies are probably not deviating much

from the calculated values and will not be the reason for the
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discrepancy with the value for N
Q
 obtained from the J = 3/2,
s

F « 2 -*• 2 transition. This discrepancy is most probably due to

different noise figures in the two detection systems aad to

different loss factors produced by mismatching of the micro-

wave cavities to the 50 Ω coaxial lines. The discrepancy

cannot be explained by some rotational excitation temperature

higher than the considered value of 300 K. It is also pos-

sible that an anomalous (non-thermal) population distribution

between the rotational states is produced in the present

source.

Assuming no specific angular distribution for the

molecular beam with the present beam orifice the total

molecular flow within the solid angle Ω is estimated to be

16 -1
 S

about 1 χ 10 s . This means that the fraction of OH radi-

cals should be of the order of only 0.5i? which is a factor

of at least 10 smaller than expected (Sect. 4.2.3.). No

particular reason can be given to explain this discrepancy.

Perhaps investigation with a mass spectrometer coupled to the

beam maser might clarify the issue.

4.7. THE ELECTRON GUN

4.7.1. The basic design

The electron gun is a modified version of the design

described by Collins et_ al^ (COL 70) and of a previous design

by ter Meulen (MEU 73). A schematic diagram of the gun is

given in Fig. 4.11. The gun consists of an accelerating and

decelerating section formed by grids, an equipotential region

where the electron beam intersects the molecular beam between

two "sheath" electrodes and finally a collector. A copper

block is the support of the structure. Mounted between two
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water cooled brackets it contains eight accurately positioned

holes for alignment pins and twelve tap holes for the screws.

A Philips type A dispenser cathode is used with the dimen-

sions 1.10 cm χ 5.15 cm. The cathode is mounted in a U-shaped

molybdenum body which houses two aluminium oxide coated spiral

filaments. The molybdenum body is positioned by four molyb-

denum sheets 0.01 cm thick which are connected to the support

block via aluminium oxide spacers and alignment pins. To

minimize heat losses the direct contact of the cathode with

the supporting molybdenum sheets was kept to a minimum while

a tantalum heat shield 0.1 cm thick is surrounding the

molybdenum house.

TPTm

FIG. 4.12

The photoetched molybdenum
grid 0.0050 cm thick. The
dimensions given are in cm.

The grids were photoetched from molybdenum sheet

0.05 mm thick and are practically identical by this way of

production. The geometry is shown in Pig. 4.12. The mesh

spacing and thickness are equal to 0.050 and 0.006 cm,

respectively. The total grid area has the dimension of
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1.040 cm χ 4.010 cm. The grids are positioned by four

alignment rods 0.195 cm in diameter. In this way the meshes

are precisely aligned to within 0.003 cm as appears when

examined with a microscope. Thus, the electron beam is split

into a large number of parallel streams and collisions of

electrons with the meshes producing low energy secondary

electrons are eliminated to a large extent. To achieve rather

similar deformation of the three grids at elevated operation

temperatures the grids are mounted slightly curved by beveling

the faces of the support block to an angle of 96.0 with the

gun axis. The distance between the first grid and the cathode

is about 1.5 mm while the spacing between the grids is equal

to 1.0 mm.

The spacers were made of boron nitride. No leakage

currents across these insulators were detected. The sheath

electrodes were machined from molybdenum and have the di-

mensions 1.50 cm χ 5.50 cm. The distance between the two

sheath electrodes is 1.50 cm. In front of the collector a

grid is mounted in order to prevent secondary electrons moving

backwards into the interaction region. The whole system is

secured by a pressure block of stainless steel which is

tightly set by screw rods fixed on the support block. All gun

parts were carefully degreased with trichloor ethylene and

methanol.

The electron gun is placed in a cylindrical vacuum

chamber made of brass, 10 cm in diameter. The chamber is

water cooled and connected to a 1000 1 s~ diffusion pump

via a liquid nitrogen baffle in order to trap oil vapour

molecules as much as possible. To prevent leakage of stray

fields through the molecular beam entrance and exit holes

fine molybdenum grids are mounted at these places. The beam
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entrance hole has a diameter of 0.8 cm. The electron gun is

positioned in such a way that the molecular beam intersects

the electron beam at the center of the interaction region.

The electron beam is collimated by a magnetic field of about

30 G induced by two Helmholtz coils mounted outside the gun

chamber ,

4.7.2. The oha^aoteviatiae of the electron gun

The optimum heating power supplied to the cathode is

about 170 W. At higher values the emission is not increased

much while both the cathode and the aluminium oxide coating

of the filaments may be seriously damaged. At an accelerating

potential of 50 V the current onto the first grid is of the

order of 100 mA but is largely dependent on the pressure which

is usually about 1 χ 10 Torr or somewhat lower. Because of

the large open area of the first grid the total emission may

be much higher.

Each set of three consecutive meshes of the aligned grids

forms a lens which focusas the electrons into the interaction

region. The focusing properties are determined mainly by the

potential of the second grid. The usual potential settings in

the measurements were 10 V at the first grid and 20 to 50 V at

the second grid whereas the potential V at the third grid

determining the energy of the electrons when entering the

interaction region, was varied between 0 and about 50 V.

Of most interest are the sizes of the currents onto the

several electrodes which surround the interaction region.

Typical gun characteristics are given in Fig. 4.13 and 4.14.

In Fig. 4.13 the currents onto the entrance grid, the sheath

electrodes and the collector (plate and g r i d ) , 1 , 1 and

I , respectively, are plotted as a function of V . In Fig.
c g
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4.14 the collector current Is given at different emission

currents from the cathode. The potential V at the sheath

electrodes is equal to V whereas the grid in front of the

collector is at a potential V +20.0 V. The potential

at the collector plate is equal to V + 10.0 V. These

potential settings have been commonly used in the measure-

ments. As shown in the figure the sheath and collector

currents increase gradually with V until a certain value

V° is reached at which both currents jump discontinuously
g
to a nearly constant value. As the emission from the cathode

Ic(mA) —
I,(0.6mA)
I, (0.15mA)
20 Γ

5 -

i

E

f

20

FIG. 4.13 The measured currents onto the entrance grid,
the sheath electrodes and the collector, I . :
and I

c
, respectively as a function of the

 g

grid potential V .

110



97

O 5 10 15 20 25 30
Vg(V)

FIG. 4.14 The collector current as a function of V at
different values of the cathode emission9(denoted
by the input power). Also given are the calculated
values of the maximal current as a function of V .

is raised this constant value becomes larger and is reached

at higher values of V . In contrast to I and I the grid
* g s c ^

current I increases very fast at small values of V and

reaches a broad maximum. At V = V° the current I drops
g g g

discontinuously to a lower value from which it increases
gradually as V is increased. For values of V close to
o g g

V instabilities occur for all the three currents. Except
for the instabilities and discontinuities the curves for I

c

are similar to the well known diode characteristics in which

the increasing part of the curves correspond to a space charge

limited current and the flat part gives the saturation current.
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The discontinuities in Fig. 4.13 indicate that a

potential barrier causing a deflection of electrons

towards the sheath electrodes and a reflection of a larger

fraction backwards to the entrance grid disappears suddenly.

The potential barrier is obviously the result of space

charge, as follows from Fig. 4.14 where the discontinuous

changes in I become smaller when the current density

decreases.

The potential in the interaction region is reduced by

the space charge relative to the potential distribution in

the current free situation. When the current density be-

comes larger than a certain value a potential minimum

V . smaller than V is produced at a point somewhere on
m m g

the symmetry axis of the interaction region. Consequently

the potential gradients, which are present also in the

current free situation because of the applied potential

difference V - V , are increased and the electric forces
c g

exerted on the electrons become larger. On the other hand

by the applied magnetic field the electrons are constrained

to move along helices parallel to the symmetry axis. The

total forces exerted on the electrons in the x, y and ζ

direction (as denoted in Fig. 4.11) are:

F = -eE + ev Β (4-

x χ y
F = -eE - ev Β
y y χ

F = -eE
ζ ζ

(4-26b)

(4-26c)

where -e is the electron charge. The potential gradients

generating Ε and Ε are the largest near the edges of the
χ y

electron beam and zero at the symmetry axis. Consequently

the observed sheath current is mainly the result of elec-

trons deflected from the outer parts of the electron beam

I

it
!ί
S ί

PI
I
, Ϋ-r
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if the initial electron velocity is parallel to the z-axis.

It can be shown (HAE 39) that the maximum displacement of

the electrons in the χ and y direction is equal to about

u>B
γ eB

and -*· , respectively, where ω = — is the cyclotron
frequency. For the applied magnetic field of about 30 6

8 —1
ω = 5 χ 10 s and the maximum displacement is equal to

about 6 χ 10~ Ε (cm) where Ξ is the electric field in the

χ or y direction expressed in V cm~ . To traverse the dis-

tance of 2.5 mm between the edge of the beam and one of the

sheath electrodes a potential gradient of 40 V cm" is

required. Although this value may be subject to an uncer-

tainty due to the neglect of an initial transverse electron

velocity the discontinuous decrease of the sheath current at

V = V° indicates that for V < V° a large potential gradient

is present induced by a very low potential minimum that

increases suddenly at V = V . The equation (4-26c) is

equivalent to:

eV(z) (4-27)

when the energy of the electrons emitted by the cathode is

set equal to zero. It follows that reflection backwards

to the entrance grid can occur only when the potential

minimum becomes equal to or less than zero.

The occurrence of a zero potential minimum is quite

probable when the current passing the entrance grid becomes

larger than a certain value I which depends on the applied

potential V . When V is increased also 1° increases
g
 o

 g

reaching at V = V a value equal to the current which
g 9

passes the third grid. The conditions for the establishment

of a zero potential minimum and consequently for the occur-

rence of reflection and, to a less extent, of deflection are
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then no longer satisfied. As a result the current transmit-

ted through the interaction region and reaching the collec-

tor increases suddenly by an amount equal to the reflected

current plus a fraction of the deflected current. The

resulting collector current is the maximum current I

max

which can be transmitted between the sheath electrodes and

is denoted in Fig. 4.14 by a dashed line. The observed

instabilities for V < V° , shown in Pig. 4.13, are probably

due to a repeated establishment of the zero potential mini-

mum when the transmitted current increases suddenly.

Similar discontinuities in the currents transmitted

between two sheath electrodes have been reported by Haeff

(HAE 39). He characterized the situation with a zero

potential minimum as the occurrence of a "virtual cathode".

The situation for V < V is probably not very suitable

for the investigation of collisional processes because the

electron density in the center of the interaction region

is small or zero due to the reflection of the electrons.

Ά more efficient situation seems present for V > V where

g g

the electrons are moving parallel to the symmetry axis.

However, also in this situation space charge is present and

influences largely the electron energy, a quantity important

for the interpretation of the measured collisional effects.

The potential distribution in the presence of space charge

is described by Poisson's equation:

V
2
V

- Ρ-
ε (4-28)

where 6 is the space charge density and V the potential at

a point (x,y,z). Generally this equation cannot be solved

analytically. For the present set up van Mierlo (MIE 75) has

performed some numerical calculations assuming that the

'4
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potential gradient in the y-direction could be neglected

compared to the gradients in the χ and ζ directions and

that all electrons move exactly parallel to the symmetry

axis. The Poisson's equation is then reduced to:

3
2
V . 3

2
V

2 2
Sx 3 τΤ

(4-29)

which can be solved by a numerical iteration procedure. The

results for the potential distribution on the symmetry axis

of the interaction region are shown in Fig. 4.15 for

V = 30 V, V
c
 = 50 V and different values for the total

current I . As expected the space charge causes a poten-

c

potential (V)

50

40

30

20

10

0

current free case

3.3 mA \

6.3 mA \
— "v

Β.3ίηΑ \

^ ^
\S>». *yS

\

1 1

0.S 1.0

Wf
\10.0 mA
\11.3 mA

\12.1 mA

ι

Ζ (cm) 1.5 \

third grid collector grid

FIG. 4.15 Tne potenrial distribution along the symmetry
axis at different values of the current I

c
 as

calculated in a two dimensional numerical analysis.
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tial minimum
f
 the value of which decreases v/hen the current

is increased. At values of the current higher than 12.1 mA

the computer calculations become unstable which indicates

that 12.1 mA is the maximum current that can be transmitted

between the sheath electrodes at V = 30 V. Calculations

g

at other values for V yielded the dotted curve given in

g

Fig. 4.14. As shown the agreement between the calculated

and experimental values for I is reasonable. The calcu-

maxlations also show that at I I the potential minimum

V . is close to the center of the interaction region and

min *

has a value equal to 0.25(5) χ V . Because most of the

g

collision processes take place in the center part of the

interaction region a knowledge of the exact value of V .

is important. However, it turned out that the values
of V . obtained in the numerical calculations depend

m m

strongly on the input data for the current especially when

I is close to its maximum value as can be seen also from

Fig. 4.15. Consequently the values for V . calculatpd from

the measured collector currents may be subject to large

errors despite the small deviations between the calculated

and experimental curves for I . Moreover the value of the

max

potential minimum will be reduced by the potential gradient

in the y-direction neglected in the numerical calculations.

Reliable values of the potentials may be obtained only in a

three dimensional analysis in which the trajectories of the

electrons are computed. However, such calculations are

highly complicated and are beyond the scope of the present

investigation.

In conclusion the situation with V < V is probably

g g

not suitable for the investigation of the electron

collision processes because of small electron densities in
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103

the collisional region. In the situation with V > V the

densities will be much larger whereas at values of V just

above V° the electron energies may be very small. Conse-
9

quently this situation may be particularly suitable for the

observation of the collisional effects. However, a quantita-

tive analysis of the observed effects is complicated due to

the uncertainty in the values for the electron energies.
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C H A P T E R 5

THE EXPERIMENTAL RESULTS

5.1 INTRODUCTION

In this chapter first the measurements of Λ-doublet

transition frequencies are considered. The frequencies

obtained are compared with known experimental values and

with the values predicted in a theoretical fit. In Sect.

5.3 the discovery of the presence of an inverted Λ-doublet

population distribution in the OH beam is described. Ά dis-

cussion of the possible inversion mechanism is given. In

the last section the results of experiments on OH-electron

collisions are described and analyzed with the help of the

expressions for the cross sections derived in Chap. 3.

Because of the expected small signal to noise (S/N)
2

ratios for the Λ-doublet transitions in Π. ,_ rotational

states (MEU 70b) all measurements have been performed on

states.the
 2
u
3/2

5.2 MEASUREMENTS OF THE TRANSITION FREQUENCIES

The observed transitions and the measured frequencies

for the rotational states with J up to 9/2 in the electronic.
2
Π . state are summarized in Table 5.1. Except for the

•3/Ζ

J = 3/2 ground state only the main lines have been measured.

The S/N-ratios of the main lines varied between 10 and 100
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Π
3/2

 s t a t e Observed frequency(kHz)

J F F' Present results Other measure-
ments

Observed minus
calculated fre-
quency (kHz)
(MEE 76)

3/2 1

1

2

2

5/2 2

2

3

3

7/2 3

9/2 4

4

5

5

2

1

2

1

3

2

3

2

3

4

5

4

5

4

1612 231.01(20)

1665 401.84(10)

1667 359.03(10)

1720 529.98(10)

6030 748.50(20)

6035 093.21(20)

13434 637.40(20)

13441 417.27(20)

23817 615.29(20)

23826 621.11(20)

1612 231(2)
a
 0.1

1665 401(2)
a
 0.1

1667 358 (2)
a
 0.1

1720 533(2)* 0.1

6016 746(8)
b
 -7.2

C

6030 739(5)
b
 -0.1

6035 085(5)
b
 -0.2

6049 084(8)
b
 -4.9*

13434 596(10)° 0.2

13441 365(10)° 0.0

23805 297(10)° -5.0€

23817 618 (8)° -0.1

23826 626 (8)° 0.1

23838 933(10)° -1.4

A

e

\i

a. Radford (RAD 64)
b. Radford (RAD 68)
c. Destombes and Marliëre (DES 75)
d. Difference between the predicted value and the result of

(RAD 68)
e. Difference between the predicted value and the result of

(DES 75)

TABLE 5.1 The measured Λ-doubist transition frequencies for

the
 2
Π

3 / 2
 states with J up to 9/2 and the differ-

ences with the values predicted from a theoretical

fit (MEE 76).
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at RC = 1 s. In the case of the ground state satellite lines

the S/N-ratio was about 20 for the F = 2 ·*• 1 transition at

RC = 3 s, whereas the p = 1 -*• 2 transition has been record-

ed with the CAT and the S/N-ratio was about 10 after 50

sweeps at RC = 1 s. The measurements on the ground state

Λ-doublet transitions have been reported earlier (MEU 72b).

It has been found that the determination of the transi-

tion frequencies, especially for the ground state, can be

subject to several errors of which the splitting and shift

of the lines by the earth's magnetic field has already been

discussed (Sect. 4.4). Also penetration of the stray electric

field of the state selector into the microwave cavity may

cause a frequency shift which is the largest for the J = 3/2,

Ρ = 2 -»• 2 transition (about 0.1 Ε kHz for Ε in V cm"
1
). A

reduction of the beam holes in the cavity from 3 to 1 cm

resulted in a decrease of the frequ .cy by about 400 Hz

which is four times the experimental error. No further shift

has been observed when the 1 cm holes were covered by a

grounded metal grid. In the case of the Λ-doublet transitions

of higher rotational states this effect is negligible because

of the weaker Stark effect and the smaller beam holes in the

cavity.

Errors may be induced also by dispersion and RC time

effects. The dispersion effects occur when the resonance

frequency of the cavity is different from the transition

frequency ν . The line shape is then asymmetric and the

center frequency is obviously not at ν . Generally this

effect is readily noticeable for strong lines. For weak

lines it might be obscured by noise components and deter-

mines often the final experimental error. The RC time errc

originating from the tracking delay, were eliminated by
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recording the lines both increasing and decreasing the fre-

quency. Possible errors in the measuring procedure, such as

non-linearities in the tracking speed and deviations of the

frequency markers, were less than about 100 Hz. The transi-

tion frequencies given in Table 5.1 have been obtained by

recording each line about 20 times. The resulting measuring

errors are of the order of 100 to 200 Hz.

A check of the reliability of the measured frequencies

is provided by the sum rule, holding for the frequencies

v_.. of the four hyperfine transitions F + Ρ
1
 for each

Λ-doublet:

F,F
V
F,F'

 + V
F

f
,F

(5-1)

As can be seen from Table 5.1 the sum rule is satisfied to

within about 100 Hz for the ground state transitions.

In column 3 of Table 5.1 the results of Radford (RAD 64,

RAD 68) and Destombes and Marlière (DES 75) are given. The

results of Radford for the ground state transitions are in

agreement with the present values except for the F = 2 ·* 1

transition. On the basis of interstellar OH absorption

measurements Goss (GOS 68) has modified the F = 2 -»• 1

transition frequency to 1720 527(3) kHz. Although the sum

rule for the J = 5/2 transition frequencies reported by

Radford is satisfied within 6 kHz the discrepancies with the

present main line frequencies are more than 8 kHz which in-

dicates that there is probably some systematic error in his

measurements. The values of the J = 7/2 transition frequencies

measured by Destombes and Marlière show large discrepancies

with the present values. On the contrary the frequencies of

the J = 9/2 transitions are in agreement with the present

results at least within the reported experimental errors.
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Also listed in Table 5.1 are the deviations of the

present results from the values obtained in a theoretical

fit in which also the reported frequencies of the satellite

lines of the J - 5/2 (RAD 68) and J - 9/2 (DES 75) states

have been inserted (MEE 76). As shown the agreement of the

present experimental results with the predicted values is

extremely good.

For many astronomical applications only the relative

frequencies are important. Manchester and Gordon (MAN 70)

have attempted to obtain accurate values for the relative

frequencies from interstellar OH absorption spectra of the

sources W12 and W20. Assuming that the radical velocities

corresponding to different transitions are equal they

determined the frequency ratios v, o/v. o , v. /vo . and

v_ ,/v- . . These values, listed in Table 5.2, differ con-

siderably from the present results which casts some doubt

on their assumption.

VF,F'/V2,2 Present results Manchester and

Gordon (MAN 70)

Vl,2/V2,2

Vl,l/V2,2

V2,l/V2,2

96693692(13)

99882617(9)

103188932(9)

96693732(6)

99882541(5)

103188796(13)

TABLE 5.2 The ratios (x 108) of the ground state

transition frequencies.
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5.3 THE DISCOVERY OF POPULATION INVERSION BETWEEN THE

h-DOUBLET STATES

5.3,1 The experimental results

It was shown in Sect. 1.3 that without the applica-

tion of state selection between the beam source and the

microwave cavity absorption signals should be observed if

the CH radicals in the source chamber are in thermal

equilibrium. The application of an electrostatic η-pole for

the selection of molecules in the upper Λ-doublet states

results in emission signals the intensity of which is larger

than the absorption line intensity by a factor of the order

of 10
4
 (see Sect. 4.3). As the measured S/N-ratios of the

emission lines were smaller than about 100 it follows that

the absorption signals which should be obtained in the

absence of state selection were far below the detection limit

of the present beam maser spectrometer.

However, measurements on the Α-doublet transitions in

the states

strong emission signals when the high voltage applied to

the state selector rods was switched off. These emission

signals showed the same line shape as the signals obtained

with state selection and disappeared when the injection of

NO. or the microwave discharge through H_O was switched off.

The emission signals were observed also when the state

selector was removed. So the possibility that the signals

were caused by electret formation of frozen H_0 on the

cooled selector rods (surrounded by a liquid nitrogen trap)

as observed in the case of NH, by Lainé and Sweeting (LAI 71),

or by charging of the insulators was herewith ruled out.

Π
3 / 2

, J = 3/2, 5/2 and 7/2 revealed rather
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Apparently the observed emission signals were the

result of an overpopulation of the upper Α-doublet states

relative to the lower states, caused by some population

inversion mechanism acting on the OH radicals in the source

region.

The measurements have been performed with the set up

shown in Fig. 4.6 where the second (the reference) cavity was

tuned to the J = 3/2, F = 2 -> 2 transition and the other tran-

sitions were observed with different cavities placed in first

position. The results obtained are summarized in Table 5.3.

Transition

β , J , F + F
1 χ 100 Present

results
MBER

measurements

3/2,3/2, 1 + ί

2 + 2

3/2,5/2, 2 + 2

3 + 3

3/2,7/2, 3 + 3

4 + 4

1/2,1/2, 1 + 1

1/2,3/2, 2 + 2

1/2,5/2, 3 + 3

1/2,7/2, 4 + 4

1/2,9/2, 5 + 5

0.93(9)

0.34(8)

1.38(13)

0.82(7)

1.02(25)

0.93(19)

0.040(15)

0.020(10)

0.045(20)

0.045(20)

0.035(15)

0.050(20)

0.040(20)

0.040(20)

0.060(30)

0.060(30)

0.009(5)

0.006(4)

0.005(4)

< 0.006

TABLE 5.3 The results of the observations on the population
inversion. Also given are the results of measure-
ments performed in a molecular beam electric res-
onance spectrometer. The quantities I , I and
ΔΝ.
F.F'

are defined in the text.
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The values in the second column represent the ratios of the

intensities I and I observed when all octupole rods were

OS

grounded and when the selector was operating at 25 kV,

respectively. The measurements have been performed by time

averaging on the CAT. Without state selection a typical

S/N-ratio of about 5 after 100 integrations at a sweep

time of 16 s was obtained. Both before and after each mea-

surement the line was recorded a few times in the presence

of state selection. A typical recording of the line obtained

'«i.th (A) and without (B) state selection is shown in

Fig. 5.1 for the
 2
Π

3 / 2
» J = 3/2, F = 1 •*• 1 transition. The

values given in Table 5.3 are the averaged results for

3 - 6 measurements. The population inversion ΔΝ as defined

in Eq. (1-1) is obtained from the intensity ratios I /I :

O S

I
Mp

|M
p
|

(5-2)

Σ N(+,F,M
p
)

(see Sect. 4.6) where Ν(+,Ρ,Μρ) and Ν^+,Ρ,Μρ) is the flow

of OH radicals in the substate |F M^> of the upper (+) or

lower (-) Λ-doublet state through the microwave cavity with

and without state selection, respectively; Ω is the solid

angle subtended at the source by either the cavity entrance

opening or the diaphragm in front of the first cavity, which-

ever is the smallest. Eq. (5-2) can be expressed in the state

selector efficiencies St+fjjMjl), defined in Eq. (4-12),

and the relative population difference ΔΝ between the

upper (F) and the lower (F
1
) hyperfine state for the OH

radicals in the source chamber. The result is:
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FIG. 5.1 A typical recording of the Π
3/2'

 J = 3 / 2
'

F = 1 -> 1 transition with (A) and without (B)
state selection. The lines (A) and (B) were
obtained after 10 and 100 integrations at RC ·
on the CAT, respectively.

Is

N.
Ώ

(5-3)

where a_
J M

P
 has only a nonzero value equal to 1 if the

hyperfine substate |+ FM^ is correlated to the rotational

substate |+ JMj>; Ν
Ω
 and N^ is the total flow of OH radicals

within the angles Ω and Ω, respectively. It is assumed that

s

in the source chamber the hyperfine substates belonging to

the same |F> state are equally populated.

The values obtained for ΔΝ , for the three investi-

gated rotational states are given in the third column of
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Table 5.3. The indicated errors of about £0% are based on the

experimental error of 10 - 25$ in I /I and on an estimated
OS

uncertainty of 20% in the calculation of the state selector

efficiencies mainly due to the neglect of the fringing field

effects (see Sect. 4.3). The results have been reported in

(MEU 76).

The observation of the population inversion of OH in

the beam maser was confirmed by Meerts in an experiment

employing a molecular beam electric resonance (MBER) spectro-

meter described in (LEE 73, MEE 75). In addition to the

2 2

Π
 / 2
 states Meerts investigated also the Π. ._ rotational

states with J up to 9/2. The results obtained for the popu-

lation inversion, evaluated in the same way as the beam maser

results are summarized in column 4 of Table 5.3. The MBER

results are in good agreement with the beam maser values.

From measurements in the MBER spectrometer on the satellitetransitions in the Π.,,, J = 3/2 and IL .„, J = 1/2 Λ-dou-

blets no evidence (within the experimental accuracy) was

found for inversion between the hyperfine states of the upper

or lower Λ-doublet level.

5.3.2 The population inversion mechanism

Preliminary investigations have been performed to

uncover the mechanism responsible for the population in-

version. An obvious possibility is the production of OH

radicals preferentially in the upper Λ-doublet states or in

some excited rotational, vibrational or electronic state

subsequent decay from which produces inversion of the

Λ-doublets. However, it is also possible that inverting

collisional processes are taking place between the reaction

zone and the beam source.

{
i
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The OH radicals collide most frequently with H_

molecules which form a fraction of about 40% of the gas

mixture in front of the beam orifice (MEE 75). The OH - H.

collisional process has been suggested as a possible

population inversion mechanism (GWI 73), and it was shown in

Sect. 2.5.2 that detectable inversion effects might be

produced at the conditions present in the production region.

The investigation of the possible inverting action of the

OH - H„ collisions is difficult because any change in the

H
2
 density by varying the H

2
0 supply or the discharge power

is accompanied with changes in the density of many other

particles present. From the results obtained in these

experiments no conclusions about the OH - H„ collisions

could be drawn. An experiment in the MBER spectrometer in

which H„ molecules were injected in the buffer chamber

yielded smaller values for the intensity ratio I /I . How-

ever, this provides no evidence that the OH-H
2
 collisional

process is not inverting in the OH production region where

the conditions may be essentially different.

Increasing the NO_ density in the production region

yielded smaller values for I /I which indicates that

o s

collisions with NO„ are destructive for the inversion. The

replacement of H-0 by Η in the discharge producing the

atomic hydrogen caused no change in the intensity ratio

I /I as measured in the MBER spectrometer. This eliminates
OS

the possibility that the small fraction of OH produced in

the dissociation of H_0 is inverted, or that collisions with

0_ are inverting. Collisions with electrons or other charged

particles from the discharge are probably also not inverting

as could be concluded both from the lack of any change in the

intensity I . when a magnetic field of about 500 G was applied
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between the discharge and the OH production zone, and from

the results of the OH - electron collision experiments con-

sidered in the next section. Possible inverting action by

collisions with the wall of the reaction tube can not be

excluded but is difficult to study.

Aside from the collisions with H, or with the wall the

primary reaction (4-1) may be responsible for the anomalous

Λ-doublet populations either directly or via the decay from

an excited state. Effects of possible vibrational decay were

investigated by measuring the emission signals as a function

of the distance χ between the microwave cavity and the beam

orifice. The averaged results of three series of measurements

are shown in Fig. 5.2. If the population inversion is the

result of the decay from a certain vibrational state jv> to

the upper Λ-doublet states the microwave intensity as a

function of χ is proportional to:

I (x) * ƒ [Ν (χ,Θ) - Ν (χ,Θ)1 dfi

ƒ Ν
ν
(Ο,Θ)

c

J )1 dl?
(5-4)

where Ν (χ,Θ) - Ν (χ,S) is the difference of the flow of

molecules in the upper and in the lower state involved in the

transition as a function of χ and the angle Θ with the beam

axis; Ν (0,0) is the flow of the vibrationally excited OH

radicals at χ = 0, A is the spontaneous transition proba-

bility from the vibrational state to the considered upper

A-doublet state, and ν is the averaged molecular velocity

in the beam. It is assumed that Ν (Ο,Θ) - Ν.(Ο,Θ) * 0. The

probability A is largest for transitions from the first

excited vibrational state (v • 1) in which case A is of
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microwave intensity-
(arb. units)

a

60 80 X(crn)

FIG. 5.2 The microwave intensity of the «,,,,, J = 3/2,

Ρ = 1 -*• 1 transition observed in the absence of
state selection as a function of the distance χ
between the beam orifice and the microwave
cavity.

• i

2 -1
the order of 1 χ 10 s (SCA 71). Consequently for the

considered distances smaller than 1 m the exponential function

may be approximated yielding:

I J
 Ν
, (5-5)

Ω

In the case of a cosine or isotropic distribution for the beam

intensity it follows for the present values of χ that I is

ο
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proportional to — . From the results shown in Fig. 5.2. it

turns out evidently that this proportionality is not present.

The intensity is more likely proportional to —
2
 corresponding

χ
to the situation where the population difference is constant

in time.

Electronic decay proceeds very fast ft» 10 s). The

transit time between the beam orifice and the microwave

cavity is about 1 χ 10~ s. Consequently possible inversion

by electronic decay preferentially to the upper Λ-doublet

states cannot be investigated by the method described above.

It should be noted that the results obtained are not

in contradiction with the microwave absorption experiments

of Radford (RAD 68) and Poynter and Beaudet (POST 68).

In both experiments the reaction (4-1) has been used for the

OH production. As pointed out in Sect. 1.2 the population

inversion, if present in the gas cell, should be destroyed

within path lengths of the order of 0.1 cm by theraalizing

molecular collisions. The rates of the OH destruction reac-

tions are much smaller than the rates cf the theraalizing

collisions. So the stimulated microwave emission fro· the

inverted OH radicals is negligible compared to the microwave

absorption of the thermalized OH radicals. Because the pro-

duction of OH in the absorption cells occurs at conditions

which are similar to the situation in the present production

region the fact that no emission signals have been reported

forms an indication that collisions also with H, are ther-

malizing.

in conclusion the following processes nay be responsible

for the ooserved population inversion. First there is the

primary OH producing reaction yielding inversion either

directly or via the decay of an excited electronic state.
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Then collisions of OH with the wall of the reaction tube or

with H- molecules may be the inverting mechanism although

strong indications are present that the latter collisions

are only therraalizing.

5.4 MEASUREMENTS ON OH-ELECTRON COLLISIONS

5.4.1 The experimental results

The population transfer induced by electron collisions

3/2,has been investigated for the hyperfine states Π
ί / Ο

, J
2

F = 2 and Π
3
,

2
, J = 5/2, F = 3 in the set up of Fig. 4.1.

For this purpose the intensities of the microwave transitions

J = 3/2, F = 2 ->• 2 and J = 5/2, F = 3 -»• 3 were measured as a

function of the electron energy both for the geometry (a)

with the J = 5/2 cavity placed in the first and the J = 3/2

cavity in the second position, and in the reverse geometry

(b). In the latter case the S/N-ratio of the J - 3/2 and

J = 5/2 transition was about 60 and 15 at 1 s respectively,

whereas in the situation (a) both S/N-ratios were about

30, which is a factor of 2 smaller than in the corresponding

situation considered in Sect. 4.3 and 4.6. The reasons are

the increased distance between the state selector and the

first cavity and the attenuation of the molecular beam by

the shielding grids at the entrance and exit openings of the

electron gun chamber.

The observation of the collisional effects on the micro-

wave intensities required time averaging detection, either

with the CAT or with the digital processing. Most of the

measurements have been performed with the CAT by recording

the microwave intensity of one of the two transitions as a

function of the potential V which determines the energy of

g
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the electrons entering the interaction region of the

electron gun.

The microwave frequency was set at the line center

frequency and V was linearly varied from 0 to a preset

maximum value during the sweep time (16 s) of the CAT. Ά

typical result for the J • 3/2, F = 2 -»• 2 transition for

V up to 32 V is shown in Fig. 5.3 for two measurements

under the same current conditions in the interaction region

but with different RC times. The absolute scale was obtained

by measuring the line intensity on the CAT in the absence

of collisions (V < 0). In the lower part of Fig. 5.3 the

collector current I and the sheath current I^ are plotted.

Both currents were monitored during the measurements in order

to correct for possible drift effects.

The result for RC * 0.1 s shows that the microwave in-

decreases suddenly at the value V° (where thetensity I

virtual cathode in the interaction region disappears as

described in Sect. 4.7,2). Before this point is reached

I,,., tends already to decrease somewhat whereas for V *·> V°
3/2 g g

I
3/2

 r e m a i n s
 Practically constant and the collector current

increases only slightly. Xc was found that the microwave

intensity increases again at higher values of V (>, 50 V ) .

At an RC time of 1 s a much better S/N-ratio was obtained.

The errors caused by the distortion are small for V Φ V

and cancel largely when measuring the relative effects on

the J = 3/2 and J = 5/2 transitions. In the latter transi-

tion the microwave intensity Ig., decreased too, showing

the same dependence on V as the intensity I-._ . However

the decrease of I„ ., was much smaller and measurements with

a reasonable accuracy required a larger number of scans

(200 - 400) than for the J « 3/2 transition ( £ 100).
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II

FIG. 5.3 A typical recording of the change in the

microwave intensity of the Π3/2 / J - 3/2,

F = 2 ·•• 2 transition as a function of the poten-

tial V . In the lower part the collector and

sheath current, I
c
 and I

s
 , respectively, are

given.

In the absence of space charge the potential in the

center of the interaction region is equal to V = V + 4.13 v.

a g

It was shown in Sect. 4.7.2 that in the presence of space

charge the potential is reduced by a factor depending on I .

The electron energy in the center of the interaction region,

equal to eV in the space charge free case, decreases for
cL
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larger values of I and increases for increasing values of

V (or V ). Although the actual dependence of E on I and
g a c

V is probably more complicated we are able to explain the
ci

measurements if we assume that E is proportional to V /I

a c

for large current densities as present at values of V just
o
 g

above V (where the current is maximum). A large number of
<3

 o

measurements has been performed for different values of V

between 17 and 35 V, by varying the cathode emission (see

Fig. 4.14). From each measurement the fractional intensity

decrease ΔΙ-,
2
 or ΔΙ ._ of the J = 3/2 or J = 5/2 transition,

respectively, was determined at one or two values of V just

g

above V° (V° < V < V° + 10 V). The values obtained for
9 9 9 ~ g

ΔΙ- .„ and Δίς .„ per mA of the collector current are plotted

against V /I in Fig. 5.4. In the figure the results obtained

both for the geometry (a) (closed circles) as for the geom-

etry (b) (open circles) are given. As can be seen there is

no clear difference between the results for the J * 3/2

transition in the two geometries. In the case of the J • 5/2

transition a slight difference might be present. The values

obtained for Δι . /I follow closely the relation:
if £. C

'3/2
(5-6)

with

fitting also the J

. = 0.023(3) for V in volt and I in mA. When
if 2. a c

5/2 results to a similar relation the

proportionality constant is
 α

5
/ο

 =
 0.05(1). From the

r
 . the relative intensity c

5/2 transition is obtained:

3/2

values of a... and
 α

Γ
/ο

 t h e
 relative intensity decrease for

the J = 3/2 and J

ΔΙ

ΔΙ5/2
4.6(11) (5-7)
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PIG. 5.4 The percentual microwave intensity decrease
of the J = 3/2, Ρ = 2 + 2 and the J « 5/2,
F = 3 -ν 3 transition as a function of V /I .

a c

1
11

The

136

a c
closed circles give the values obtained in the
geometry (a) (J » 5/2 cavity in front); the
open circles correspond to the geometry (b)
(J « 3/2 cavity in front). The solid curves are
proportional to (V/I )-l.



More accurate values of the relative intensity de-

crease were obtained by comparing only the results for

both microwave transitions at the same potential and current

conditions in the interaction region. In addition measure-

ments have been performed with the digital processing where

the effects on both transitions were registered during runs

of 1 to 4 hours at different values of V . A typical result

for the relative intensity decrease is shown in Fig. 5.5.

FIG. 5.5 Ά typical measurement of the ratio of the
microwave intensity decrease of the J • 3/2,
F = 2 •*• 2 and the J » 5/2, F » 3 •*- 3 transition
at different values of ν . The J = 5/2 cavity

9
was in the first position. The indicated errors
are equal to the standard deviation.

Within the errors equal to the standard deviation the

relative value is independent of V . Also no changes larger

than the experimental error were observed when varying the

current I . Consequently the obtained relative values for

the intensity decrease can be assumed to be independent of

the electron energy within the experimental accuracy. The

results of both time averaging methodes were essentially the
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same and yielded for the two geometries the values:

ΔΙ,
geometry (a) :

geometry (b) :

L
5/2

= 4.4(4)

3.5(6)

(5-9)

Although the results for both geometries are in agreement

within the experimental errors a small difference seems to

be present.

The main subject of the electron collision experiments

was the investigation of possible population inversion

effects between the Λ-doublet states. For this purpose mea-

surements have been performed in the absence of state selec-

tion. As described in the foregoing section weak emission

lines were observed in this situation. For both the J = 3/2

and J = 5/2 transitions the emission lines were recorded

with the CAT in the presence as well as in the absence of

electron collisions. Even at conditions of the largest effects

( Λ, 10$) observed with state selection no differences between

the line intensities with and without electron collisions

could be observed outside the noise level which was at least

20$ of the full line intensity. In the case of the J = 3/2,

F = 2 •+· 2 transition, for which the largest effects could be

expected, prolonged measurements with the digital processing

yielded the following value for the intensity decrease Δΐ°
/ 2
:

„ο
ΔΙ3/2

12(4) %

At the same conditions the intensity decrease ΔΙ

presence of state selection was equal to:
3/2

ΔΙ3/2
8(1) %

(5-iOa)

in the

(5-10b)
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Within the errors equal to the standard deviation there is

no difference between the results.

5.4.2 Interpretation of the results

It follows from Sect. 4.6 that the fractional change

ΔI in the microwave intensity by the electron collisions is

equal to:

ΔΙ =

2 |Hp|

Σ
J?

- 1 (5-rll)

Herein N(+,JFM,) and N'(+,JEM ) represents the flow of OH

radicals in the hyperfine substate | F M > of the upper (+)

or lower (-) Λ-doublet level of the rotational state |j>

which are focused by the state selector into the entrance

opening of the microwave cavity without and with electron

collisions, respectively. The expression (5-11) can be

applied also when no state selection takes place.

The influence of the electron collisions on the popu-

lations N(+

tion rates

+,JFMp)

R (
2

can be described in terms of the transi-

defined as the probabi-

lity that a molecule makes a transition from the substate

2
Π
α |2

π
δ

> to the state | n^
i
j'F«M'> per second. The transi-

tion rate is related to the cross section

) =

f (v
e
)/

 n
«=

(5-12)

where o(i ·*• j;v ) is the inelastic cross section for a

transition between the two considered states, η is the
e

electron density, ν the velocity of the electrons, and

f(ν ) the velocity distribution over the interaction region.
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Because ν is much larger than the velocities of the OH

radicals in the beam the molecular velocity spread can be

neglected. It is assumed that the excitation processes are

induced efficiently only in a small region where the electron

energy is lowest. If ν is the electron velocity in this

region then the transition rate may be approximated by:

V
Q
) (5-13)

where j is the current density assumed to be constant over

the interaction region.

It was shown in Chap. 3 that the cross sections for

Λ-doublet transitions (Aj = 0, ± •*• I) and for rotational

transitions between states of the same electronic Π- state

(ΔΩ = O,AJ = ±1 , + ^ ±) are much larger than the cross

sections for other possible transitions. Consequently for a

description of the population transfer from and to the

Π3/2' J • 3/2 and π
5/2'

J = 5/2 states we shall consider

only the Λ-doublet transitions and the rotational transitions

between the J = 3/2 and 5/2 states and between the J = 5/2

and 7/2 states of the -wo state. As all measurements have

been performed with a magnetic field applied along the z-axis

specified in Fig. 4.11 the transitions are of the ΔΜ_ - +1

type and the cross sections are given by the expression

(3-59).

In the case of small effects the population transfer

equations can be simplified yielding:

: ί

Ν' [ 1 - 2 Rt
+
'

ρ Ι
«ρ

- Σ Σ R(+,
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Χ Ν(Τ, JF'MJ,) R(T,JP'M·-»- ±,JFH_) t

Σ Σ N(+,J>F'M·) R(±,J'F'Ml-> ±,JFHJ

(5-14)

o

The Indices IL· are omitted for simplicity and t+ __». is the
ic — furTlp

average time spent by the molecules in the ] II"JFM> sub·?

state in passing the interaction region. The velocity distri-

bution of the molecules leaving the beam source is assumed

to be of the Maxwell-Boltzmann type. This distribution is

modified by the state selection process and the averaged

velocities for molecules in different substates are generally

different. From the trajectory calculations it was found that

differences of the order of 20$ are present.

In the absence of state selection the times t
+
 __, a*e

equal for all substates. The calculations of N'(±» JFMp) are

straightforward. Substituting the results in Eq. (5-11) the

following expressions are obtained:

'3/2
= -0.615

= -0.240

- ° ·
3 4 4 β

5/2,7/2
(5-15)

2 L o

where 3_ _, = η ν ττγ — In(1.10 )

J,J
1
 e o - Υω ,

OH
 J

'
J

with via» — ) the quantity specified in Eq.(3.51), L the
v
o

length of the interaction region, ν the averaged molecular
OH

velocity, and hm, „, the energy difference between either
J,J

two Λ-doublet levels (J = J
1
) or two rotational states. The
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The occupation factors £(J) are taken from (MEU 70b). Assum-

ing a thermal population distribution between the rotational

states it follows for T, 30(ΓΚ:

Δί3/2 -0.615 β3/2,3/2
- 0.094 β

3/2,5/2

ΔΙ5/2 -0.240 β
5/2,5/2

+ 0.089 β
3/2,5/2

- 0.108 β
5/2,7/2

(5-16)

The values of β
J, J'

relative to β3/2,3/2
are given in

Table 5.4 for electron energies between 0.1 and 100 eV. it

is seen from Eq. (5-16) en Table 5.4 that the relative im-

portance of the rotational transfer processes with respect to

the Λ-doublet (de) excitations is small for the ground rota-

tional state whereas it is reasonably large for the J

transition. The results (5-16) are independent of the

position of the microwave cavity.

5/2

more

In the case of state selection the calculations are

complicated. The quantities N(+
/
JPM ) and t^ in

"* " ~,JFML

••i

0.1

1

10

100

0.873

0.896

0.913

0.924

0.275

0.410

0.502

0.570

Electron

energy (ev)

*5/2,
β
3/2.

5/2

3/2

β
3/2,5/2

β
3/2,3/2

3
5/2,

β
3/2.

7/2

3/2

0.241

0.381

0.479

0.549

TABLE 5.4 The relative values of the quantities i$j
 J t

involved in the Λ-doublet (J • J') and
rotational (J j* J

1
) excitation rates at electron

energies between 0.1 and 100 eV.
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v,u

129

Eq. (5-14) follow from the state selector efficiencies

S(+,J, I M J ) as defined in Eq. (4-12) and from the correlation

between the hyperfine |FML> and rotational JJM_> substates

(see Sect. 4.6). The state selector efficiencies have been

obtained from trajectory calculations performed for all

|M_> substates of the J » 3/2, 5/2 and 7/2 rotational states

both for the geometry (a) (J • 5/2 cavity in front) as for

the geometry (b) (J • 3/2 cavity in front) and at two differ-
o o

ent kinetic temperatures, Τ. • 300 Κ and 450 Κ* The sub-
Jv

stitution of the results into the Eq. (5-14) and Eq. (5-11)

yielded finally the expressions for the microwave intensity

changes:

ΔΙ
3 / 2

- 0.626 - 0.083

Δ Ι
5 / 2
 = - 0.228 &

5/2t5/2
 * 0.093

for the geometry (a) at Τ • 300 Κ, and:

- 0.161

(5-17)

Δΐ
3 / 2

- 0.603

Δ Ι
5 / 2
 = - 0.240

for the geometry (b) at Τ

- 0.099 »
3/2fS/2

+ 0.093 *
3/2§s/2

 - 0.137

(5-18)

300°K.

The expressions for T. = 450°K differed less than 3% for

the J = 3/2 transition and less than 10% for the J = 5/2

transition from the expressions (5-17) and (5-18).

The results with state selection (Eq.(5-17) and (5-18))

and without state selection (Eq.(5-16)) differ only slightly

despite the rather drastic change in the population and

velocity distribution by the selecting process. The only
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exception forms the term describing the rotational exci-

tation from the J = 5/2 to the J = 7/2 state. Because of a

smaller selector efficiency for the J » 7/2 substates

compared to the efficiency for the J = 5/2 subst&tes the

difference in population between the two states is increased.

As a result the number of OH radicals excited from the

J = 5/2 to the J ~ 7/2 state is increased relative to the

number of radicals in the J = 7/2 state which are deexcited

to the J =* 5/2 state.

Evaluating the expression (5-17) in the electron

energy E and substituting the values for the relevant

constants it follows for the intensity change per mA of

total current, ΔΙ
1
:

>-3

ΔΙ
5/2

- |· ί 1.411

" Ε I
0
'

4 8 8

0.122

0.051

10

(5-19)

with Ε in eV.

In agreement with the experimental results only a

decrease of the microwave intensity can be expected because

of the over-population of the upper Λ-doublet states rela-

tive to the lower states by the state selection. From the

expression (5-19) it follows that in the range between 0.1

and 10 eV the magnitude of the decrease should be nearly

proportional to — . The experimentally obtained values were

V
a
 _i

proportional to ( —— ) , according to the relation (5-6).
•^c

The experimental results fit with the theoretical values if

the electron energy is equal to:

eV

U

E - 0.06 (5-20)
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with I in n&. For the considered values of V and 1 it
c a c

turns out that E should be of the order of 0.2 eV. As

pointed out in Sect. 4.7.2 such small values of th· electron

energy are not unreasonable in the situation whr*£ê the

virtual cathode present for V < V° has just disappeared.

The calculated ratios of the microwave intensity

decreases for the J - 3/2 and J • 5£2 transitions for the two

geometries ((a) and (b)) and temperatures, are given in

Fig. 5.6 as a function of the electron energy between 10
2 -2 -1

and 10 eV. Between 10 and 10 eV the curves are dashed

10" 10

FIG. 5.6 The predicted ratio of the microwave intensity
decrease of the J * 3/2, F • 2 ••• 2 and the
J « 5/2, F » 3 -• 3 transition as a function of
the electron energy for the two geometries
((a) and (b)) and at two different kinetic
temperatures.
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because in this region the combined FBA-FEA calculation

for the rotational excitation processes is not reliable.

At values of E below 10 eV the results are based only on

Λ-doublet excitation processes. As shown the ratio

Δι . /Δι . increases rapidly when the energy is lowered

to values below 10~ eV. Whereas the differences between the

results for T
fc
 = 300°K and 450°K are small at Ε < 1 eV

- the coincidence of the curves for the geometry (b) is

accidental - the results for the two cavity set-ups are

obviously different. The predicted larger values for the

geometry (a) with the J = 5/2 cavity in front are in

agreement with the experimental results.

The values of Δι. ../Δτ ._ measured in the geometry (a)

and (b) are larger than predicted at the electron energy

present of about 0.2 eV. The discrepancy might stem from

several sources. For Ε - 0.2 eV the electron energy distri-

bution has to be taken into account in Eq.(5-12) because the

energy spread of the electrons emitted by the cathode is

of the same order of magnitude ( 'v* 0.1 - 0.2 eV). Assuming

a Maxwell-Boltzmann distribution for the electron velocities

the integration of the cross section yielded a transition

rate which was larger by about 30$ compared to the transi-

tion rate for electrons at the mean energy of 0.2 eV. In the

case of a mono-energetic electron beam the same transition

rate is obtained at an energy of ^ 0.15 eV. The difference

with the value of 0.2 eV is too small to account for the

discrepancy; only if the electron energy is smaller than

10~ eV the measured values for the relative intensity de-

crease are in agreement with the calculated values.

The errors due to uncertainties in the calculated state

selector efficiencies are small as follows also from the
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slight differences between the expression (5-16), (5-17) and

(5-18) for
 Al
3/o/

Al
5/2

 w i t n a n d w i t n o u t
 ^ β state selection.

The results for the relative intensity decrease are most

sensitive for changes in the selector efficiencies for the

J = 7/2 substates. However, an increase of the efficiency for

the J » 7/2, Μ. 7/2 substate of 20$? resulted in an in-

crease of ΔΙ, ,
2
/Δΐ . of only 5%.

Another possibility for the discrepancy is the neglect

of the ΔΜ = 0 transitions which is probably not justified

at low electron energies. As the energy decreases the electrons

moving along helices parallel to the direction of the magnetic

field are incident onto the OH radicals more and more per-

pendicularly to the z-axis.As a result also ΔΜ- - 0 transi-

tions are induced. The values of have been cal-

culated considering only = 0 transitions. The resulting

values were about 10 - 20$? smaller compared to the results

for ΔΜ^ = ±1 transitions.

Although the possibility of elastic scattering of OH

radicals out of the molecular beam has not been discussed

yet, no indications for the occurrence of this process have

been observed. The scattering effects should increase for

larger electron energies. However in all measurements the

microwave intensity decrease goes to zero as the potential

V is increased to large values ( > 50 V).

g

In conclusion no particular reasons could be found for

the too large difference between the inelastic processes for

OH radicals in the J = 3/2, F = 2 and J = 5/2, F = 3 states.

This indicates that the discrepancy is caused either by the

rotational excitation processes which are not well described

-2 -1

in the region between 10 and 10 eV or by other excitation

processes not considered in the FBA-FEA approximation.
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Within the experimental errors no difference between the

intensity decrease of the J = 3/2, F = 2 •*• 2 transition in

the absence and in the presence of state selection has been

found. This is in agreement with the expressions (5-16),

(5-17) and (5-18) showing only a slight difference. From the

obtained values for ΔΙ, ,
2
 and ΔΙ_ ,„ an upper limit for the

possible asymmetry between the cross sections for upward

and downward transitions as predicted in the FBA can be ob-

tained.

Considering for simplicity only the upper (+) and

lower (-) F = 2 state of the rotational ground state Λ-doublet

the change in the microwave intensity observed in the ab-

sence of state selection follows from Eq. (5-11) and (5-14):

ΔΙ
9 N(+) R(+ - > • - ) - N(-) R ( - •* +)

3/2 " ~* M(+) - N(-)
(5-21)

With R(+ ->•-) =

and R(- -*• +) =

(5-22)

where the quantum numbers J(=3/2) and F(=2) have been omitted

for simplicity. It is assumed that the hyperfine substates

of the upper and of the lower F = 2 state are equally popu-

lated. If the rates for upward and downward transitions are

slightly asymmetric then R (+->·-) and R(—»• +) can be

written as:

R(- ->• +) = (1 - j)R

R(+ -• -) H= + | ) R (5-23)
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with the asymmetry parameter ε either positive or negative

with |ε|« 1. The substitution in Eq. (5-21) yields:

Δ Ι
3/2 "

2 R t (5-24)

with ΔΝ. _ • 0.020(10), the relative population difference

between the upper and the lower F • 2 state, as given in

Table 5.3.

In the presence of state selection nearly the sane

intensity decrease Δι . is obtained as shown above. However,

the asymmetry term is much smaller because of the increased

population difference (N(+)-N(-)). Consequently the ratio of

the intensity decreases with and without state selection is

equal to:

.-1

From the obtained values for ΔΙ-,, and ΔΙ,,,

value for ε is yielded:

ε « -0.010(13)

(5-25)

in (5-10) the

(5-26)

If ε is negative an upper limit for the asymmetry at the

energy of about 0.2 eV is found to be 2.3%. if ε is positive

the asymetry is less than 0.39».
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CONCLUSIONS

The OH radical has proven to be an extremely suitable

molecule for beam raaser spectroscopy. The experimental errors

in the frequencies of the Λ-doublet transitions measured in

the present investigation are smaller than the widths of the

omission lines from the interstellar OH sources by a factor

of 5-10. Accurate values for the Doppler shifts of the emis-

sion features can be determined now providing better informa-

tion, both about the coincidence of OH and H
2
O masers and

about the correlation of the spectral emission features for

different transitions fron the same OH source. In addition

the present values for the transition frequencies may contri-

bute to a better understanding of the hyperfine structure of

2

II molecules.

The main result of the present investigation was the dis-

covery of the population inversion between the A-doublet

states of OH in the source chamber. From the measurements in

both the beam maser and the MBER spectrometer rather strong
population inversion has been found for the

\(2'
 J

Π-
/ 2
 states with

J = 3/2, 5/2 and 7/2 as well as for the IL
 / o
, J = 1/2 state.

V*
Only for these states strong emission lines from interstellar

OH sources have been observed (see Fig. 2.2). In the case of
2

the Π,
/o
 states with J > 3/2 much weaker inversions have

I/* *
been measured. No or very weak emissions have been observed

* 2

Weak emission from the n ^ . J = 3/2 state seems to have been observed recently (HAA 75).

The reported emission from the n ^ . J = 5/2 s t a t e (SCH 69) has been seriously questioned

(BAL 71).
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from the interstellar OH radicals in these states. There is

clearly a close correspondence between the population inver-

sion in our OH production system and in the interstellar OH

sources. Also the magnitude of the inversion is of the same

order as the values considered in the several inversion mo-

dels proposed for the interstellar OH masers. The present

results support the hypothesis that the population inversion

of interstellar hydroxyl radicals is generated by chemical

interactions.

Further investigation to the actual inverting mechanism,

either the primary OH producing reaction (4-1) or collisional

interactions, requires a modified set-up. Increased S/N-ratios

are necessary to observe possible differences between the

population inversions for different rotational and hyperfine

states. Modifications of the reaction tube are required to

investigate the dependence of the inversion on several quanti-

ties such as atomic and molecular densities, temperature, and

the conditions of the wall. The investigation of the possible

population inversion between the Λ-doublet levels of the NO

molecules produced in the reaction (4-1) might provide evidence

for direct inversion by this reaction.

It should be noted that the inverted population distri-

bution is essentially different from the non-equilibrium popu-

lation distributions which can be described by some positive

excitation temperature. The latter distributions have been

reported for OH radicals produced in several types of reaction

processes (MEI 69, KIN 55, CHU 70). Population inversion be-
2

tween rotational states of the Χ Π state of OH has been ob-

tained by Ducas et a^ (DUC 72) in their infrared OH laser. So

far no population inversion between closely spaced doublet

levels has been reported. Nevertheless such inversions eight
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be occurring in a wide range of reactive and collisional pro-

cesses. Aside from their astrophysical relevance the present

results may contribute to a better understanding of reactive
2

interactions involving diatomic η molecules.

In the measurements on OH-electron collisions always a

decrease of the microwave intensity has been observed. Althougt

this could be expected for the case of a large over-population

of the upper Α-doublet state the decrease is less evident in

the measurements without state selection where this level was

only slightly more occupied than the lower one. If the two

Λ-doublet levels of the rotational ground state are equally

populated the microwave intensity in the presence of electron

collisions is proportional to ε, the asymmetry parameter de-

fined in Eq. (5-23). From the negative value of e obtained at

an electron energy £0.2 eV it follows that most probably ab-

sorption of microwave radiation should take place contrary to

the model of Johnston (JOH 67) where emission is yielded if

the microwave radiation stimulates only ΔΗ • 0 transitions

(as in the microwave cavity). However with the present experi-

mental error no definite conclusion can be drawn. An improve-

ment of the experimental accuracy by a factor of at least 2

is necessary to test the validity of the inversion model.

The collisional induced population transfer from and to

the
 2
Π
3/2

, J = 3/2, F 2 state relative to the population

transfer for the "Π .., J = 5/2, F = 3 state was about 30-40ji

larger than predicted. In Sect. 5.4.2 this discrepancy was

ascribed to deficiencies in the theoretical calculation such

as deviations in the cross sections for rotational excitation.

The investigation of the collisional effects on molecules in

other rotational states might provide more clarity. However

the S/N-ratios of the Λ-doublet transitions for J > 5/2 are
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too small to obtain results with a reasonable accuracy. Ex-

cept for the inversion model of Johnston the electron colli-

sions may be the dominant thermalizing process for interstellar

OH radicals. The difference between the excitation rates for
2

,-„, J = 3/2 and Π,
/9
, J = 5/2 states by a factor ofthe

 2
Π

4 will be important in the inversion mechanisms involving

both states such as the UV and IR pumping processes.

In both the measurements of the population inversion pro-

duced in the source chamber and the electron collision experi-

ments the knowledge of the state selector efficiencies was re-

quired. Although in the latter experiments the uncertainties

in the calculated efficiencies turned out to be less critical

compared to the experimental error in the present results,

generally the influence of the state selector will not be

negligible in population transfer experiments in the beam

maser. Additional research of the disturbing effects, such as

caused by the fringing fields of the state selector, is neces-

sary. Also more accurate values for the population inversion

produced in the source chamber might then be obtained.

The present investigation has opened new perspectives

for the application of a beam maser spectrometer in the inves-

tigation of free radicals, of population transfer processes

and of anomalous population distributions produced in chemical

interactions.
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S A M E N V A T T I N G

In dit proefschrift wordt een onderzoek naar populatie

inversie mechanismen voor interstellaire hydroxyl (OH) radi-

kalen beschreven. Het onderzoek werd verricht met een molecu-

laire beam raaser.

Het proefschrift wordt ingeleid met een korte toelichting

van de asfcrofysische achtergronden in het bijzonder voor klas-

se I OH bronnen. De waargenomen microgolf emissies van deze

bronnen kunnen verklaard worden op grond van populatie inversie

tussen de Λ-doublet toestanden van OH. Als belangrijkste pro-

cessen verantwoordelijk voor de populatie inversie zijn voor-

gesteld: excitatie door ultraviolette (UV) straling, botsingen

met geladen deeltjes en chemische interacties. Een korte be-

schrijving van deze inversie (of pomp-) mechanismes wordt ge-

geven in Hoofdstuk 2.

Tot nu toe is nog geen laboratorium-onderzoek naar de in-

versie mechanismen voor OH gerapporteerd. Aangetoond wordt

in Hoofdstuk 1 dat slechts een moleculaire bundel experiment

voor dit doel geschikt is. De enorme verschillen tussen de

fysische omstandigheden in de interstellaire ruimte en in een

laboratorium experiment maken evenwel ook in moleculaire bun-

del experimenten het onderzoek naar de inversie modellen^eer

moeilijk. Met name de excitatie efficiency is laag vanwege de

korte verblijftijd van de bundel moleculen in de stralings-

of botsingszöne.

Het blijkt dat voor het onderzoek naar het UV pomp mecha-

nisme de minimaal vereiste stralings-intensiteit niet geleverd

kan worden door conventionele stralingsbronnen. Zoals beschre-

ven in Hoofdstuk 2 zijn momenteel goede perspectieven aanwezig
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door de toepassing van een frequentie verdubbelde kleurstof

laser.

Voor de excitatie van OH radikalen door elektronen worden

in Hoofdstuk 3 de werkzame doorsneden berekend in een gecombi-

neerde eerste orde Born-Eikonal benadering. Het blijkt dat

voornamelijk Λ-doublet en rotatie overgangen worden geïndu-

ceerd.

Een uitvoerige beschrijving van de beam maser speciaal

geconstrueerd voor OH radikalen en van het elektron kanon

wordt gegeven in Hoofdstuk 4. Een efficiënte produktie van OH

werd verkregen in de reaktie tussen Η en NO . Voor de Λ-dou-
2

biet overgangen van de rotatie grondtoestand ( Π, ,„, j = 3/2)
3/Δ

werden signaal ruis verhoudingen tot 100 bij RC » 1 s gemeten.

De experimentele resultaten worden beschreven in Hoofd-

stuk 5. De overgangs frequenties van de hoofd A-doublet over-gangen (AF - 0) voor de Π-,, toestanden tot en met J = 9/2

werden gemeten met een nauwkeurigheid welks een faktor 10-100

groter is dan die van eerder gepubliceerde waarden. Een uit-

stekende overeenkomst werd verkregen met een theoretische fit.

De populatie transport processen in elektron botsingen

werden bestudeerd voor OH radikalen in de Π3/2'
= 3 / 2

'
F = 2 en 'ïl . , J = 5/2, F = 3 toestanden. De meetresultaten

Ο/Λ

worden geanalyseerd met behulp van de berekende werkzame door-

sneden en toestands selektor efficiencies. De resultaten voor

de J = 3/2 toestand blijken te fitten met de berekeningen voor

een elektron energie j> 0.2 eV. De gemeten verhouding tussen

de inelastische botsings effekten voor molekulen in de J = 3/2,

F = 2 en J = 5/2, F = 3 toestand blijkt 30 & 40% groter dan de

berekende waarde bij ^ 0.2 eV. Zoals uiteengezet in Hoofdstuk

5 moeten de mogelijke oorzaken gezocht worden in afwijkingen
2

van de theoretische benadering. Metingen aan de Π, ,_, J
 s
 3/2
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toestand leverden binnen de experimentele fout geen aanwij-

zingen voor populatie inversie door elektron botsingen.

Het belangrijkste resultaat van het beschreven onderzoek

was de ontdekking van populatie inversie gecreëerd in de OH

produktie zone. Een populatie inversie van 2-5JÉ werd gemeten
22

voor de Π,
/ 2
,

 J
 "

 3
/

2
'

 5
^

2 e n 7/
^
2 t o e s t a n d e n

* Metingen met

een moleculaire bundel elektrische resonantie (HBER) spectro-

meter bevestigden de gevonden resultaten en toonden eveneens
2

sterke populatie inversie voor de Π,
/ o
, J • 1/2 toestand

en zwakke inversie voor de Π
1/2'

, J > 3/2 toestanden aan.
1/2

De resultaten vertonen sterke overeenkomst met de populatie

inversies van de interstellaire OH radikalen. Voorlopig onder-

zoek leverde sterke aanwijzingen dat de inversie wordt gecre-

ëerd in de primaire OH producerende reaktie alhoewel inversie

door botsingen niet geheel is uitgesloten.

Zn Hoofdstuk 6 wordt tenslotte de relevantie van de ge-

vonden meetresultaten uiteengezet. Geconcludeerd wordt dat

chemische interakties verantwoordelijk kunnen zijn voor de

populatie inversie van de interstellaire hydroxyl radikalen.
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Katholieke Universiteit te Nijmegen. Het doctoraal examen

werd door hem cum laude afgelegd in 1969 waarna hij als

wetenschappelijk medewerker verbonden werd aan de werkgroep
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