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I Introduction

1.1 Inelastic collisons with excited state atoms

Over the last four years the research program of the molecular

beam group of the Eindhoven University of Technology has been changed

from elastic collisions with ground state atoms to inelastic and re-

active collisions rith metastable and short lived excited state atoms

which play an important role in (laser) plasmas and gas discharges.

The aim of the project is to obtain fundamental insight in the col-

lision dynamics of these systems and to determine the relevant para-

meters of the (optical) potentials involved. The work presented here

is an exponent of tha switch of the research program. The results are

published in three papers, which are the body of this thesis.

In the collision of excited state atoms with ground state atoms

various inelastic channels may be open, depending on the scattering

partners used. If the excitation energy is above the ionisation

energy of the ground state atom, Penning ionisation (eq. 1) and asso-

ciative Penning ionisation (eq. 2) will occur

He(21S,23S) + Ar

He(21S,23S) + Ar

He + Ar+ + e"

(HeAr)+ + e~.

(1)

(2)

Information on the optical potential for these systems can be obtained

by measuring both the total cross section for Penning ionisation and

the differential elastic cross section.



If the internal energy of the excited atom is not sufficient to

ionize the ground state atom, near resonant inelastic transfer reac-

tions between electronic states are likely to happen. A well known

example is the population inversion mechanism in the He-Ne laser

+ Ne •> Ne** + He + AE. (3)

This system was used as a pilot study for the detection of wavelength

resolved inelastic fluorescence in our experimental set-ups.

Of growing interest are experiments with short lived excited

state atoms which are produced by laser excitation of the metastable

atoms

Ne (Is ) +Tiw -* Ne (2p) (4)

The short lived excited state Ne (2p) atoms are used for the measure-

ment of the cross section for inelastic transitions within the 2p

manifold

Ne**(2p) + He/Ne ->- Ne**(2p' ) + He/Ne ± AE (5)

These inelastic excitation transfer reactions are described in chapter 3.

1.2 This Thesis

This thesis is built around three papers on the work presented.

In chapter 2 the experimental facilities are described. Chapter 3

describes experiments on excitation transfer reactions now under



investigation. The optical pumping of the beam of fast metastable

neon atoms is described in chapter 4. The influence of the polari-

zation of the laserbeam and the influence of a (weak) magnetic field

is measured and discussed. Chapter 5 deals with the measurement of

the Rabi oscillations in the optical pumping of the beam of metastable

neon atom. The oscillations result from the coherence of the laser-

beam and they can be detected if the interaction time of the atoms

with the laserbeam does not exceed the natural lifetime of the in-

duced transition by a factor 2. The results given in chapter 4 end 5

nowadays form the basis for all our current and future scattering

experiments with metastable or short lived excited state atoms,

where polarization effects play a role. Chapter 6 describes the

measurement of the total cross section for Penning ionisation and the

large angle differential cross section of a state selected

1 3
He(2 S,2 S) beam with Ar and N~ as scattering partners.

Since published articles form the main frame of the thesis each

chapter has its own numbering of tables, figures and equations. If

the text refers to an equation of another chapter this is indicated

by adding a chapter number. Equation 5.10 refers to the tenth equa-

tion of chapter 5; eq. 10 refers to the tenth equation of the current

chapter. Each chapter has its own reference list, implying that the

same reference is sometimes given in more than one reference list.



I I Experimental facilities

2.1 The molecular beam machine

The currently used molecular beam machine is the result of a two

step renovation and extension of the former 'looptijd 1' machine.

The first step was the renovation of the primary beam line, accor-

ding to the standarisation of the vacuum systems of the group. The

second step was the implementation of a double differentially pumped

supersonic secondary beam. Here we describe the new born experimental

set-up.

The experimental set-up is given in fig. 1. Along the primary

beam axis a z scale is indicated with z=0 at the end anode of the

primary beam source. The supersonic beam is described in detail by

Verheijen . After passing the scattering centre the secondary beam

is dumped in a separately pumped beamtrap. Table I gives the working

conditions of the secondary beam. Listed are the nozzle pressure p ,

the number density n in the scattering region, the density length
sc

product <nl> and the rise in background pressure Ap caused by the

remaining gasload of the secondary beam. With secondary beam off the

background pressure is p=2 10 Torr.

Perpendicular to the secondary beam and with an angle of 3TT/4

with the forward direction of the primary beam a spiraltron is used

to detect Penning ions and backward scattered metastaMe atoms

(chapter 6). The chopper provides for time-of-flight analysis of

the primary beam particles. The metastable atoms are detected by

secondary emission on a stainless steel surface and subsequent multi-

plication with a CuBe multiplier.
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Fig.l. The crossed beam machine.Along the primary beam a z scale

is indicated.

(1) HCA, (2) quenchlamp, (3) chopper, (4) collimator

d = 2 mm, (5) scattering centre, (6) supersonic beam

nozzle d = 94 ym, (7) beamtrap, (8) optical pumping

facility with Helmholtz coils, (9) collimator d = 0.3 mm,

(10) metastable beam detector, (11) laserbeam and stepper-

motor driven mirror

Table I The secondary beam performance

Po (Torr)

nsc(m"
3)

<nl> (m"2)
SC

Ap(Torr)

Ar

200

1.9

4.0

2.1

5.4

10

10

10

10

18

15

"3

"7

200

0.

1.

2.

75

6

1

10

10

10

18

15

-3

3.4 10'
-7



The laserbeam can cross the metastable beam before che chopper,

at the scattering centre and in the optical pumping facility which

is provided with Helmholtz coils. The experiments described in

chapter 4,5 were performed by crossing the laserbeam and the me-

tastable beam in the optical pumping facility. A quenchlamp is

used for the optical pumping of the metastable He(2 S) level.

2..2 The primary beam sources

Beams of metastable rare gas atoms can be produced in a wide

range of translational energies. Energies above 10 eV are obtained

2)
by near resonant charge exchange of rare gas ions in an alkali cell .

Electron impact on a supersonic expansion has proven to be effective

in the thermal energy range . The translational energy is then

determined by the temperature of the nozzle. A third type of source,

where a discharge is sustained through the nozzle of a supersonic

4)
expansion , can be used in the same energy range. For translational

;nergies in the intermediate range (1-7 eV) more recently a hollow

cathode arc (HCA) has been developed' .

In our experiment two different sources are employed. In the

thermal energy range a Fahey type source is used . This source will

be denoted TMS (thermal metastable source). In the superthermal

energy range we employ a HCA. Here we give a progress report on the

operation of the HCA '.

A schematic view of the arc is given in fig.2. The gas feed

takes place through the hollow cathode. The most characteristic

visible feature of the arc is the hot spot near the tip of the ca-

thode. Inside the cathode a thin cathode sheath of a few tenth of

microns exists, with a voltage drop of 10-40 eV. Electrons are



o

Fig.2. The HCA. (1) cathode, (2) end anode, (3) ring anode,

(4) plasma

emitted from the „dchode wall by (probably field enhanced) thermo-

emission, gaining enough energy for the excitation and ionisation

(direct and stepwise) of the neutral gas.

Theuws achieved reliable operation of the HCA using Ar, which

is known to be the easiest way to operate the source. The use of Ne

and He first gave rise to severe problems. The lifetime of the

tungsten cathode was limited to less than 10 hours by evaporation

and crater formation. By changing the working conditions we have

achieved reliable performance for He and Ne for more than 40 hours.

The main problem in operating a HCA concerns the hot spot of

the cathode. For a tungsten cathode the temperature is close to

3000 K. At this termperature the cathode evaporates a lot of material.

A rise in temperature of 100 K will result in an increase of evapo-

ration rate by a factor 10. Therefore optimizing the source must be

done by carefully examining the hot spot. For Ar and Ne the tempera-

ture of the cathode is given in fig.3 as a function of the gasflow J.

The temperatures are measured with a pyrometer, which is calibrated

with a tungsten ribbon lamp. Absolute accuracy of the measurements

is 10%; relative accuracy is 1%. The general behaviour is the same

for both gases. The hot spot moves towards the tip with increasing

8
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Fig.4. The intensity of the beam of metastable atoms as a function

of the gasflow for different gases
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Fig.5. The time of flight spectrum of neon metastable atoms for

the HCA. The solid line gives the fit with the supersonic

velocity distribution function
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gasflows. For Ar at higher gasflows the hot spot is at the very tip

of the cathode and the temperature of the hot spot is increasing,

resulting in a fast evaporation of the tip which shortens the ca-

thode by 1 mm/hour. For Ar we have the best long life performance

for J = 0.3-0.6 Torr 1/s. For these gasflows the temperature of the

hot spot is in the region 2800-2900 K. For Ne the temperature of

the hot spot is higher for the gasflows used. The best long life

performance is for J = 1-1.5 Torr 1/s. The temperature behaviour in

the case of He is the same as for Ne, however stable operation is

only achieved for J>1.5 Torr 1/s.

The measured intensities of the metastable atoms as a function of

the gasflow aregiven in fig.4. The intensities are a factor 2 smaller

8 91

compared to intensities mentioned elsewhere ' since these measure-

ments were performed with a non-ideal detector geometry. However,

the dependency on the gasflow and the relative production for the

different gases is correct.

A time-of-flight spectrum of metastable neon atoms is given in

fig.5. The spectrum is analysed with a supersonic velocity distri-

bution function . A decent fit is obtained. This fit is used in

the analysis of the Penning ionisation measurements described in

chapter 6. Speedratios are found to be 1.5 < S < 3. At first sight

it seems remarkable that a nice fit is obtained. The production pro-

cesses for the beam of metastable atoms completely differs from the

adiabatic expansion formalism used to describe the supersonic

velocity distribution. Probably the best way to look upon this is

by considering the velocity distribution to be a Boltzmann distri-

bution superimposed on a drift velocity.

11



2.3 The dye laser system

A Spectra Physics standing wave c.w. dye laser (580 A) is used

for state selection of the beam of metastable Ne atoms. The laser

is stabilized on the absolute transition frequency using an

auxiliary atomic beam set-up . In this arrangement the laser and

the laserstabilisation are completely decoupled from, the main experi-

ment, which allows us to regard the laser system as a service station

that provides experiments with exactly the right coloured laser

light. Currently the laser is used in three main experiments.

Three steps are used to tune the dye laser within the natural

linewidth (15 MHz) of the atomic transition. A Michelson and Morley

12)
interferometer gauges the wavelength of the dye laser with respect

to the wavelength of a He-Ne laser with a relative accuracy of

500 MHz. In the next step an absolute accuracy of 150 MHz is ob-

tained by observation of the Doppler broadened fluorescence line

(1500 MHz) in a glow discharge. The 15 MHz wide fluorescence signal

in the auxiliary beam machine is easily found by scanning this

150 MHz range by hand. Typical countrates are 180 kHz for signal

and 20 kHz for background.

The stabilization of the laserfrequency on the Doppler free

signal is obtained in two loops. An analog control loop (frequency

respons 10-200 Hz) locks the frequency of the dye laser to the

transmission peak of a scannable Fabry-Perot by control of the end

mirror and the fine tuning etalon ' of the laser. In a second,

computer controlled, loop the transmission peak of the Fabry-Perot

is locked to the maximum of the fluorescence of the Doppler free

signal, with a repetition rate of one per 10-30 seconds.

12



As mentioned before the experimentalist may look upon the laser

system as a computer controlled service station, providing him with

the correct coloured laser light; he can fully concentrate on his

main experiment. Each 30 seconds the measurements are interrupted

in order to perform the second loop stabilization. After an incidental

mode hop the laser is, in most cases, automatically restabilized by

resetting the analog loop. When this procedure fails to work the

experimentalist is alarmed by a klaxon signal. The main experiment,

which is constantly informed on the status of the dye laser (stabi-

lized, not stabilized), may use this information to decide whether

or not to restart a part of the measurement. In this way conti-

nuous measurements of 18 hours have been performed without inter-

ference of the experimentalist.

2.U The quenchlamp

The He energy scheme is described by LS coupling. Excitation of

one electron of the Is orbital to the 2s orbital will result in two

electronic excited levels; the He(2 S and 23S) levels. The ZltS> level

is metastable because of the selection rule for the total angular

3
momentum J. The 2 S level is metastable since transitions between

singlet He and triplet He are forbidden.

Quenching of the metastable 2 S level can be obtained by exci-

tation to the 2 P level and subsequent decay to the ground level.

Excitation of the metastable 2 S level will always be followed by

radiative decay back to the 2 S level. Application of a discharge

quenchlamp will therefore result in the selective quenching of the

singlet metastable level.

13



Fig.6. The quenchlamp. (1) hollow cathode, (2) anode, (3) He

discharge, (4) atomic beam axis, (5) metal bellow,

(6) teflon tube, (7) vacuum bypasses for pumping speed (2x)

vcathode 'anode

Fig.7. The quenchlamp with

i = 100 mA, R = 16.7 kfi

-150 V, 3.5 kV.



The quenchlarap is shown in fig.6. A Pyrex tube (innerdiameter

3 mm) is wound 10 times around a Pyrex tube with an innerdiameter of

20 mm; the metastable atoms pass the lamp through the latter. The

interaction length with the discharge is 120 ram. The He pressure in

the lamp is of the order of 1 Torr and a flowing gas system is used.

The hollow cathode is made of stainless steel with a height and a

diameter of 20 mm, a tungsten pin serves as anode. The operating

current is 50-100 mA at an operating voltage of 3-3.5 kV. A 16.7 kfi

load resistor is used in serie with the lamp. Two vacuum

bypasses are used to enlarge the pumping speed.

|-f[{ms)
0.1 0.2 0.3

Fig.8. G(V) for the HCA as a function of the inverse velocity

of the atoms. The upper scale gives the flight time of

the atoms. The full line gives an exponential fit to the

data; the dashed line gives the asymptotical value of the

fit.

15



Precautions were taken to force the discharge to burn between

the cathode and the anode. The teflon tube of the gas feed has a

length of 1.5 times the length of the lamp, thus limiting the risk

a discharge will burn inside the teflon tube. The cathode is put at

a potential of -150 V to be sure that the discharge will not burn

towards the bellow, which is at ground potential. This is shown in

fig.7.

Time-of-flight spectra I (v) and IQff(
v) a r e measured with

quenchlamp on and off, respectively. Figures 8 and 9 give the

ratio

.9-

Fig.9. E(V) for the IMS as a function of the inverse velocity

of the atoms. The upper scale gives the flight time of

•the atoms. The full line gives a fit to the data with

a constant e(v)

16



I (v)

for both the thermal and superthermal energy range. At ideal

quenching conditions E(V) is equal to the relative population of

the He(2 S) atoms in the beam. In the thermal energy range the

quenching of the 2 S population is complete. In the superthermal

energy range the 2 S population is only partly quenched. The data

are evaluated in chapter 6.

2.5 Automation of the experiment and data processing

The experiment is automised to a large degree by the use of a

LSI 11/02 microcomputer. The microcomputer is connected to the

experimental set-up by a modular interface system called

Eurobus . Different interfaces are available. For measuring

routines ADC interfaces, frequency counters and a multi sealer

(for the TOF measurements) are used. Basic functions of the experi-

mental set-up (steppermotors, electric valves) are controlled by

steppermotor interfaces and output registers.

The microcomputer is connected to a PDP 11/23 computer which

serves as a host for 20 experimental set-ups. Programs and data are

stored on the 20 Mbyte hard disk of this computer. The PDP 11/23

is connected to the large B7900 system of the computing centre which

is used for the final analysis of the measurements. On the local

LSI 11/02 computers only a preliminary check on the data is per-

17



experiment
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system

LABORATORY
ILSI 11/03
[ satellite

telex

type

POP 11/23
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CENTRAL SYSTEM

tele >
type

—printer

disk
unit

COMPUTING CENTRE OF T.H.E.

Fig.10. A schematic overview of the automation of the experiment

and the dataflow

formed. An overview of the computing system is given in fig.10.

Computer programs are written in a Algol like language called

PEP '(Program Editor and Processor) which is an interpreter based

system. Standard routines are programmed as procedures and col-

lected in libraries. Therefore computer programs are short and

easy to change which is essential in an experimental environment.

18
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Excitation transfer reactions

3.1 The He-Ne system

Excitation transfer reactions between electronically excited atoms

and ground state atoms play a dominant role in all kinds of gas

discharges and laser plasmas. The He-Ne system is a well known

example of this type of reactions

+Ne+ Ne** + He ±AE (1)

This reaction, which is responsible for the population inversion of

the He-Ne laser, was used as a pilot study for experiments on

excitation transfer. The energy-level diagram of this reaction is

given in fig.l. On the left the two metastable He levels are indi-

cated. The electronically excited Ne levels are represented by the

main quantum number n and the angular momentum quantum number 1

of the excited electron. The core of the Ne atom is characterized by

a total angular quantum number j with j = 3/2, 1/2. A level with

j = 1/2 is indicated by a prime, in agreement with the modified

Racah notation. In all other parts of this thesis the Paschen nota-

tion is used. The Is Paschen levels correspond to the 3s, 3s' levels,

the 2p Paschen levels correspond to the 3p, 3p' levels.

The 5s and 4s levels, populated by excitation transfer reacti-

ons, are used as upper level for laser transitions. Three laser

transitions are given in fig.l including the X = 632.8 nm transition

which is the well known red He-Ne laser light.

21



if e x 'ss' p p' d d' f f
Ne*(j-1/2)
Ne+(j=3/2)

Fig.l. The energy-level diagram of He and Ne. The Ne(5s,5s',4s)

levels are used as upper levels for laser transitions.

The system was studied in two ways . We will discuss both.

First we discuss the main characteristics of the methods.

The first method concerns the measurement of the velocity depen-

dency of the total cross section for excitation transfer in the

crossed beam machine described in chapter 2. In this experimental

set-up the detection countrate is small. With a running chopper in

the atomic beam and without wavelength resolution a countrate of

0.5 Hz was measured. This is basically caused by two reasons. The

large distance d = 1374.5 mm between atomic beam source and scat-

22



tering centre limits the metastable beam intensity in the scattering

centre. Moreover, the solid angle detection efficiency of the optical

system used for the fluorescence detection is small. The fluorescence

is collected with a lens with a solid angle acceptance of Ü =
SCctC

0.23 sr resulting in a solid angle detection efficiency of 0.23/4ir =

0.02.

The second method concerns the measurement of the wavelength

2)
resolved fluorescence spectrum in a "minibeam" experiment . In

this experiment the number of inelastic transitions is increased

drastically compared to the experiment described above. A gas cell

is used instead of a supersonic beam. Moreover, the TMS was placed

near the gascell at a distance of d = 11 mm. A 0.25 m monochromator

was used for the wavelength selection. In this experimental set-up

the wavelength resolved spectrum can be measured easily. The detec-

tion signals are given in section 3.2.

The two methods have their own characteristics and reveal

different properties of the collision process. This is also the

case in the comparison of flowing afterglow and gas discharge expe-

riments with atomic beam experiments, where a fruitfull cooperation

can contribute to the better understanding of various inelastic pro-

cesses. We will discuss both methods in more detail in the following

sections.

3.2 The He-Ne system: the "minibeam" experiment

The wavelength resolved spectrum was measured in a "minibeam"

experiment (fig.2). The TMS is located at a distance d = 11 mm in

front of the gas cell. The gas cell (pressure p = 6 10 Torr) has a

23
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Fig.2. The "minibeam". (1) TMS, (2) gascell, (3) atomic beam,

(4) grid V = -300 V, (5) lens, (6) Ne gasfeed, C7) He

gasfeed, (8) fluorescence to monochromator.

length of 30 mm. A grid at -300 V placed inside the gas cell prevents

electrons from the discharge to enter the gas cell. The cm scattering

energy is centered at E = 8 0 meV with a full-width-at-half-maximum

of 80 meV. The fluorescence is collected with a lens. A Jarrell-Ash

.25 m monochromator is used for wavelength selection. The 50 um slits

of the monochromator result in a wavelength resolution AX = 0.95 nm.

A cooled photomultiplier with a standard S 20 cathode (EMI 9862) is

used. Spectra were obtained in the range 550 <\ (nm)<770. The spectra

are corrected for the grating efficiency of the monochromator and the

quantum efficiency of the photomultiplier.

The cm scattering energy enables the He(2 S) atoms to excite

the 5s, 5s', 4d and 4 f levels of Ne. Transitions between these levels

and the 3p, 3p' levels are detected, with the exception of the Af to
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transition

5s', 5s -»- 3p, 3p'

(4 levels)

4d -»• 3p, 3p'

(8 levels)

4f + 3p, 3p'

(8 levels)

AE .
min

(meV)

-55

86.3

96.9

Table I. The fluorescence of excitation transfer reactions in the

minibeara experiment. The energy difference of the excited levels

with respect to the 2 S level (AE . , AE ) is indicated.

AE fluorescence
max

(meV) (kHz)

47.4 5 7 + 5

96.4 33 + 4.5

99.9 <0.5

3p, 3p' -»• 3s, 3s' 417 + 12

(cascade radiation)

3p, 3p' transitions which are characterized by Al = 2. Furthermore,

the cascade radiation of the 3p', 3p levels to the 3s, 3s' levels

is measured. Table I gives the energy difference AE with respect to

the He(2 S) level and the fluorescence signals of the different

branches.

Table I shows that 22% of the cascade radiation can be explained

by detected fluorescence caused by excitation by the He(21S) atoms.

The resulting 78% can be explained by two contributions. The He(23S)

atoms will excite the Ne(4s,4s') levels. After infrared transitions

to the 3p,3p' levels they will contribute to the cascade radiation.

Moreover, levels excited by the He(2 S) atoms may contribute to the

cascade radiation via infrared transitions to the 3d,3d' levels.
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Table II. The fluorescence of the 5s, 5s' -*-3p, 3p' transitions in

the minibeam experiment. (1) cross sections by Ionikh, (2) our

results, see text

transition

5 s i -
5 s -

5 s 3 "

5 s 4 .

• 3p,

>- 3p,

- 3p,

• 3p,

3p'

3p'

3P'

3p'

AE

(meV)

47.4

41.5

-44.5

-55.0

fluorescence

(kHz)

50.3 +_ 4.5

0.18 + 0.03

1.85 + 0.2

4.58 + 0.2

Q(D

(82)
3.45

0.009

0.3

0.3

Q(2)

(A02)

3.45

0.012

0.13

0.31

Hh

+.

+.

+.

0.30

0.002

0.02

0.02

Since 22% of the cascade radiation can be explained by excitation

by the He(21S) level, with a relative population of 0.09 (chapter 2)

this implies that the average cross section for excitation transfer

by the 2 S atoms must be at least 2.9 times the average cross

3
section for the 2 S atoms.

Table II gives the detected fluorescence signal for the different

5s,5s' levels and the energy difference with the He(2 S)level. The

cross section measured by Ionikh in a low pressure (0.11-0.22

Torr) and low current (10-60 mA) discharge is also given. In the

last column the cross section resulting from our measurements is

given by taking the cross section for the 5s,' level equal to the

one of Ionikh. These data show a rather good agreement, only the

5so cross section of Ionikh is a factor 2.4 higher as the one we

measure.
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3.3 The He-Ne system: the crossed beam experiment

The total cross section for excitation transfer was measured

as a function of the relative velocity in a crossed beam experiment.

The experimental set-up is described in chapter 2. The fluorescence

light was collected with a lens (f = 18 mm, diameter d = 20 mm) and

focussed on the entrance of a multi fiber . In this way a solid

angle acceptance of 0.23 sr is obtained. The multi fiber transports

the light to the photomultiplier, which is located outside the

vacuum system.

Figure 3 gives the cross section for the total production of

fluorescence light (detected with a pm with a S 20 cathode EMI 9862)

as a function of the cm scattering energy. The measurements were

performed without the use of the quenchlamp since the direct light

of the lamp was not effectively suppressed. However, the distribution

over the two metastable levels is known for both sources (chapter 6).

An averaged detection efficiency over the detected fluorescence
_2

range of 5.8 10 is used to provide for an absolute cross section

scale. Moreover, it is assumed that one inelastic scattering event

will result in two fluorescence photons, a direct fluorescence pho-

ton and a cascade photon. This is an upperlimit; averaged over all

inelastic collisions the number of photons per inelastic collision

will be between one and two, as is clear from section 3.2. The data

in fig.3 are thus a lower limit for the absolute value of the

quenching cross section.

We will compare our data to the results of Haberland ' .

Haberland measured the elastic differential cross section for this

system in the thermal energy range. Inelastic collisions are de-

tected as additional structures in the differential cross section.
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Fig.3. The total cross section for excitation transfer reactions

as a function of the cm scattering energy. Solid lines

give the calculated cross section of Haberland multiplied

by the relative population of the 2 S and 2 S level in

the beam.

(1) Ne(5sp excited by He(21S)

(2) Ne(4d,4f) excited by He(21S)

(3) Ne(3d) excited by He(23S).

By fitting the data he derived the coupling matrix elements for the

inelastic transitions. The velocity dependent inelastic cross section

was calculated with a simple curve crossing model. The potential

curve of the outgoing channel (He + Ne**) was taken to be equal

to the ionic potential curve (He + Ne+) which was shifted in energy

to the appropriate asymptotical value. Three contributions of

major branches of inelastic collisions calculated in this way are

28



also given in fig.3. The calculated cross sections are multiplied

by the relative population of the TMS of the metastable level

1 3
involved (2 S: 0.09, 2 S: 0.91). Because our energy resolution

is of the order of A E p ^ = 17 meV at E = 100 meV and ^ F v m =

48 meV at E = 200 meV, respectively, we do not expect to find pro-

nounced peaked structures in our measured cross section.

In the thermal energy range only a limited number of Ne**

levels is energetically accessible. In the superthermal energy

range the cm scattering energy is large enough to excite all

Ne** levels (fig.l). However, only a limited range of levels will

contribute to the detection signal. This is illustrated in fig.4.

In this figure the calculated lifetimes of highly excited Na(17p,

pend

8)

18p) levels are given . For these levels the dependency of the

lifetime on the main quantum number n is given by

T(n)-vn
4'5 (2)

This dependency is shown in fig.4. The lifetimes of the Ne(5s,4d,3p)

levels are also given. The lifetimes of the 5s,4d levels are cal-

culated from the lifetimes of the 5s-3p, 5s-4p and 4d-3p transi-

tions given by Lilly '

2 2

The 2 x 2mm scattering centre is imaged as a 2 x 2 mm spot

on the entrance of the multi fiber with an effective diameter of

4 mm. This arrangement will result in an average viewlength for

fluorescence of 1,. = 2 mm. For this viewlength the detection

efficiency ^(n.v) is given by

n(n,v) = 1 - expC-g™-) (3)
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Fig.4. The lifetime T(n) as a function of n for Na and Ne. The

4.5
solid line gives the n * dependency of eq.2.

Fig.5. The efficiency ri(n,v) as a function of n for three

different atomic velocities.

(1) v = 2000 ms"1, (2) v « 8000 ras"1, (3) v = 15000 ms"1
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The detection efficiency r)(n,v) as a function of n for three

different atomic velocities is given in fig.5. The lifetimes

T(n) are calculated with eq.2 and T(5) is taken equal to T(5) =

75 ns. Figure 5 shows that in the thermal energy range, where only

excitation to Ne** levels with n<6 is energetically possible,

the Ne** levels will decay within the viewlength of the detector.

In the superthermal energy range excitation to Ne** levels with

n>8 will not be detected because of the large atomic velocity and

the large lifetime of the excited level. The rather large quenching

cross section in the superthermal energy range (fig.3) is thus fully

due to levels with a main quantum number n<8. Due to the increasing

ionic character at short distances of these highly excited

levels the approximation of using the He +Ne potential for the out-

going channel is very good. The incoming channel He* +Ne will then

have curve crossings with all these levels.

To obtain more insight in the nature of these crossings it

would be highly desirable to measure the energy dependency for a

limited number of separate levels. In this way we can check the

assumption of Haberland for the excitation transfer, i.e. the

rapid increase at threshold and the rapid fall off with increasing

energy. In our opinion our results indicate that it is not unlikely

that the fall off is less rapid, since only the limited number of

extra levels that opens up at higher energies can explain the

cross section in the superthermal energy range (see fig.3).

The fluorescence was detected without wavelength resolution.

This was done for the following reasons. Wavelength resolved mea-

surements would only probe one transition of the whole branch of
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transitions of the excited level, which would drastically limit

the detection signals. Furthermore the optical phase volume acceptance

of the monochromator is rather small. The monochromator accepts light

with an angle 6<8 with respect to the optical axis, resulting in

a solid angle acceptante of fi = 0.061 sr. The area of the

mon
2

entrance slit is S = 0.05 x 18 = 0.9 mm . For the scattering
mon 5

2
centre we have S = 2 x 2 = 4 mm and £2 = 0.23 sr. The op-

scat scat

tical phase volume (PV) acceptance of the scattering region and the

monochromator are equal to

PV = fi x S = 0.96 sr ram2 (4)
scat scat scat

PV = fi x S = 0.054 sr mm2 (5)
mon mon mon

showing that, even though the collection of the fluorescence

light is poor, the monochromator acceptance would be the limiting

factor in wavelength resolved measurements.

3.4 The optical detection system

As described in section 3.3 the monochromator is the limiting

factor in the optical detection system when wavelength resolved

experiments are performed. This is also true for the experiment

described in section 3.2. Application of a wavelength selecting

device with the same wavelength resolution but with a larger

optical phase volume acceptance would therefore be preferable. A

multilayer interference filter with a single transmission peak at

a fixed wavelength can be used. The transmission of such a filter

depends on the angle of incidence 0 of the fluorescence light on the

filter. With increasing 9 the peak of the transmission is shifted by
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AX to a smaller wavelength and the maximum of the transmission

and AX= 1.1 nm.

Tmax(e) decreases
 i;. For 9 = 6° we find Tmax(6°) = 0.25 Tmax(0 )

The angle 9 = 6 corresponds to a solid angle acceptance of

o
ft = 0.034 sr. The area is Sf.. = 1662 mm for a commercial

filter with a diameter of 46 mm. The optical phase volume accep-

tance then equals

PVfilter "«filter X Sfilter = 5 6- 5 s r ^ ( 6 )

which is a factor 1050 larger compared to the optical phase volume

acceptance of the monochromator (eq.5).

The scattering centre described in section 3.3 is characterized

2 2
by S . = 4 mm , Ü = 4TT and PV = 50 mm sr, showing thatJ scat scat scat &

for these dimensions of the scattering centre the phase volume

acceptance of the wavelength selecting device will not be the li-

miting factor in the optical system if an interference filter is used.

In practice it will be impossible to collect the full 4TT solid angle

fluorescence; if parabolic or ellipsoidal mirrors are applied the

upper limit will be fl = 8 sr. Such an optical system would col-
scat

lect 33 times more (eq.5) of the fluorescence as the system described

in section 3.3. However, with an interference filter only one fluor-

escence line out of the whole branch of direct and cascade radiation

would be detected. Therefore the measurement of the velocity de-

pendent cross section of a selected excitation transfer reaction,

by fluorescence detection, will still be troublesome in the con-

ventional crossed beam machine, even with an optimized optical

detection system. Only if such a system is used in combination

33



with a "minibeam" type experimental set-up, these experiments can

be performed with acceptable countrates

Interference filters are now in use in a new experimental

set-up for the measurement of excitation transfer reactions with

12)
short lived excited state atoms . Special care has been taken in

the design of the optical detection system to ensure that the op-

tical phase volume acceptance of the filter is filled as good as

possible with fluorescence light from the scattering centre. In

the following section we will enlight some of its properties.

3.5 The Ne(2p)-He/ Ne system

The experiment concerns the measurement of excitation transfer

reactions within the 2p manifold (Paschen notation) of Ne

Ne**(2p) + He/Ne •*• Ne**(2p') + He/Ne + AE (7)

The short lived excited state atoms are produced by laser exci-

tation ' ' of the metastable atoms. For the Ne(2p)+Ne system

rate constants were determined by Smits . The cross sections for

these transitions are of the order of 1$ . Potential curves

and coupling matrix elements have been calculated by Masnou and

Hennecart . Since short lived 2p state atoms (T = 20 ns) are

used, special care must be taken both to optimize the number of

inelastic events and the detection efficiency of the inelastic

fluorescence light in order to obtain a detectable inelastic signal.

The number of inelastic events is optimized by limiting the

dimensions of the apparatus in a way similar as described in

section 3.2. The distance between metastable beam source and
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Fig.6. Experimental set-up. (1) TMS, (2) skimmer, (3) parabolic

mirror, (4) nozzle, (5) laser beam, (6) atomic beam,

(7) coloured glass cut-off filters, (8) interference

filter, (9) lens, (10) photomultiplier.

scattering centre is 92 mm ensuring a large metastable beam flux

(fig.6). A skimraerless supersonic expansion with the nozzle tip at

2-5 mm from the scattering region is used as a secondary beam,

resulting in a high number density of scattering partners. The

laserbeam crosses the scattering region perpendicular to both

atomic beams. Supersonic source and scattering region are pumped

by a 2000 l/s oil diffusion pump.

The scattering centre is located in the focus of a parabolic

mirror. In this way 40% of the fluorescence radiation is collected

and imaged into a 50 mm wide, nearly parallel beam. The width and

divergence of this beam matches the optical phase volume accep-
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Fig.7. The detected fluorescence of the 2p7-ls„ transition as a

function of the nozzle pressure p . The 2p, level is po-

pulated by the 2p,-2p_ excitation transfer reaction.

tance of the interference filter, which is used for wavelength

selection. The interference filter has a 10 blocking at 5 nm from

the centre and a full-width-at-half-maximum of 2 nm. Coloured glass

cut-off filters are used for additional blocking of the direct

fluorescence light of the 2p level and the scattered laser light.

The transmitted light is focussed on the 9 mm diameter cathode of

a cooled photomultiplier with a dark count rate less than 5 Hz.

The use of a skimmerless supersonic secondary beam will cause

an attenuation of the metastable beam flux by elastic scattering

before reaching the scattering centre. Initially a rise in nozzle

pressure pQ results in an increase of both the inelastic signal and

the metastable beam attenuation. A further increase of p will

decrease the inelastic signal if the attenuation, becomes too large.
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The inelastic signal has a maximum if the elastic scattering reduces

the metastable beam flux to e~ times the beam flux with supersonic

beam of f (fig.7).Since the metastable beam flux is directly probed

in the scattering region by measuring the direct fluorescence of the

2p level with the same detector, the attenuation of the raetastable

beam flux does not influence the results of the measurements.

For a cross section of the excitation transfer process of

li? a 1 kHz countrate is measured. If the two-level system is used for

the excitation of the metastable atoms (the ls_- 2p„ transition),

repeated use of the metastable atoms results in a countrate of

12 kHz for a cross section of lX . The experiment has now developed

into a full Phd study.
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IV The optical pumping of a metastable level of a fast
neon beam

Abstract

Optical pumping of metastable neon atoms (J=0,2) in a fast atomic

beam (v=2000-10000 m/s) has been investigated experimentally for

application as a state-selective modulation technique in scattering

experiments. The experimental techniques used to monitor this pro-

cess are detection of the fluorescence radiation and a measurement

of the velocity resolved attenuation of the beam of metastable atoms.

The latter method directly gives the fraction of the metastable

atoms that are destroyed; it has been used to investigate the

effect of a magnetic field on the pumping process in case a pola-

rized laser beam is used. Because a weak magnetic field does not

interfere with the optical pumping, the Zeeman splitting being much

smaller than the natural linewidth, it can be effectively applied

to produce pumping of all magnetic substates, resulting in a maxi-

mum modulation of the metastable level population. In the pumping

of a thermal beam a stray field of « 0.1 G suffices.

1. Introduction

Optical pumping has been studied intensively since the beginning

of this century. In the twenties discharge lamps were used to induce

optical pumping in gas discharges and linewidth measurements were

performed using the Hanle effect as a diagnostic tool. Much effort

was thereby put into the description of perturbations such as cascade

effects and collision effects. After a period of extensive effort,
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however, interest in these phenomena cooled down.

Recently new interest in optical pumping arose simultaneously

with the development of cw-dye-laser systems, making it possible to

perform optical pumping in molecular beams. Nowadays, some twenty

years after the construction of the first He-Ne laser, laser systems

are widely used as a diagnostic tool in molecular beam experiments

or as a method for achieving beam modulation in collision experi-

1-4)
ments, opening a wide new range of experiments .

For a two-level system experiments have been reported introducing

polarization effects in the atomic beam . Also the depletion of

one level in a mixed-level beam has been reported .We will

discuss both effects for metastable neon and also the possibility

of preparing a polarized or non-polarized beam of atoms in an ex-

cited level for use in scattering experiments.

We describe experiments on optical pumping of a fast metastable

neon beam (v = 2000-10 000 m/s) produced by a hollow cathode arc.

Two methods are used to monitor this pumping process. Firstly, we

detect the direct fluorescence signal with a photomultiplier. Secondly

time-of-flight techniques are used to measure the metastable beam

attenuation as a function of the velocity of the atoms. The second

method has the important advantage of a detection efficiency close

to unity, for the optically pumped atoms, in comparison to the small

solid angle acceptance of an optical system. Special attention has

been given to the effect of weak magnetic fields (<5 G). These effects

are important since there is no collisional mixing of the magnetic

states of the pumped metastable level.

We carried out a thorough study of the pumping process in view

of inelastic scattering experiments in a crossed-beam machine,



Ne**^2p) + Ne -f Ne**(2p') + Ne + AE, (1)

where the Paschen 2p short-lived Ne**(2p) level is produced by laser

excitation of a metastable Ne beam. The ground-level atoms originate

from a supersonic source. Inelastic transitions are monitored by

measuring the wavelength-resolved fluorescence signal of the

Ne**(2p') levels. Since we work with short-lived excited 2p levels

Q

(T = 2 x 10 s) a perfect matching of the three beams is called

for and all aspects of the pumping process must be known.

Throughout this paper we use the term "transition" for sponta-

neous decay between levels, i.e. Zeeman-degenerated electronic

levels, and the term "component" for spontaneous decay between

single magnetic substates, referred to as state. A level will be

denoted as |J> and a state as |j,m>. If necessary a subscript will

be used giving the Paschen notation of the level involved.

2. Theory

2.1 The optical pumping process

The relevant part of the energy-level diagram of neon is given

in fig.l. The first excited Is manifold has four levels of which two

are metastable, the |2>, and the |0>, levels. The excited 2p
ls5 ls3

manifold consist of 10 different levels. In our experiment we use

a mixed beam of atoms in the ground level and in the metastable

levels (ground-levelpopulation: metastable-level population =

-3 -4
1 : 10 - 10 , produced by a hollow cathode arc). Using a dye

laser the metastable atoms can be excited to the 2p manifold.

Excitation will be followed by either stimulated emission to the
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Fig.l. Energy-level diagram of Ne* ls-2p transitions (Paschen

notation).

pumped metastable level or spontaneous decay to different Is levels

depending on the 2p level selected. Excitation of the I2>
Is. to

>2 transition will be followed by spontaneous decay to the ini-

tial |2>, level as well as to the resonant |l>. and |1>.
5 is2 ls4

levels. Repeated excitation will then deplete the |2>, level
iS5

without changing the metastable | Q> level population. For excitation

to a |1>2_ level, however, radiative decay to the non-pumped metasta-

ble level must be taken into account.

The processes that occur in the pumping region are presented

in fig.2. We will first discuss this three-level system without

considering the different magnetic substates. Their influence

will be discussed later. The transition probabilities W(s-1) for

absorption and stimulated emission are both equal to

W « 0* (2)



where ö(m2) is the cross section for absorption and *(m s ) the

flux of photons.

The population of the upper level |J>k and of the metastable

level |J>. can be calculated as a function of the illumination time

in different ways. First we have the semiclassical evolution of the

amplitude of both the upper level and the initial metastable level

if at t = 0 the raetastable state is illuminated. If we ignore spon-

taneous decay to the |J>. level, theory predicts an oscillatory be-

haviour of the population of the|J>k level and the IJ;^ level. After

a time t, corresponding to the well-known IT pulse all atoms should

be in the |J>. level, after a time 2t1 all atoms should be in the

|J>. level again. This oscillatory behaviour is exponentially damped

due to the statistical process of spontaneous decay with time con-

stant 2/Ajti.

7 -1
For neon one has A. . = 10 s typically. For atoms with a

velocity v = 5000 m/s and for a laser beam diamer d = 2 mm the

illumination time is t = 4 x 10~ s. Therefore the initially

oscillatory behaviour is completely damped out. Only if the

illumination time is shorter than the radiative life time of the

Fig.2. Optical pumping process with absorption and stimulated

emission (transition probability W) and spontaneous decay

(transition probabilities A. . and Aj.).
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I J>, level it should be possible to detect an oscillatory beha-

viour, e.g., for d = 100 um and v = 5000 m/s.

In our case it suffices to use the rate equations. The change

of the population of the |J>. level, N.(t), and the change of the

|J>. level, N. (t), as a function of the illumination time t is then

given by

dN (t)
*t = -W [ Nk(t) - N£(t) J " f \ i + \ j 1 \ ( O (3)

d [ N (t) + N.(t) ]

where the first term on the right-hand side of eq. (3) represents the

absorption and stimulated emission and the second term the spontaneous

decay. Eq.(4) represents the loss of particles in the pumping process

due to spontaneous decay to the |J>. level. These equations can be

solved analytically in the simplified case of beams without diver-

gence and neglecting Doppler shifts. As an illustration we will con-

sider two cases.

In the weak laser field approximation (W«A. .) absorption will

be followed by spontaneous decay; stimulated emission does not play

a significant role. We find a |J>. level population N.(t) as a

function of the illumination time according to Lambert-Beer:

-ctWt
t^Ct) = NjCt-O) [ 1 - e ] (5)

(6)

where a is the branching ratio for spontaneous decay to the non-

pumped levels.



In the strong laser field approximation (W>> A, .) absorption

and stimulated emission will cause the |j>, level and the |j>. level

to be equally populated, as in a two-level system. Spontaneous decay

to the |j>. level causes the population of both the |j>. level and
J K

the |j>. level to decrease simultaneously. We find
l

N.(t=0) -2Wt -A..t
-^ [ -e + e ^JNk(t) = -i-j [ -e + e KJ ] (7)

N.(t=O) -2Wt -\-t
N.(t) = - ^ [ e + e *J ] (8)

where the first term on the right-hand side represents the laser

interaction and the second term the spontaneous decay to the |j>.

level. After establishing equal populations of both levels

(t>2/W) the pumping process is completely dominated by the spon-

taneous decay to the [J5 .̂ level.

For a circular laser beam of 10 mW and d = 2 mm the flux yields

* = 10 2 2 photons m"2s~1, for A = 600 nm. With Afci = 1 x 10
7 s"1

and A. = 5 x 10 s one has 0 = 1.15 x 10 m resulting in

W = 11 x 10 s~ . These features show that with rather low-power

laser beams we can reach the strong laser field regime, provided

the illumination time is sufficiently large.

2.2 Atomic beam and polarized laser light

In cell experiments at a pressure of a few Torr atomic col-

lisions give rise to mixing of the different magnetic substates.

For neon at 5 Torr and room temperature this occurs on a time scale

comparable to the radiative life time of an excited 2p level
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—H
( T = 2 x 10 s ). In an atomic beam collisons are virtually absent

and a treatment of separate magnetic states is called for. Optical

pumping with polarized light gives rise to polarization effects .

For the 12>, to 12>„ transition the possible fln components
I ls5 ' 2p4

are given in fig.3. The strength of each component is, according to

the Wigner-Eckart theorem, given by the square of a Clebsch-Gordan

coefficient, apart from the square of a reduced matrix element which

is independent of in. and m, . Since the sum of the relative strengths

of the components by which a |J,m>, state can decay is independent

of m, and since the sum of the relative strengths of the components

by which a |J,m>. state can be excited is independent of m., optical

pumping using non-polarized light will leave a non-polarized atomic

beam non-polarized, as should be expected.

If an atomic beam of lower-state atoms is illuminated by right-

hand circularly polarized light and when the z axis is chosen in

the direction of propagation of the light only components to the

upper state can be induced according to in, - m. = 1 . The |2,2>

state is not optically pumped. Spontaneous decay will even increase

the population of this state and the atomic beam will become pola-

Fig.3. The squared Clebsch-Gordan coefficients for the different

components of a |2>. to |2>. transition.
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rized. With linearly polarized light (choosing the z axis to be

parallel to the polarization) the |2,0>. state will become preferen-

tially populated by a similar process as described above.

These results also hold for the more general case of ellipti-

cally polarized light, which can be described as a superposition of

left-hand and right-hand circularly polarized light. Again for a

|2>. to |2>, transition we try to find an atomic state \\[>± which'is

not optically pumped:

2

'"""i " I Cm.lJ'm>i (9>m.=-2 l
i

f K\2 =«
m.=-2 i

with the coefficients C to be determined. A lower-state atom is
m.
l

not excited to the upper state when its wavefunction is not coupled

by the dipole interaction to the upper magnetic states. This is

true when the relation

(11)

holds for any m, , with the constants.p and q characterizing the ellip-

tical polarization of the laser light. Using the Wigner-Eckart

theorem eqs. (9)—(11) result in a set of six equations with five

unknown factors. However, the structure is so that one not-pumped

quantum state \ty>. can be found, as is plausible from the previous

cases.

The same approach can be used for a |2>. to |1> transition

where always two out of five independent substates are not influ-



enced by optical pumping with arbitrarily polarized light.

Concluding we find that an arbitrarily polarized laser beam

will always result in a polarized atomic beam. Part of the pola-

rization of the laser beam is transferred to the atomic beam. Only

with non-polarized light a non-polarized atomic beam will be ob-

tained.

2.3 Polarized laser light and a weak magnetic field

In this section we describe the influence of a weak magnetic

field on the pumping process, in which case we have to include the

Larmor precession of the pumped metastable state. We choose the

z axis along the laser polarization and the magnetic field B

in the xz plane with an angle 0 with the z axis. The transition

probability W(t) for the excitation of a \\i» • state to a |l|)>k state

is proportional to the square of the transition matrix element

W(t)cc|k<^(t)|V(t)|vi)(t)>i|
2 (12)

where V(t) is the dipole interaction operator. The |i|)(t=O)>. state

can be developed into eigenstates along the magnetic field axis,

indicated by a prime, yielding

|\|)'(t=0)>. = Z C' |j,m'>.

DCt=O)>i (13)

n'

9).
where D is the rotation operator for rotations around the y axis

The time evolution of |i|)'(t=0)>i is given by



(14)

with y_ the Bohr magneton and g the Lande factor. The time evolution

of the |J,m'>. state can also be described in terms of a rotation

around the z'axis (i.e. the magnetic field)

(15)

with D , the rotation operator and a>j = uogB/fi the angular frequency

of the Larmor precession of the pumped raetastable level. Eq.(15) is

equivalent to the usual classical picture of the precession of the

J vector around the magnetic field.

Using eqs.(13)-(15) yields

(16)

The |^'(t)> . state can again be described in the original frame with

the z axis along the laser polarization resulting in

(17)

With a magnetic field along the laser polarization (g=0) the

total rotation reduces to D^, (cu, t), describing the Larmor precession

around the z axis, i.e. the laser polarization. A |i|)(t)>. state which

cannot be pumped at t=0 will not be pumped at t>0 (section 2.2).

For a magnetic field with an angle 8 with the z axis the rota-

tion changes the distribution over the magnetic states for t>0. A
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Fig.4. Magnetic field perpendicular to laser polarization.

|i)J ( t ) ^ state which cannot be pumped at t=0 therefore has a finite

chance to get pumped at t>0. If the Larmor precession is large enough

to produce a quarter rotation inside the pumping region this will

result in the pumping of all atoms assuming sufficient laser power.

For a magnetic field perpendicular to the laser polarization

the situation is given in fig.4. Starting at t=0 with the |2,2>.

state the Larmor precession will cause an admixture of other |2,m>.

states. For this case the relative probabilities of the |2,m>.

states are given in fig.5 as a function of the rotation angle

6, = U)T t. One can clearly see the initial |2,1>. admixture followed

by the admixture of other !2,m>. states. After a rotation over

6, = TT one finds a pure |2,-2>. state. These features can be ex-

pected from the classical picture of a precessing J vector.

The Larraor precession frequency U, is equal to the Zeeman

splitting uL = 2.1 MHz/G of the pumped metastable |2>. levell0\

For atoms with a velocity v = 5000 m/s and a pumping region of 2 mm

we find that a magnetic field B = 1.2 G will already cause a full

precession of the J vector in the pumping region, resulting in the

pumping of all |2>, level atoms assuming sufficient laser power.
ls5
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Fig.5. Relative probabilities of the |2,m>. states as a function

of the Larmor precession angle 0. with initial condition
L

|2,2>. at 6. = 0. Numbers indicate different |2,m>. states.

3. Experimental arrangement

3.1 The beam machine

The experiment is carried out in a four-chamber differentially

pumped atomic-beam machine. A schematic view of the experimental ar-

rangement is given in fig.6.

The metastable beam is chopped by a three-disk chopper with two

narrow slits on opposite sides. The chopper is running at 100 Hz re-

sulting in a trigger frequency of 200 Hz. The metastable atoms are

detected by secondary electron ejection on a stainless-steel surface

and by subsequent multiplication with a CuBe multiplier. The detec-

tion efficiency of this metastable detector has not been determined.

Using the available data of other experiments ' we estimate it

to be in the range 0.5-1. However, since we are doing relative mea-

surements this unknown efficiency does not play a role. The distance
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Fig.6. The experimental arrangement.

between chopper and detector, i.e. the flight path for the time-

of-flight (TOF) measurements is 2.1 m. The orifice in the end

anode has a diameter of 0.5 mm, the collimator in front of the de-

tector has a diameter of 0.3 mm. Since the distance between orifice

and diaphragm is 2 m this results in an atomic beam divergence of

0.4 mrad (full angle).

Measurements were carried out with a polarized laser beam and

with a non-polarized light beam. The non-polarized light beam was

produced by transmitting the laser beam through an optical fiber.

The fiber had a small numerical aperture (NA = 0.115) and a small

core diameter of 50 ym making it possible to produce an intense

light beam with a small waist diameter (d = 2 nun at e intensity)

and divergence (5.5 mrad fwhm) by using a single f = 80 mm lens.

The transmitted beam shows a fine speckle pattern. Each speckle has

a well-defined polarization, but on a macroscopic scale the light

beam is completely depolarized.

3.2 The hollow cathode arc

For the production of the metastable atoms we use a hollow
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cathode arc which is sampled through an orifice in the end anode

14 14 —1 —1
Metastable intensities are of the order 1 x 10 -2 x 10 s sr

mm . The metastable atoms have energies in the range of 1-10 eV.

These fast metastable atoms are produced inside the plasma by col-

lisions between ions and slow metastable atoms with charge exchange

or between electrons and fast ground-state atoms (excitation), the

14)
latter process being dominant. Investigations by Theuws have

resulted in a reliable source for operating with argon and krypton.

Using the arc with helium and neon, with their high ionization po-

tentials and their inherent problems, first gave rise to severe

difficulties. The life time of the tungsten cathode was limited to

less then 10 h by evaporation and crater formation. Moreover, the

source became unstable rather frequently. By increasing the gas flow

through the cathode by a factor four (argon: 0.4 Torr 1 s ; neon

and helium: 1.5 Torr I s ) we have now achieved stable operation

for more than 40 h both for helium and neon, which makes the hollow

cathode arc a reliable source for scattering experiments.

3.3 The dye laser

The metastable beam is crossed at right angles by the laser

beam of a Spectra Physics 580A dye laser. The dye laser is con-

stantly stabilized (0.5 MHz rms deviation) on the absolute transi-

tion frequency using an auxiliary atomic beam arrangement . This

is done by passing the dye laser beam and a counter-propagating laser

beam through the metastable neon beam of this auxiliary experiment

and by optimizing the angle between laser beam and metastable beam

so that the fluorescence signal as a function of the laser frequency

for both parts of the laser beam coincide . Since the Doppler shift
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for the counter propagating laser beams is of opposite sign this proce-

dure provides us with the absolute Doppler-free transition frequency.

The laser is stabilized on this fluorescence signal. In our main experi-

ment we only have to optimize the angle between laser beam and metastable

beam. This is done with a device consisting of a mirror mounted on a

platform which is actuated by two stepper motors, one for the rotation

and one for the translation. Combined operation of both stepper motors

makes it possible to change the angle between the laser beam and the

metastable beam while keeping the pumping region at a fixed place.

Using this device the attenuation of the metastable beam is mea-

sured as a function of the intersection angle. A parabola least-

squares analysis of this attenuation as a function of the angle

provides us the correct (Doppler-free) angle within 0.2 mrad. The

whole procedure is fully computerized and easy to use.

3.4 The detection

Optical pumping can be investigated both by measuring the

fluorescence radiation produced in the pumping region and by mea-

suring the attenuation of the beam of metastable atoms.

The metastable beam detector has the advantage of a high de-

tection efficiency (0.5-1). There are no background pulses. The

statistics in measuring the optical pumping is therefore deter-

mined by the produced metastable beam attenuation. In the worst

case (pumping the |0>. state atoms) the attenuation is 10%.
J.s3

The fluorescence detection has the disadvantage of a small

solid-angle detection efficiency (<15%) and a poor multiplier

quantum efficiency (<10% for the spectral region involved). The

background signal is due to dark counts and to scattered light,

mainly produced by the laser beam.
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In most cases the metastable beam detector will give better

results. Only for small metastable beam attenuations (<5%) the

detection of the fluorescence will give better statistics, pro-

vided an effective reduction of the background signal of the

fluorescence detector is realized.

The fluorescence detector was used in measuring the total fluor-

escence of the Zeeman-splitted magnetic substates. The angular dis-

tribution of the fluorescence of a [J»m>, state decaying to a |J>.

level by dipole radiaton is given by

« [ (J^IMIJ^)2!^) (18)
m.M

where (J.m. 1M|J.m, ) are the Clebsch-Gordan coefficients for the

allowed |j,m>. state to the |J,m>, state transitions and where

g is the angle between quantization, axis and observation direction.

The dipole angular distribution functions F, (g) are given by

| sin2
? (19)

=|(1 + cos2
?) (20)

Looking at the fluorescence of the different |J,m>, states we must

sum the intensities given by eq. (18) to all possible Is levels with

the transition probabilities for spontaneous decay to these levels

as a weight factor. We calculate that the fluorescence of the

|2,2>2 state is slightly more peaked around the quantization axis

than the fluorescence of the |2,1>„ state. This is mainly due to the

zp2

decay to the resonant |1>^S and |1>, levels where for the |2,2>2
Z A 2

state only the decay to the |1,1>. state takes place. Detecting the

fluorescence in a cone with a half top angle of 45° placed around the
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axis perpendicular to the quantization axis results in a fluorescence

detection efficiency for the |2.1>? state being 1.37 +_ 0.10 times

the fluorescence detection efficiency of the |2,2 >„ state.

The metastable beam detector was used for all other experiments.

This detector is expected to be independent of the magnetic substates

or metastable levels. All experiments give the ratio of intensities

£ ( v ) =

with the subscripts referring to the condition of laser-beam on and

20
off, respectively. When pumping the Ne metastable atoms we always

22
have a residual contribution to e(v) of the Ne isotope, resulting

in e(v)>0.1 if we assume natural abundance of the isotopes. By

inserting the branching ratios for the radiative decay from the

upper levels the remaining contribution to e(v) gives information

on the distribution of the metastable atoms over the two metastable

levels. Moreover, e(v) can be analyzed in terms of the number of

magnetic substates that have been excited by the laser field, when

a polarized laser-beam is used.

4. Results

In this section we will successively describe three different

categories of experiments. These experiments refer to different

parts of the theory.

4.1 Optical pumping using non-polarized light

In optical pumping using a non-polarized laser beam all magne-

tic states have an equal chance to get excited; all atoms of the
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Fig.7. The metastable beam attenuation e(v) as a function of the

inverse velocity of the atoms. The upper scale gives the

interaction time with the laser. Laser power 7 mW, laser

beam diameter 3 mm. The dashed line gives the Doppler-free

model; the full line the Monte Carlo simulation.

electronic level involved are being pumped.

A typical plot of e(v) is given in fig.7 as a function of the

inverse velocity 1000/v of the atoms, which is proportional to the

interaction time with the laser-beam. We can analyse the shape of

e(v) using the rate equations (eqs. 3 and 4). The dashed line gives

the analytic solution of these equations when ignoring the diver-

gence of the beams and assuming a homogeneous light beam instead

of a gaussian-shaped one. The difference with the experimental

results at short interaction time is due to the large influence

of the divergence of the laser beam on the pumping process. A

misalignment of 1 mrad will cause a Doppler shift of 7.5 MHz for
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atoms with v = 5000 m/s, which is of the same order as the fwhm

of the induced transition (fwhm = 8 MHz for A. = 5 x 10 s ),

resulting in a significantly lower transition probability W (eq.2)

with increasing velocities.

The influence of the beam divergences and the gaussian shape

of the light beam has been calculated using a Monte Carlo simu-

lation of the pumping process. The metastable atoms are being fol-

lowed throughout the pumping region which is divided into small

slices. For each slice the possibility for absorption, stimu-

lated emission or spontaneous decay to either the pumped metastable

state or the other Is states is taken into account in the framework

of the Monte Carlo procedure. The full line in fig.7 gives the result

of this Monte Carlo model and shows good agreement with the measure-

ments.

The beam attenuation at large flight times gives us information

on the beam composition. We assume natural abundance of the isotopes

and equal secondary emission coefficients for both metastable levels.

The population ratio Y is defined as

where N, and N, are the populations of the |0>, and |2>,
3 5 i s

levels. The population ratio derived from the experimental results

for two different transitions is given in the upper part of table

1. The Boltzmann distribution is used to describe the distribution

over the metastable levels

ls
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where 2J + 1 is the statistical weight of the level, AE the energy

gap between the levels and T^ the group temperature of the Is

levels. Using AE = 96 meV and T, = 3000 K, as determined from line-

intensity measurements in a hollow cathode arc in argon , we find

that the distribution is almost completely determined by the statis-

tical weight of the levels.

In pumping the |0>, level atoms, using polarized laser light,
ls3

we do not have to take into account polarization effects; all |0>,
ISQ

atoms are pumped. The population ratio derived from experimental

results on pumping the |0>. to |l >
? transition using polarized

laser light assuming all |0>, level atoms to be pumped, is given

in the lower part of table 1 and shows good agreement with the other

measurements. We can conclude that the optical pumping is complete

for the low velocity range (v <5000 m/s).

Table 1

Beam composition measured for different transitons

light beam Transition A(nm) Y

non-polarized Is5~2p4 594.4 0.13+0.02

fiber light Is5~2p2 588.1 0.13+0.06

polarized ls3~2?? 616.3 0.12+0.02

laser light

a)see Eq.(22).
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4.2 The fluorescence signal in a strong magnetic field

The separate components of the |2>, to \2> transition were

measured by applying an external magnetic field that removes the

degeneracy of the magnetic substates (fig.8). A magnetic field

B = 300 G was applied in the pumping region along the atomic beam

axis. Fig.9 shows the fluorescence as a function of the laser

frequency for the case of three different orientations of the

linear polarization of the laser with respect to the B field.

We choose the z axis along the magnetic field. With the laser

polarization along the magnetic field we can write the dipole-

interaction operator E- u as

E-u - E u (24)

giving rise to the four an = 0 components (fig.9a). One can clearly

see the gap in the spectrum due to the forbidden (2,0^ to p f O ^

component. With the laser polarization along the x axis (perpendi-

cular to the magnetic field) we can write

5 9

1 X)
V ï&Ek
12

Fig.8. The Zeeman splitting of a |2>t to |2>k transition.

AE± - 2.1 MHz/G, A ^ - 1.8 MHz/G.

60



(25)

The two terms on the right-hand side can be treated independently

since the Zeeman splitting has destroyed the coherence effects which,

in the absence of a magnetic field, would result in $" = 0 components

-1000 0
Av(MHz)

1000

Fig.9. The fluorescence signal in a magnetic field of 300 G, as a

function of the laser frequency.(a) Laser polarization along

the magnetic field; (b) laser polarization perpendicular to

the magnetic field; (c) laser polarization at 45° with respect

to the magnetic field. Numbers indicate the transitions of

fig.8.
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with the quantization axis along the laser polarization. Now the

first term on the right-hand side gives rise to the &m = 1 compo-

nents and the second terra gives the ^m = -1 components (fig.9b).

The Am = 0 components are absent for obvious reasons. Fig.9c

shows the fluorescence signal with the laser polarization having

an angle of 45° with the magnetic field. For this orientation we find

• 1 E fcipL) (26)

In detecting the fluorescence we measure the number of atoms excited

by the different channels of fig.3. Since we are detecting the fluor-

escence of different excited magnetic states we must consider the

different non-isotropic distributions of the fluorescence of these

states (section 3.4). For the fluorescence of the |2.1>. and |2,-1>.

the distribution is identical, which is in agreement with equal in-

tensities of the lines 6 and 7 in fig.9c. Comparing the j 2,1>. to

12,2^ component (line 1) with the 12,1>. to |2,1>. component

(line 6) we see an equal fluorescence signal. In this case the dif-

ference in Clebsch-Gordan coefficien ts,-(1/6)* and (1/3) , is

compensated by the electric field which for the Am « 0 component

is 2 times the electric field for the Am « 1 component (eq.26).

In comparing the fluorescence of the \2,l>. to |2,2>. component

(line 1) and the j2,1>. to 12,0>. component (line 10) we measure a

relative fluorescence signal of 1.3, which in the absence of satura-

tion effects should be 1.5 according to the ratio of the squares

of the Clebsch-Gordan coefficients for these transitions.

The same holds for the |2,2>. to |2,1>. component (line 9) and

the |2,2>. to |2,2>. component (line 5) where we measure a relative
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fluorescence signal of 1.65, which should be 4 without saturation

(factor 2 for both the relative strengths and the square of the

electric field). Due to the strong electric field and the large

relative strengths the |2,2>. to|2,2>. component (line 8) is more

strongly saturated than the |2,2>^ to |2tl>^ component (line 1).

4.3 Optical pumping in a weak magnetic field

To measure the influence of a weak magnetic field on the optical

pumping with a polarized laser beam we have mounted three pairs of

Helmholtz coils around the pumping region, both to compensate

residual magnetic fields and to apply a well-known magnetic field.

Preliminary results have been published elsewhere . The |2>.
ls5

to|l>9 transition was used. Without a magnetic field the|2,2>.

and |2,-2>. states will not be pumped; moreover the population of

these states will be slightly enriched due to spontaneous decay

from the upper state. Taking into account the spontaneous decay

to non-pumped states the residual metastable level population will

be 0.71 +0.02 after pumping. With a weak magnetic field perpendi-

cular to the laser polarization the pumping of all |2>, level
ls5

atoms will result in a residual metastable level population of

0.48 +0.02 after pumping.

Fig.10 shows the ratio of intensitiese(v) as a function of the

velocity of the atoms for three different values of B ,, the magnetic

field perpendicular to the laser polarization. The magnetic field

along the laser polarization is compensated up to 0.01 G. The pre-

dicted ratios (0.71 and 0.48) are given by dashed lines.

We clearly see the two extreme cases, i.e. the partial pumping

in the case of B. = 0 and the complete pumping of the |2>, state
is5
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Fig.10. The metastable beam attenuation as a function of the flight

time of the atoms for three different magnetic fields per-

pendicular to the laser polarization. Laser power 7 mW;

laser beam diameter 1.62 mm. Curve a: B^< 0.01 G,

curve b: B , » 0.4 G, curve c: Bĵ  * 1.6 G.

atoms for Bj_ « 1.6 G. In the intermediate range we see a curve

(B j_* 0.4 G) indicating that at this magnetic field the slow atoms

v • 2000 m/s have performed more Larmor precession inside the pumping

region resulting in a better pumping of these atoms compared to the

fast atoms (v » 10 000 m/s). With a laser beam diameter d - 1.62mm a

magnetic field of B -1.47 G will cause a full precession inside

the pumping region for atoms with v - 5000 m/s.

We conclude that polarization effects play an important role

in the optical pumping of a fast atomic beam. In frequently used
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thermal metastable beams the polarization will normally be de-

stroyed by stray magnetic fields. In those cases the polarization

can be preserved by limiting these stray fields and by applying a

weak magnetic field of the order of a few gauss along the laser

polarization as a guide field. To destroy all polarization effects

a weak magnetic field perpendicular to the laser polarization is

sufficient.

5. Discussion

Optical pumping can be used in scattering experiments in two

ways. First, we have the preparation of the beam in a well-defined

state before it is used in scattering experiments; for instance by

depletion of one metastable level in a mixed-metastable level neon

beam. Secondly, pumping can be used to excite the atoms inside the

scattering region for experiments with short-lived excited state

19)
atoms as scattering partner

Depletion of the |0>, level can be accomplished by polarized
ls3

light as well as by non-polarized light in the excitation to a |1>.

level. However, we have to consider the spontaneous decay to the

other metastable level. If polarized light is used this spontaneous

decay will influence the polarization of the non-pumped level. To

show this we take a non-polarized metastable beam. Choosing the

z axis along the linear laser polarization we excite the 10>,
1S3

level atoms to a |l,0>, state. Spontaneous decay to the non-pumped

|2>, level enriches the |2,0> , |2,1>. and |2,-1> states
5 5 5 *ss

without changing the population of the other magnetic states. The

metastable \2>. level becomes polarized depending on the amount
1S5
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of initial | 0>, level atoms pumped to this level. This polarization
ls3

can be preserved by putting a magnetic field parallel to the laser

polarization. If such a magnetic field is absent, stray fields will

normally destroy the polarization within 10 nun beyond the pumping

region.

Depletion of the |2>, level can be carried out in different

ways. Non-polarized light can be produced by passing the laser

beam through an optical fiber (section 4.1). Excitation to a |2>.

level will not change the population of the non-pumped |0>. level,

ls3

excitation to a |1>. level will enrich the |0>, level. Pumping

the |2>. level to either a |2>, or a 11>. level with polarized

laser light and a weak magnetic field along the polarization results

in only partial pumping of the |2>, level. The residual |2>.

level population is polarized. If the magnetic field is perpendi-

cular to the laser polarization and the magnetic field is large enough
to produce a full Larmor precession in the pumping region this will

result in the total pumping of the |2>. level assuming sufficient
ls5

laser power.

Excitation can take place using the non-polarized light beam

produced by transmission through a fiber. The result would be an

isotropic population of excited state atoms.

If linear polarized light is used and a weak magnetic field

is employed along the laser polarization excitation of the |2>,
ls5

level to a |2>k level will give rise to a mixed |2,2>. , |2,1>.,

|2,-l>k and |2,-2>k excited state. The |2,2>k and J2,-2>k states

and the |2,1>. and |2,-l>k states are equally populated, but small

differences between the |2,2>k and |2,l>k state population can be

deduced from the different Clebsch-Cordan coefficients for the
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components. This is also true for the excitation of the \2>,
ls5

level to a |1>. level. Now all |l,m>. states are populated but

small differences between the Ut^i, and the|l,O>, state will be

present. As mentioned before the laser polarization and the magnetic

guide field must be along the relative velocity vector for measuring

preferential |J,m>k state scattering.

A single |J,m>. state can again be prepared by using the

Zeeman splitting in a strong magnetic field. In general, such a

field will not influence the dynamics of the scattering process

significantly.

References

1. H. Hotop, J. Lorenzen and A. Zastrow, J. Electron Spectry 23
i

(1981) 347.

2. P.L. Jones, U. Hefter, A. Mattheus, J. Witt, K. Bergmann, '

W. Muller and R. Schinke, Phys.Rev. A26 (1982) 1283. j

3. J.M. Mestdagh, J. Berlande, P. de Pujo, J. Cuvellier and ;

A. Binet, Z. Physik A304 (1982) 3. !

4. W. Beyer, H. Haberland and D. Hausamann, Ninth Intern. '

Symposium on Molecular beams, Book of abstracts, p. 229.

5. A. Fischer and I.V.Hertel, Z. Physik A304 (1982) 1.

6. M.J.Coggiola, T.D. Gaily, K.T. Gillen and J.R. Peterson,

J. Chem. Phys. 70 (1972) 2576.

7. J.P.C. Kroon, H.C.W. Beijerinck and N.F. Verster,

J. Chem. Phys. 74 (1981) 6528.

8. A. Kastler, J. Phys. Radium 11 (1950) 255.

9. A. Messiah, Quantum mechanics (North-Holland, Amsterdam, 1970).

67



10. E. Back and A. Lande, Zeeman Effekt und Multiplettstruktur der

Spectrallinien (Springer, Berlin, 1925).

11. F.B. Dunning and A.C.H. Smith, J. Phys. B4 (1971) 1683.

12. F.B. Dunning, A.C.H.Smith and R.F. Stebbings, J. Phys. B4

(1971) 1696.

13. P.G.A. Theuws, PhD Thesis, Eindhoven University of Technology

Eindhoven (1981).

14. P.G.A. Theuws, H.C.W. Beijerinck, N.F. Verster and D.C. Schram,

J. Phys. E15 (1982) 573.

15. M.J. Verheijen, H.C.W. Beijerinck and N.F. Verster, J. Phys. E15

(1982) 1198.

16. M.J. Verheijen, H.C.W. Beijerinck and N.F. Verster, to be

published.

17. B.A. van der Sijde, J. Quant. Spectry. Radiative Transfer 12

(1972) 703.

18. J.P.C. Kroon, H.C.W. Beijerinck and N.F. Verster, Proceedings

of the 13th R.G.D. Symposium, Novosibirsk, 1982, to be

published.

19. W. Bussert, J. Ganz, M.-W. Ruf. A. Siegel and H. Hotop, 13th

ICPEAC,Berlin, 1983, Book of Abstracts, p.619.

68



Rabi oscillations in the optical pumping of a meta-
stable neon beam with a c.w. dye laser

Abstract

We report the measurement of Rabi-oscillations in the optical

pumping of a beam of raetastable neon atoms in a three level system

with a c.w. dye laser. The laser beam is focussed on the atomic

beam, resulting in an interaction time with the later beam of the

order of the spontaneous lifetime of the induced transition. The

Rabi-oscillations are measured by velocity resolved analysis of the

optically pumped metastable atoms. Adiabatic following is observed

when the atoms cross the laser beam outside of the waist, induced

by the Doppler shifts due to the curvature of the wavefronts.

I. Introduction

The theory of Rabi-oscillations describes the initial inter-

action of atoms with a coherent light source, predicting an oscil-

latory population of both the upper level and the lower level. The

oscillatory behaviour is basically caused by the coherence of the

light. The oscillations are damped by spontaneous decay, therefore

they can only be detected when the interaction time is of the order

of the spontaneous lifetime of the transition used.

Rabi-oscillations have been studied experimentally in different

ways. The frequency resolved fluorescence signal of a two level

system, using a high resolution scannable Fabry Perot shows a three

1—3}
peaked signal at a spacing equal to the Rabi-nutation frequency .
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Measurements are reported on the total fluorescence using a pulsed

laser or using an electric field pulse for sweeping a group of

atoms in and out of resonance by the Stark shift * . In our experi-

mental configuration a laser beam is focussed on a high velocity

3 3 — 1
beam (v = 2 10 - 10 10 as ), resulting in an interaction time

of the same order as the spontaneous lifetime of the induced transi-

tion.

The same type of experimental arrangement for the measurement

of Rabi-oscillations on a vibrational infrared transition of SF,.
o

has been reported . The longer lifetime of the transition allows

the measurement of the oscillation with a thermal beam. The mea-

surements reported here are the first measurements of this type in

the visible spectral region.

The principle of adiabatic following is known from nuclear

magnetic resonance measurements. It describes a two level system

being swept through resonance, resulting in the complete conversion

of lower level atoms to the upper level. The optical analog was

measured on an infrared transition in NH~ . In our experiment the

adiabatic following can be observed when the atoms cross the laser

beam outside of the waist, where the curvature of the wavefronts

causes a Doppler shift. For the case of a diverging laser beam the

atoms initially observe a positive Doppler shift followed by a ne-

gative Doppler shift after passing the centre line of the laser

beam.
The experiment is done in a three level system, i.e. the

metastable level, the excited level, which is populated by the laser

interaction, and a third level which can be populated by spontaneous

decay of the excited level. The existence of the third level causes

the intensity of metastable atoms to decrease. We measure the attenu-
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ation of the metastable atoms, after passing the laser beam, as a

function of their velocity, giving information on the pumping

process.

II. Theory

The relevant part of the energy diagram is given in Fig.l.

There are two metastable levels: the ls^ and Is- levels with total

angular momenta J = 2 and J = 0, respectively. The laser is tuned

to excite metastable atoms to one of the 2p levels. Spontaneous

decay can take place to the pumped metastable level and to the

other Is levels. Spontaneous decay to the resonant ls_ and Is,

levels causes the intensity of the beam of metastable atoms to

decrease.

19

Paschen
notation

IB-

01

S 17

16-

\

A»600nm

•2P10

A»7Snm

-1s2
«5

-1Sn

Fig. 1. Energy level diagram of the Ne (ls-2p) transitions, with

Paschen notation for the excited states.
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A. Rabi-oscillations without spontaneous decay

We briefly review the description of Rabi-oscillations in a

uniform laser field ' and investigate the influence of the gaussian

envelope of the waist of a laser beam. The state |*|j(t)> of a two

level system is the superposition of the lower state |a> with

energy E = hu> and the upper state | b> with energy E, = Hi»),
3 3 D D j

given by

-iw t ~it0Kt

= c a ( t ) |a>e a + cb( t) |b>e D (1)

The state |iKt)> has to satisfy the time dependent Schrb'dinger

equation, with the Hamiltonian H = HQ + H. consisting of a contri-

bution H- in absence of the laser field and a contribution H. due

to the interaction of the atom with the field.

For the case of a linearly polarized laser beam (angular fre-

quency w, electric field amplitude E//z'-axis) substitution of Eq.(l)

in the time dependent Schrödingèr equation yields the usual dif-

ferential equations

dt 2 ba
§«„•«'"<, <t) <2.b)
2 ba a

in the rotating wave approximation, with |Ra|J = I —<a|V>z, | b>E/Tl|

|R, I = R the Rabi-frequency, U , the dipole moment along the
Da z

z'-axis and ACD = W,-<JÜ -W. The solution of Eqs.(2.a) and (2.b) is
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|cb(t)|
2 = (R/fl)2 sin2 (Qt/2) (3.a)

fi = (R2 + Ao>
2)* (3'b)

With the laser field on resonance (Au> = 0) the upper state popu-

lation |c.(t)| has extrema for Rt = nir , with n integer and

n > 1. Odd values correspond to maxima, even values to minima:

the system has suffered a so-called nir-pulse. When the laser field

is off resonance, i.e. Aw 4 0, the oscillation depth decreases

and the oscillation frequency increases.

In our experiment the atomic beam crosses a gaussian laser

beam in the waist. For this case the Eqs.(2.a) and (2.b) are solved

numerically for a time dependent Rabi-frequency R(t), with the

time t related to the position x in the laser beam according to

t « x/v

A simple integration method had been used. Figure 2 shows the

3 -1Rabi-oscillations for atoms with a velocity v = 2 10 m s as

a function of x for a laser beam with dimensions according to

section III and total power P * 0.83 mW. We observe that the

oscillation frequency is larger at x - 0 than for x 4 0, as can

be expected from the gaussian profile of the electric field ampli-

tude of the laser beam. Note that x « w (0) corresponds to e~

decrease of E and thus R.

B. Adiabatic following without spontaneous decay

In section II.A we have described Rabi-oscillations for a uniform

laser field, both for Au - 0 and for z W 0 but constant. When the

angular frequency is time dependent, e.g. by sweeping the fre-
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Fig. 2. The population of the upper level |c,(t) | as a function of

the position x in the waist of the gaussian laser beam, for

a laser power P = 0.83 mW. The waist radius w (0) is also

indicated.

quency of the laser field, the phase factor of the electromagnetic

field is given by e x p U / ^ t 1 )dt'), resulting in a modified set of

differential equations

ca ( t ) i
= 2 Rab c b ( t )dt (5.a)

c (t)

~dt I Rba ca ( t ) (5.b)

with the frequency difference Aü)(t) = w,-w -to(t).

These equations are identical to those obtained in atom-atom



scattering ' for a system with two adiabatic potential curves with

an avoided crossing, which has been initially investigated by

Landau and Zener . The energy difference of the diabatic curves

for the atom-atom scattering as a function of the internuclear

distance is replaced by the time dependent energy difference

tuüüj(t). The energy HR is the equivalent of the coupling matrix

element between the two diabatic states. If we assume that

Aw(t) = Aui(O) t (6.a)

R(t) = R(0) (6.b)

i.e. for the case of atom-atom scattering the diabatic curves

are approximated by linear functions and the coupling matrix

element does not depend on the internuclear distance, an analytical

solution of the Eqs.(5.a) and (5.b) is given by Zener . For the

boundary conditions c (-») » 1 and eJK(-°>>) « 0, i.e. all atoms area D

in the lower level |a>, the asymptotical behaviour for t-w» is

given by

|ca(»)|
2 - exp(-ir R(0)2/2aw(0)) (7.a)

- |ca(«)|
2 (7.b)

For Au(0) « R(0) the system will follow the adiabatic curve and

will end up in the upper level |b>. This is usually called adia-

batic following.

When the atomic beam in our experiment crosses the laser beam

outside the waist, the curvature of the wave fronts results in a

position dependent Doppler shift, given by
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(8)

with p^ the radius of curvature of the wave front and x the position

in the laser beam. Using Eq.(8) we find a time dependent frequency

difference

- «) a - 0) - AiOjjCt) (9. a)

(9.b)

with a constant *ate of change proportional to v .

For a better qualitative understanding of the process of adiabatic

following we can discuss this problem within a quantum-electro-

dynamical frame work. The diabatic energy curves for the initial and

flAu(H

t)R(O)

0
time

Fig. 3. Effective diabatic (full line) and adiabatic (dashed line)

potential energy curves for the |a>|n+l> and |b>|n>

states (n=0) of the dressed atom. The finite slope of the

diabatic |a>|n+l> curve is due to the position and thus

time dependent Doppler shift.

76



final state with (n+1) and n photons, respectively, given by the

product wave functions |a> |n+l> and |b>|n>, are drawn in fig.3

for n = 0. The finite slope of the |a>|l> diabatic energy curve is

due to the Doppler shift. However, the diabatic curves cannot cross

and are connected by the dashed lines. If the rate of change of

Aiü(t) is small in comparison to the square of the tranrition fre-

2
quency R(0) the system will follow the adiabatic curve.

In fig.4 the intensity contour of the laser beam and the atomic

beam trajectory (number 2) are drawn. At a position z, = 100 mm from

the waist and for a laser power P = 0.83 mW the Eqs.(5a) and (5b)

have been solved numerically for the Am » 0 components of the

Is,-- 2p_ transition in neon, using an average value of the Clebsch

Gordan coefficients (section IV.A). The population |c.(t) | as a

function of the position x in the laser beam is given in fig.5,

for velocities v = 2 10 ms and 10 10J ms of the atom.

Fig. A. The laser beam and two atomic trajectories, (1) resulting

in Rabi-oscillations, (2) resulting in adiabatic following.

The e intensity contour and the wave front at z « z. with

radius are also indicated.
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Fig. 5. The population of the upper level |cb(t)| as a function

of the position x in the gaussian laser beam. Laser power

P = 0.83 raW, z, = 100 ram and waist length L = 70.6 mm.

The radius w (z.) = 0.203 mm is indicated in the hori-

zontal scale. Velocity of atom v = 2000 ms (full line);

v = 10 103 ras"1 (dashed line).

By substituting the dimensions of the laser beam (section III,

Eq.(16)) we find E(0) = 1.93 103 Vnf1. Using Eqs.(2) and (17) to

calculate the numerical value of <a|u ,|b> we can determine the Rabi

8 —1
frequency on the axis of the laser beam R(0) = 1.02 10 s . The

radius of curvature is P^Cz^ = ^ 0 mm) = 148 mm. By inserting these

numerical results in Eqs.(6), (7) and (9) we then find Ic (co)| =

exp(-56) and |c (»)|2 = exp(-2.26) for v = 2 103 ms"1 and

a

3 —1

v = 10 10 ms , respectively. Comparison of these results with

fig.5 is not very rewarding at first sight. At v = 2 10 ms"
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we find |c («>)|2 = 4.7 10 2 and |c (•*>) |2 = 0 for v = 2 103

a a
3 -1

and 10 10 ms , respectively.

We first discuss the results for v = 2 10 ms .In fig.5

we observe a large number of oscillations superimposed on an

adiabatic curve for |c,(t)| . This indicates that we indeed

are in the regime of adiabatic following. However, the Landau-

Zener result is obtained by integration over a radiation field of

infinite width and our numerical simulation only extends over the

width of the laser beam, with a typical time scale

-A;x(0)/2v < t <+A/x(0)/2v (see Eq.(21)). For v = 2 10
3 ms"1

this range is -51 <t(ns) £51. At time t = 51 ns we find

Aun (51 ns) = 1.47 10 s~ , which is small compared to R(0).

The difference between the diabatic curves at the onset of the

laser beam is thus small in comparison with the effective sepa-

ration at t = 0 of the adiabatic curves in fig.3. In this respect

it is hardly surprising that we observe large differences in com-

3 -1
parison with the Landau-Zener formula. For v = 10 10 ms we have

a fully different situation. The curve in fig.5 is just a lucky

example of a particle suffering a TT-pulse and should not be con-

sidered as being due to adiabatic following. This is supported by

the results for v = 20 10 ms , which result in |c (°°) I = 0.5.
3

C. Spontaneous emission

In the preceding sections II.A and II.B we have not taken into

account the effect of spontaneous decay on the phenomena of Rabi-

oscillations and adiabatic following. Spontaneous decay of the

upper level |b> to a third level can easily be incorporated in the

semi-classical description given in II.A, by adding a semi-empi-
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rical term -(Ab/2)cb(t) in Eq.(2b) with Ab the decay rate. Without

laser field the differential equation for c.(t) then becomes

d cjt)
. -(A./2) c. (t) (10)dt

,2
resulting in the usual rate equation for the population |c,(t)| of

the upper level.

The analytical solution for the population of the upper level

for the case of Rabi-oscillations with only spontaneous decay to

a third level, i.e. A. » A, , is given by

|cb (t)|
2 = (R/fi)2 sin2 (nt/2) exp(-(Ab/2)t) (lla)

Ü = {R2 + (Ab/2)V (lib)

for the case Aü) = 0. In comparison with Eq.(3) we see that the term

(A,/2) has the same effect as Aw for the case without spontaneous

decay and causes an increase in oscillation frequency and a de-

crease in oscillation amplitude. Moreover, an extra damping with

decay ratu Ab/2 is added. The factor two in the decay rate can be

understood qualitatively if we consider that the atom only spends

half of its time in the upper level.

If we assume that (Ab/2R) « 1 we can write the oscillation

frequency as

* R { 1 + è(Ab/2R)
2} (12)

To determine the influence of the spontaneous decay on the oscilla-

tion frequency ft we assume a damping with a factor 1/e for an inter-
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action time t = 2ïï/fi a 2ÏÏ/R resulting in the relation (A,/R)=1/TT.

For these conditions we calculate 52 = 1.013R. We can conclude that

for those cases where we observe Rabi-oscillations, i.e. when they

are not fully damped by spontaneous decay, the oscillation fre-

quency is in good approximation given by the Rabi-frequency R.

For adiabatic following spontaneous decay to'a third level

can be included in Eqs,(5a) and (5b) in the same way as discussed

previously. However, no analytical solution is available. For our

experiment, where we detect the loss of atoms in the |a> level after

the interaction, it is not important if the decay occurs during the

interaction or at a later stage. We do not expect to observe any

effect depending on the magnitude of the decay rate A, .

We now discuss the limiting case A, = A, , i.e. we only consider

spontaneous decay from the upper level |b> to the lower level |a>.

Spontaneous emission of a photon by the upper state of the atom

(with a wave function with a well defined initial phase) will

result in a product wave function of the atomic lower state

and the photon state, again with a well defined phase. Substracting

the information on the emitted photon, in which we are not interested

will leave us with the lower level wave function with a random phase.

This process is illustrated in fig.6, which gives the amplitudes

c,(t) and c (t) in the complex plane. Subsequent spontaneous decay

decreases the amplitude cfa(t) according to Eq.(lO) with amounts

A. ~c,(t)At. The amplitude c (t), however, is modified by adding

equal contributions Acg(t) =|A. | exp(i<j>) with a random phase (ji. A

time average then results in

(13.a)
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Fig. 6. The decrease of the complex amplitude c,(t) of the upper

level with A. ~ c, (t)At due to spontaneous decay results

in an increase of the amplitude c (t) of the lower level

a
with Ac (t) = |A.| exp(i<t>) with a random phase <)>.

where the latter describes (together with Eq.(lO)) the conservation

of particles.

These equations directly show that for this case spontaneous

emission can not be included in the semi-classical description by

adding an extra serai-empirical term in the differential equations

for the amplitude c (t) and c.(t) (Eqs.(2) and (5)). Although the
a o

quantum field theory provides a rigorous solution of spontaneous

12)
decay ', we propose a more straightforward description in terms of

the density matrix operator p(t) because we are only interested in

the atomic state. By using the relation for the spontaneous decay

proccesses

d c*(t) cb(t)

dt
c*(t)cb(t)

(14)

the equation for the time evolution of P(t) becomes
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I •*'" - » p - ( t ) . (15)

-»bb«>

with the first term on the right hand side describing the interaction

with the electromagnetic field and the second term due to spontaneous

decay.

In our experiment we detect the loss of atoms in the meta-

stable |a> level after the interaction with the laser beam. This

loss is caused by decay of the upper |b> level to the resonant

levels. The transitions used are therefore characterized by A, »A,
b ba

and the results of Eq.(ll) are valid in good approximation. For

application to an arbitrary system, where A, may play an important

role, Eq.(15) is a good starting point when the effect of decay to

a third level with rate (A,-A, ) is added. For the resonant case

b ba

AID = 0 this will result in damped Rabi-oscillations due to the loss

of coherence on a time scale of the lifetime (A^a )

III. Experimental conditions

14)
The experimental set-up has been described in detail elsewhere

Here we give the main features (fig.7). The atomic beam is produced

by a hollow cathode arc which is an intense source for metastable

atoms with translational energies in the range 1-10 eV. A single

mode, frequency stabilized (0.5 MHz r.m.s.) c.w, dye laser was used

which was locked to the absolute transition frequency using an auxi-

liary atomic beam set-up .

The laser beam and the atomic beam cross at right angles. A

cylindrical lens with focal length F * 200 mm is used to decrease
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Fig. 7. The experimental set-up. (1) hollow cathode arc, (2)

chopper, (3) plane-parallel plate, (4) cylindrical lens,

(5) detector of metastable atoms, (6) collimator 0.3 nun

diameter.

the waist size of the laser beam along the atomic beam (x-axis, see

_2
fig.7), resulting in a waist radius «x(0) = 0.115 mm (e intensity

contour) with waist position z = 0 at the crossing point. The waist

of the laser beam perpendicular to the atomic beam (y-direction,

see fig.7) is positioned before the crossing point at z = -194 >vi,

with a waist radius w (z = 194 mm) = 0.314 mm. At z = 0 the radius

in the y-direction is thus w (0) = 0.335 mm. With a collimator of

0.3 mm diameter in the atomic beam careful alignment in the y-direc-

tion then results in an electric field which is constant within

A% over the height of the atomic beam. This is done with a plane-

parallel plate which enables a vertical scan of 0.5 mm with a high

reproducibility. By moving the lens along the z-direction the

waist in the x-direction can be centered on the atomic beam axis.
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For the waist in x-direction the divergence is 01 = 1.63 mrad

(half angle) and the waist length is L = 70.6 mm, as follows

directly from the wavelength (X = 588.1 nm for the Is,- -»• 2p~

transition) and the waist radius w (0).

The relation between the amplitude E(0) of the electric field

on the centre line and the total power P of the laser beam is

given by

E(0) = (~ eo c wx(z) wy(z))"
i P*

with G(z) determined by the geometry of the laser beam and E the

permittivity of vacuum. By substituting the beam dimensions at

17)

z = 0 we find G(0) = 3.53 103 (V m * (mW)~2). In our experiment

the total power P is measured with a commercial laser power meter

without any extra calibration in our laboratory.

The experiments have been performed with a linearly polarised

laser beam, resulting in a matrix element (Eq.(2)),

(J m 10|J,m. )
<a |uz,|b>- J-S

 h-4 e<J ||r||Jb> (17)
z (2Jb + n *

 a b

with (J m 10|J.m.) the Clebsch-Gordan coefficient and <J ||r||j >

the reduced matrix element, with the selection rule Am = m - m, =0
a o

for transitions between the different magnetic substates. For a

J = 0 to J. = 1 transition we only excite the |00> to |10> component,

which is possible by choosing the Is- (J = 0) metastable state as

a lower level. However, we have used the Is, (J =2) metastable
D a

state as a lower level, which according to the statistical weight

is most abundant. For an upper level with J. » 1 or J. = 2 we then
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simultaneously excite three or four Am = 0 components, respectively.

The different Clebsch-Gordancoefficients for these Am = 0 components,

will result in Rabi-oscillations with different frequencies R. The

best choice is J, = 1, where the numerical values are (2010|l0) =

(4/10)* and (2110|ll) = (3/10)2. The first three oscillations are thus

almost in phase.

Our final choice as upper level is the 2p2(Ji)= 1) level with

decay rates18) Aba= 1.29 10
7 s-1and Abc= 4.73 10

7 s"1. The latter

is the sum of the decay rate A. = 3.13 10 s~ to the ls„ and Is,

resonant levels (withanu.v. cascade to the ground state) and the

decay rate A, = 1.60 10 s~ to the Is- metastable level. The

wavelength of the Is,- •+ 2p_ transition is \ = 588.1 nm. From the

19)value of A we can directly derive the numerical value

e<J. | | r | |J >= 1.66 10" C m or use the line strengths listed .

The ls_ to 2p~ transition thus combines a large attenuation

of the beam of metastable atoms by decay of the 2p_ level to the

resonant levels with a small difference in Rabi-oscillaton frequen-

cies for the different fln = 0 components.

The beam of metastable atoms is analysed using time of flight

techniques. The metastable atoms are detected by secondary emission

on a stainless steel surface and subsequent multiplication with a

CuBe multiplier.

IV. Results

A. The Rabi-oscillations as a function of the laser power

After crossing the laser beam the Rabi-oscillations will leave

the atoms in the upper level ( a nir-pulse with n odd), the lower

level (n even) or in an intermediate situation with atoms in



both the upper and the lower level, depending on the electric

field of the applied laser beam and the interaction time of the

atoms with the field, i.e. the velocity of the atoms.

Atoms in the upper level will decay spontaneously to both the

metastable levels and the resonant levels. The atoms decaying to

the resonant levels and subsequently to the ground level give

rise to the attenuation of the beam of metastable atoms.

The group of atoms in the lower level, after crossing the laser

beam, will remain there.

We measure two time of flight spectra: one with the laser

switched off and one with the laser switched on. We define the

population ratio E(V) as the intensity I (v) with laser on

divided by the intensity I ff(v) with the laser off, as given by

e(v) = (18)

Figure 8 shows e(v) as a function of the velocity of the atoms for

a laser power P = 6.1 mW. One clearly sees the minimum f or 1/v =

-3 -1 -1
0.07 10 (ms ) indicating that the upper level of the atom

was populated after crossing the laser beam. The atoms with this

velocity have suffered a 7T-pulse and the minimum will be denoted

—3 —1 —1
the e(v ) minimum. The maximum for 1/v = 0.13 10 (ms ) is

from atoms in the lower level after leaving the laser beam. These

atoms have suffered a 2TT -pulse and the maximum will be denoted the

e(v21].) maximum. Due to the spontaneous decay while passing the laser

beam we find e(v_ ) < 1.

For comparison with our experiments we now derive an expres-

sion for the velocity v ^ which is necessary for a mi-pulse while
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1/v(10"3sm1)

Fig. 8. Experimental results for the population ratio e(v) as a func-

tion of the inverse velocity of the atoms,revealing the

effect of Rabi-oscillations. The upper scale gives the inter-

action time with the laser according to t = ir2 w (O)/v. The

dashed lines are predictions for the nir minima and maxima,

respectively, according to Eqs.(2A) and (25).

crossing the laser beam. Because the laser beam has a gaussian

profile the Rabi-frequency R(t) is time dependent and the simple

relation Rt = nïï of section II.A cannot be used any longer.

In this case a n impulse is determined by the relation
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.00

R(t)dt = mr (19)

with (j) the phase of the Rabi-oscil lation after the interaction with

the laser beam. By substituting the numerical value of the reduced

matrix element (section III) and the average value -~ {2(3/10)2 +

(4/10)5} = 0.58 of the Clebsch-Gordan coefficient of the three

components into Eqs.(2) and (17) we find the time dependent Rabi-

oscillation frequency R(t) for an atom travelling through the laser

beam, as given by

R(t) = 5.26 104 (m V 1 s 1) E(t) (20)

with E(t) the position (= time, see Eq.(4)) dependent electric

field amplitude of the laser beam. By inserting E(t) = E(0)
ry

exp {-(vt/w (0)) } , with E(0) the amplitude on the centre-line,

we find the relation

A -1 -1 E<°>"* wx<°)4) = 5.26 104 (in V s l) - (21)

This expression is equivalent to the case of a homogeneous electric

field with width tr w (O).If we look at Fig.2 this seems a realistic

measure of the effective width of the interaction region .By combining

Eq.(19) with Eqs.(16) and (21) we can now write the velocity v as

a function of the power P of the laser, resulting in

G(0) w (0) i
v - 5.26 1(T (V m s ) r2 — (22.a)
nir ^ n

- «theor é (22'b)
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Fig. 9. Experimental results for the velocity v (n = 1, 2, 3) as

a function of P5, with P the power of the laser beam, with

the straight line curve fit vniT= <* t (P
5/n)(Eq.(23.a)).

Figure 9 gives the velocity v for n = 1, 2, 3 as a function of

P2 for a serie of measurements. The data were analysed with a single

parameter a , which is the experimental counterpart of <v . in

6Xpt ClGOr
Eq.(22b). We find

aexpt = °-65

a theor

(m s ) *~>
(23a)

(23b)

where the theoretical value has been calculated by inserting the

laser beam dimensions of section III into Eq.(22a). In our opinion

tne difference is due to the experimental measurement of the power P.
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All other parameters are well known or can be calculated accurately

from other input parameters. Still, it is rather surprising that the

powermeter indicates powers which are a factor 3.4 larger than the

actual values.

When the laser frequency is stabilized on the absolute transition

frequency (which is the case in our configuration) the atomic beam

must be exactly perpendicular to the laser beam in order to observe

the on-resonance Rabi-oscillations. A misalignment of 1 mrad will

cause atoms with a velocity v = 8000 m/s to see the laser frequency

Doppler shifted by AÜ)=8.4 10 rad/s. A laser power P = 1 mW results

3
in an electric field amplitude on the laser beam axis E = 3.5 10

V/m for the laser beam dimensions used (Eq.(16)). According to

Eqt;.(20)and (3) a misalignment of 1 mrad therefore decreases the ampli-

tude of the Rabi-oscillations by a factor 0.63. Moreover the 1/n

dependency of the straight lines of Fig. 9 will be violated. A

very careful alignment of the beams is essential to obtain these

results. Using a computer driven mirror with both a rotational and

a translational degree of freedom we can obtain a perpendicular

20)
alignment with a reproducibility better than 0.2 mrad

B. The eCv^) minimum and the e(v_ ) maximum.

To describe our experimental data of the population ratio

e(v
n7r) we have to discuss the beam composition in detail. Firstly we

have to take into account the isotope composition. We assume natural

20 22
abundance according to Ne:* Ne = 0.909:0.091. Secondly, we assume a

distribution according to the statistical weight Ne (Is.):

Ne (ls~) = 5 : 1 . This is supported by previous measurements .
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If we consider that only three magnetic substates m = -1, 0, + 1
3

are optically pumped in the Is,- ->- 2p2 transition the resulting

fraction of atoms in the |a> level is 0.454, i.e. a lower limit

for the population ratio is E(V) >, 0.546.

For the fraction of the atoms in the |a> level we have to

determine which part ends up in the metastable levels after the

interaction with the laser beam, i.e. is detected by the atomic

beam detector. In first approximation we neglect the damping of the

Rabi-oscillatons due to the decay rate A. (section II.C). After

a IT, 3-rr, 5ir etc. pulse a fraction (1 - exp(-A, t/2)) of the po-

pulation of the |a> level has decayed to the |c> levels by sponta-

neous decay during the interaction (Eq.(ll.a)). The branching ratios

of this decay to the metastable Is. level and the resonant Is,,

and ls^ levels are Aj/A, and A, /A, , respectively (section III).

The remaining fraction exp(-A. t/2) leaves the laser beam in the

|b> level. By taking into account the branching ratios of the

decay of the |b> level to the metastable Is, and Is., levels and the

resonant Is,, and Is. levels, given by (A. + A, )/A, and A, /A, ,
z 4 ba bm b br b

respectively, we find the following expression for the beam

population ratio

n odd: e(vn7r> = 0.546 +

bin ba bm bm
0.454 I + ( ) exp(-Abct/2)}

bc b be

4.82 103 (ms 1)
0.699 + 0.063 exp {- } (24)
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where the latter has been obtained by substituting the numerical

values of the decay rates for the 2p„ level (section III). For an

estimate of the interaction time we have used t = ir2 w (0)/v ,
X rlTT

i.e. we have assumed an effective width TT? W (0) of the laser beam.

For a 2ir, h-n, 6-n etc. pulse the only difference with the

previous case is that the remaining fraction exp(-A, t/2) of the

atoms is in the |a> level and are all detected. We find

n even: e(v ) = 0.546
nTT

Abm Abr
+ 0.454 { + exp(-Abct/2) }

Abc Abc

4.82 103 (us'1)
= 0.699 + 0.301 exp{ ) (25)

nir

using the same input as Eq.(24). The curves of Eqs.(24) and (25)

are plotted in Fig.8.We observe a fair agreement. The deviations

are due to the damping of the amplitude of the Rabi-oscillations

as predicted by Eq.(ll), both due to the upper level decay rate

A, and the difference in Rabi-frequencies of the m = +. 1 and

m = 0 magnetic substates. A numerical simulation shows that the

latter amounts to a decrease in amplitude of 5 and 10% for a 2rr

and 3ir-pulse, respectively. At long interaction times t = (A, )

D3

the first effect will dominate; at short interaction times (i.e.

high laser powers) the latter effect will be dominant.

In Fig.10 we have plotted the e(v ) minima and the e(v„ )

maxima as a function of the inverse velocity 1/v of the atoms

for different laser powers P. The experimental values for the

e(v_ ) maxima have been analysed with a model function similar to
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Fig. 10. Experimental values of the e(v ) minimum and the e(v2 )

maximum as a function of the inverse velocity of the

atoms, for different values of the total power P of the

laser beam. The full lines indicate the curve fit accor-

ding to Eqs.(26) and (27); the dashed lines are the re-

sults of a simple model according to Eqs.(24) and (25).

Eqs.(24) and (25), using a least squares method to determine the

three parameters. The result is

e(v2 .(P)) = 0.767 + 0.221 exp {-
4.73 10 (ms~

(26)

In comparison with the theoretical prediction of Eq(25) we observe

an excellent agreement for the effective decay rate in the exponent.

Due to the correlation of the pre-exponential factor with the con-
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stant term in the model function the agreement for these para-

meters is less satisfactory. The curve fit of Eq.(26) is plotted

in Fig.10, together with the prediction of Eq.(25).

The e(v ) minima have only been analysed by calculating their

average value because it is impossible to determine the three para-

meters of the model function separately, resulting in

= 0.75 (27)

The deviations of this value from the predictions of Eq.(24) have

already been discussed. Equation (27) is also plotted in Fig.10.

C. Adiabatic following

The Rabi-oscillations in the population ratio E(V) disappear

when the atomic beam crosses the laser beam outside the waist.

Fig.11 shows the e(v„ ) maximum as a function of the distance z.

between the atomic beam and the waist in the x-direction (Fig.4).

The experimental value of the velocity is v. = 7 10 ms at

position z. = 0; the measured power of the laser beam is P = 4.6 mW.

At a distance z-=5 mm the ^v,-) minimum has already decreased

drastically. At z.=25 mm the ECVJ-) maximum has almost disappeared,

if we compare it to the average value ^(v^) = 0.75 from Fig. 10.

This can not be explained by an increase in spontaneous decay due

to the increase in interaction time, which is caused by the larger

radius wx(z1) of the laser beam. This increase is less than 6%

for z^ £ 25 mm, as follows from the waist length L and the usual

relation for the radius of a gaussian laser beam , and would

result in only a very small effect (Fig.10).
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Fig. 11. Experimental results for the e(V„ ) minimum as a function

of the distance z. between the atomic beam and the waist

of the laser beam in the x-direction. Full line: curve

fit of e(v ) minimum (Eq,(27)); dashed line: prediction

for e(v) at conditions of adiabatic following (Eq.(28)).

In view of our discussion in section II.B the only correct

interpretation is found in the model of adiabatic following.

At z. = 25 nun we have a radius of curvature equal to p. = 224 mm

and we are close to the conditions of the numerical simulation dis-

cussed in section II.B. By assuming that |c,(t)| = 1 after the

interaction with the laser beam, the populaton ratio e(v) directly

follows from the branching ratio (A. + A, )/A, for spontaneous

decay to the metastable ls^ and ls5 levels, resulting in

e(v) = 0.546 + 0.454 (

Abm + Aba

0.764 (28)
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Fig. 12. Experimental results for the populaton ratio e(v) as a

function of the inverse velocity of the atoms at z, =

25 mm and P = 4.6 mW, revealing the effect of the pro-

cess of adiabatic following.

In Fig.12 we show the population ratio e(v) at z = 25 mm

and P = 4.6 mW, together with the experimental results of Eq.(27)

for the value of the e(v ) minimum. We observe a slight increase

of e(v) for increasing velocities v, i.e. a decreasing interaction

time. However, the nearly constant experimental result for e(v) is

still very different from Fig.8. We conclude that the measurements

support our analysis in section II.B and reveal the features of

adiabatic following in a very convincing way.
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V. Discussion

Using the high velocity atomic beam of a hollow cathode arc and

a laser beam focussed to a small waist diameter all features of the

interaction of a coherent laser beam and an atomic beam can be

measured. Rabi-oscillations and adiabatic following have been ob-

served. The experimental results are in good agreement with theory.

These measurements are the first of this type in the visible spectral

region, moreover a very good accuracy is obtained. In more commonly

used optical pumping schemes, for instance with a thermal atomic

beam and a non-focussed laser beam, it is impossible to observe these

features because they are completely damped by spontaneous decay.

The method of adiabatic following shows a large promise for

applications in beam experiments with atoms in short lived excited

states. In these experiments the velocity dependent Rabi-oscillations

are highly undesirable, because they can easily introduce an arti-

ficial velocity dependency in the cross sections for the collision

processes investigated.
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VI The toial ionisation cross section and the large

angle differential cross section for the system

He(21S,23S) + Ar,N2

Abstract

We have measured the total ionization cross section Q. (g) and

the large angle differential cross section a(9,g) for the system

He(21S,2J>S) + Ar/N2 in a wide energy range 0.05<E (eV)<6. Two

different discharge sources are used for the production of metastable

3
atoms. The 2 S level population is most abundant in the atomic beam

for both sources with relative populations C = 0.91 ±0.01 and

C=0.96 +_ 0.01 for the thermal energy range and the superthermal energy

range, respectively. In the thermal energy range a quenchlamp is used

for the selective removal of the 2 S level population; in the super-

thermal energy range the 2 S level population is only partly quenched

by this lamp. For the He* + Ar system the data are compared to the

experimental results of other authors and to the predictions of the

optical potential of Siska. The velocity dependency of both 0(0,g) and

Q. (g) in the thermal energy range is in fair agreement with the re-

sults of these authors. In the superthermal energy range both the real

2
and the imaginary part of the potential for the He(2 S) + Ar system

has been modified to describe our data. For the real part the slope

of the repulsive branch is increased for r<2.85 8; for the imagi-

nary potential we introduce a saturation to a constant (or even

decreasing) value for internuclear distances less then 2.5 8.
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1. Introduction

The interaction of metastable He atoms and ground state species

resulting in the ionization of the latter, i.e. Penning ionization

and associative ionization, has been studied extensively over

the last decade. Experiments have been reported on the measure-

ment of the total ionization cross section as a function of the

1-4)
relative velocity Q. (g) . These experiments were performed in

crossed beam machines in the thermal energy range. The high resolu-

tion energy distribution of the ejected electrons was measured by

Hotop. This method has recently been applied to Penning ionization

with short lived excited state atoms, using the energy resolution

to discriminate between electrons due to the metastable level and

the short lived level . A third group of experiments concerns the

measurement of the differential scattering cross section 0(6,g)

of the metastable atoms in the thermal energy range . The last ex-

periments reveal detailed information and have strongly contributed

to the optical potentials now being used.

The parameters of the optical potential can only be determined

by combination of elastic scattering data and total ionization

cross section data. We describe the measurement of Q. (g) and

0(9=135°,g) for the system He(2 S,23S) + Ar/N„ in a crossed oeara

experiment. The same detector (spiraltron) has been used for the

detection of the ions and the scattered metastable atoms. By em-

ploying two different sources for the production of metastable

atoms, a wide energy range 0.05 eV < E c m < 6 eV is covered.
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2. Theory

9)A general overview on Penning ionization is given by Niehaus .

The Penning ionization is described by an optical potential

V(r) = Vo(r) - i ^ Ö . (I)

where V (r) is the potential curve of the incoming channel. Because

of the irreversibility of the ionization, due to the rapid departure

of the electron, the scattering process does not depend on the po-

tential curve of the ionized system. In semiclassical calculations

an optical potential leads to a complex phase shift r) of the outgoing

radial partial wave with orbital momentum 1 with respect to the

phase in absence of the potential

(2)

If the imaginary part of the potential does not influence the

trajectory of the particle , £. and C,, are given in good approxi-

mation by

[ {(Eo - Veff) * - E^dr (3)<*£> [

(Mi r_iru)
1 * J (E -V„

(4)
•o V e f f ( r ) ) '

2

(r)=V (r)+H 2-^±4- (5)
e " ° 2ur

with V ppCr) the effective potential of the system and r the

classical turning point. The real phase shift 5. is identical to

the phase shift calculated for only the real part VQ(r) of the
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optical potential. The differential cross section 0(9) is given

by the scattering amplitude f(6)

0(6) = |f(9)|2 (6)

= - ^ I C21+0 {exp(2ir)1)-l} P^cos 6) (7)

with P. (cos 6) the l'th Legendre polynomial. If only one stationary

phase range is contributing to 0(8) the relation

I (21+1) P1(cos 6) = 0 6 ^ 0,IT (8)

results in

0(9) = O (6) exp(-4? ) = O . (9) {1 - A(l)} (9)

with 0 . (9) the semiclassical cross section resulting from the

real potential and A(l) the probability of absorption or opacity

function. By introducing the radial velocity v.(r), as follows from

Jyv^r) = E o - Veff(r) (10)

we can write the opacity function as

r f Hr) ,
A(l) = 1 - exp {-4 2Bv (r)•* dr (11)

c

Only a small region near r contributes to the integral since the

imaginary potential F(r) is exponentially decreasing with r and

the radial velocity is close to zero for rssr . The total cross

section for ionization is given by
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Transforming the sum into an integral and replacing 1 + j by kb

results in the classical formula for Q. (g)

Qion(g) = jVirb A(b) db (13)
0

Since the scattering is determined by a real potential and an imagi-

nary potential the unique determination of both potentials is diffi-

cult: the parameters describing the potentials are correlated. This

effect is most pronounced for the repulsive branch of the potential.

This is most elegantly shown by Siska who could analyse his data

on the differential cross section with a real potential only. Additi-

onal information is provided by the measurement of Q. (g).

The large angle (0. ,= 135°) differential cross ser.cion probes

the scattering at small impactpararaeters giving information on the

repulsive branch of the real potential. Collisions at small impact-

parameters also contribute in a large extent to Q. (g). Therefore

the combined measurement of the large angle differential cross

section and the measurement of Q. (g) is appropriate to determine

the repulsive branch of V (r) and the imaginary potential. This is

illustrated in Fig.l. The function 2ir(b/r )A(b), which is the contri-

bution to Q. (g) at an impactparameter b, is given as a function

of the reduced impactparameter b/r for a relative velocity g = 2000

ms . The He(2 S)-Ar potential proposed by Siska ; is used for the

calculations. The dashed lines indicate the impactparameters probed

by the elastic differential cross section measurements. The real

and imaginary phase shifts are calculated with eq.3 and eq.4, respec-

tively. The differential cross section a is given by eq.9 and the

total cross section for ionization Q. by eq.12.
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0.5 1.0
b/rm

1.5

Fig.l. The contribution 27r(b/rm)A(b) to Q i o n as a function of

b/r for g = 2000 ms , with r the position of the well
m m

in V (r). The He(23S)-Ar potential of Siska is used.

3. The experimental set-up

3.1 The beam machine

The experiment is done in a crossed beam machine. A schematic

view is given in Fig.2. For the production of metastable atoms two

sources are available, which can easily be interchanged under vacuum

conditions. Thermal metastable atoms are produced in a discharge ex-

cited supersonic source (the TMS source), where a discharge (400V,

12)
15mA) is sustained through the boron nitride nozzle . The centre

13 13 —1 -1
line intensities are of the order 1 10 - 7 10 s sr and the

atomic velocity v is in the range 1500 < v(m/s) <3500. The super-

thermal source is a hollow cathode arc (HCA) with centre line intensi-
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3 4 5 6 7

z = 0

Fig.2. Experimental set up

(1) primary beam source at z =-1374.5 mm

(2) chopper at z = -860 mm

(3) collimator at z = -73.5 mm (d = 2 mm)

(A) spiraltron at 135 with respect to the primary beam and

perpendicular to the secondary beam

(5) scattering centre at z = 0 mm

(6) collimator at z = + 1265.5 ram (d = 0.3 mm)

(7) metastable beam detector at z = +1884.7 mm

14 14 -1 -1 -2
ties of 1 10 -2 10 s sr mm and atomic velocities 7000 <

v(m/s) <17000 . The singlet 2 S state is quenched by a conventional

He discharge lamp. The metastable atomic beam is chopped by a mechanical

chopper and detected by Auger ejection of an electron from a stainless

steel surface and by subsequent multiplication with a CuBe multiplier.

The ions and the scattered metastable atoms are detected near the

scattering region by a spiraltron.
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3.2 The time of flight measurements

The cross section measurement consists of two time of flight

(TOF) measurements, a TOF measurement (TOF„) of the metastable beam

flux with a flight length L„ = 2744.7 mm and a TOF measurement

(TOF.) of the scattered products detected by the spiraltron, with a

flight length L, = 860 mm. First we discuss the experiment with

ideal velocity resolution.

The distribution function of the metastable beam at the end

anode is given by

d3N = I f(v) dv d2fi (14)
o

with I (sr s ) the centre line intensity and P(v) dv the normalized

velocity distribution. At the scattering centre the velocity distri-

bution is given by

jj(v) dv = I Q flj P(v) dv exp(- ̂ ) (15)

with Q determined by collimator 3 (Fig.2) and T the natural lifetime

of the metastable level. For the 2*S level we have T = 19.5 ms14^

3 15}
and for the 2 S level we have T >1000 s . At the metastable beam

detector the velocity distribution function is given by

j2(v) dv = I Q ü2 P(v) dv exp(- ̂ |) (16)

with ^determined by collimator 6 (Fig.2). The detector signal S.(v) dv

for the measurement of Penning ions is given by

Si(v) dv = jj(v) | <nl> Qion(g) T^ dv (17)

with <nl> (m ) the density-length product of scattering partners
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and T\. the detection efficiency for ions. The detection signal

S (v) dv for scattered metastable atoms is given by

S (v) dv = j.(v) £ <nl> Ü (v) a n dv (18)
sn Jl v cm expt m

with Ü the cm solid angle acceptance, O the experimental
cm ° expt

differential cross section and n the detection efficiency for

metastable atoms. In eqs. 17,18 we have assumed that the attenuation

of the primary beam in the scattering centre can be neglected. The

primary beam detection signal measured with the metastable beam

detector is found to be

V 0 9 )

with ri . the detection efficiency of the metastable beam detector.

The total cross section for ionization can be calculated from the

detection signals according to

S. n • n -(L-L)

f - i- ^prim l 1

For the function O „(g) <nl> -°- fi we find a similar formula with
expt v cm

n. replaced by n .

Due to the finite resolution of the apparatus both TOF spectra

are convoluted. Since both spectra have different sets of experimental

conditions (channeltime, beam geometry) the effective time convolution

functions are not the same for the TOF. and TOF2 spectra. The resolu-

tion in primary beam velocity v = L/t„ is very different, due to

the different flightpath used, even for the case of equal time

convolution functions.

The transmission function for both TOF measurements has been

determined by a Monte-Carlo simulation, taking into account the

geometry of the atomic beam and the width of the chopper slit. A
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supersonic expansion model function including the Herraite poly-

nomials H„-H7 is used as a model function for the velocity distri-

bution of the metastable beam intensity . The measured metastable

beam intensity is fitted by this function convoluted by the trans-

mission function of TOF„. The metastable beam intensity in the

scattering centre as a function of the flight time is then calcu-

lated by the convolution of the fitted model function and the trans-

mission function of TOF.. When scattered metastable atoms are detec-

ted the additional flight time due to the distance between scattering

centre and spiraltron (30 mm) has been taken into account.

3.3 The beam preparation

In a metastable rare gas atomic beam both metastable states are

populated. The relatie; population depends on the method used for the

production of the metastable atoms. For Ne* selective removal of one

state can be accomplished by optical pumping with a c.w. dye

laser ' . For He* the 2 S state can be quenched by excitation

to the 2 P state with a helium discharge lamp and subsequent decay to

the ground state. The 2 S state will not be quenched since optical

transitions between triplet and singlet states are prohibited.

The quench lamp we use is of the forced air cooled, helical

19)
design, with similar properties as the ones used elsewhere . A

Pyrex tube (innerdiameter 3 mm) is wound 10 times around a Pyrex

tube with an innerdiameter of 20 mm; the atomic beam passes the

lamp through the latter. The interaction length with the discharge

lamp is 1 = 120 mm. The He pressure in the lamp is of the order of

1 Torr and a flowing gas system is used. The hollow cathode is

made of stainless steel with a height and a diameter of 20 mm;
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a tungsten pin serves as anode. The operating current is 50-100 mA

at an operating voltage of 3-3.5 kV.

We define e(v) as the ratio of intensities with the quench-

lamp on and off, respectively,

e(v) = T ° " . = C+ (1-C) (l-q(v)) (21)
off^v/

with q(v) the quenching efficiency of t^e quenchlamp and C the re-

lative population of the triplet state.

In the thermal energy range quenchlamps have proven to be effec-

20)

tive. Hotop reports the quenching of a 1000 K (v = 3250 m/s) beam

with q(3250 m/s) = 0.95. Other authors claim almost the same per-

formance. In the superthermal energy range less experience is avail-

able. Lack(of information on the A = 2.06 ]m photon flux, which

is known to be the effective pumping line, makes it impossible to

predict the quenching performance using rate equations . Instead,

scaling laws are used. Both the influence of the interaction time

and the Doppler shift must be taken into account; the first re-

sults in a scaling with 1/v, with 1 the length of the lamp.

Secondly, we discuss the effect of Doppler shifts. The He*

atoms will only be pumped if their Doppler shift with respect to the

He discharge is within the Doppler broadened fluorescence line. For

a discharge at T = 400 K the characteristic velocity is a = 1300 m/s.

Figure 3 illustrates that a metastable atom will only be quenched

by the light of point p if v^ /<a . 'If v»a the effective length by

which one point of the discharge can contribute to the quenching

process is reduced by the Doppler shift, causing an additional

scaling with 1/v. Including both scaling laws we find a quenching

efficiency
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Fig.3. The Dopplershift Au> = -k_._y_ = -k v,, of the radiation of a

single point p of the quenchlamp.

l-q(v) = exp(-B -j) (22)

with B a constant describing the radiative output of the lamp per

unit of length. The data on the lamp of Hotop and our lamp are

collected in tabel I. We conclude that our quenchlamp has a slightly

better performance. In eq.21 the relative population C of the trip-

let level is independent of the atomic velocity. For the TMS the

relative population C seems to decrease for higher velocities

(v>3000m/s) indicating that for this source C is weakly depending

13)
on the atomic velocity . Similar properties were described by

Pérr*>.

For Ne the experimental values for the relative population are

in good agreement with the statistical weights of the metastable

21)
levels '. For He this would result in C = 0.75, which strongly

differs from the measurements reported here. This indicates that

the singlet atoms are more effectively quenched in our sources by

optical pumping and (slow) electron impact as the triplet atoms.

19)The same was measured by Schmidt , who reports on a discharge

source (V = 30 V, I = 40 A) with C > 0.98.
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Table I. Performance of the quenchlamp with 1 the interaction

length with the beam

1 (mm)

q (3250 ms"1)

q (10.000 ms"1)

B (ras"2)

C (TMS)

C (HCA)

Hotop

60

0.95

5.2 108

this work

120

0.63

8.3 108

0.91 + 0.01

0.96 + 0.01

3.4 The scattering region

Close to the scattering centre the scattered metastable

atoms and the ions are detected by a SEM 4219 spiraltron. The ex-

perimental arrangement is given in Fig.4. The spiraltron consists

of a preamplifier cone section followed by six channel sections

twisted around the multiplier axis. A spiraltron can be used to

detect u.v. photons, charged particles and metastable atoms. The

voltage of the ion repeller Vr and of shielding grid V . . . .

is optimized to focuss ions produced in the scattering centre

by collisions with secondary beam particles, and to defocuss ions

produced by collisions with background gas along the primary beam

axis outside the scattering centre, resulting in V = 25 V

and Vr » 400 V. In this configuration also scattered metastable

atoms and u.v. photons are detected, however, for the processes
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O 10 20mm

Fig.4. The scattering centre. (1) collimator (d = 2 mm), (2) scat-

tering centre, (3) primary beam, (4) spiraltron, (5) confining

grid at cone potential V = -3.2 kV, (6) shielding grid V = 25 V,

(7) grounded shield, (8) ion repeller V = +_ 400 V.

involved their contribution is < 1%. With the ion repeller at

-400 V the ions will be focussed on the repeller and the detection

signal will only consist of scattered metastable atoms and u.v.

photons.

The detection efficiency r\ is given by

T ., qe
grid M

(23)

with T . , the transmission of the two grids and qe the quantum-

efficiency of the spiraltron. For the scattered metastable atoms

both grids partially shield the spiraltron resulting in T . =

grid
0.37. The quantumefficiency qe is expected to be in the range
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0.3-0.6. The ions focussed in the direction of the shielding

grid will, attracted by the spiraltron potential, all pass this

grid. The confining grid shields the spiraltron resulting in

T . , = 0.61. The quantum efficiency qe is expected to be q3 =

3.5 The background signal

With secondary beam on, the detection signal S(tf ) of the

spiraltron as a function of the flighttime t_. is given by

SS(tf.) + S
b(t<:1) + S

A b ( r ) (24)
fl ~ fr fl v fl

with Ss(t,,) the detection signal due to the secondary beam,

S (tf.) the signal caused by the residual background pressure in

absence of the secondary beam and S (tf-i) caused by the rise in

background pressure when the secondary beam is turned on. A dummy

measurement with secondary beam off allows the determination of

S (t,.). The contribution S (tfi) is measured by -nploying an

auxiliary gas flow through a side flange resulting in a gas load

equal to the gas load of the secondary beam. This measurement shows

that S (tfl)/S
s(t,:,) is in good approximation velocity independent

for both the measurement of scattered raetastable atoms and ions, the

23)
latter was already observed previously

The signal S(tf.) is proportional to the density length product

(eq.17)

Sk(tfl) ~ <n
klk> k - s,Ab,b (25)

The viewlength Is is given by the secondary beam parameters, re-

sulting in ls= 2 mm. The geometry of the two grids determines the
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z(mm)

Fig.5. The relative detection efficiency as a function of z along the

primary beam with z = 0 at the scattering centre. Full line:

metastable atoms; dashed line: ions.

viewlengths 1^ and l^. Figure 5 gives the relative detection effi-

ciency for scattered metastable atoms as a function of z along the

primary beam axis as given by this geometry. The viewlengths 1

and 1^ are determined by the experimental optimalisation of V

anC* ^shield (section 3.4). Experimental ratios were found to be

s Ab
Sm(t^)/Sm (tf^^

 = ^>'-> ^ o r t n e scattered metastable atoms and

I = 20 for the produced ions. Knowing the viewlength

lra i the viewlength l± can be calculated from these data.Assuming

a rectangular detection profile for the ions we find lAb = 7.5 mm
l

for the width of the profile (Fig.5).

.Ab,

3.6 The transmission function

The scattered metastable atoms are detected in a cone in the

backward direction with respect to the primary beam axis. The ex-
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perimental differential cross section is an integration over the

transmission function

expt " J2 A*cm(6cm) s i n 6cm d6cm (26)

A<(> (9 ) sin 9 d6Tcm cm cm cm (27)

with Ü the solid angle acceptance in the centre of mass system.

The function A<|> (6 ) is the range of the azimuth angle as seen

in direction 9 . This function is calculated in the following way

(Fig.6).

Fig. 6. The transformation from laboratory to centre of mass angles.

(1) primary beam volocity, (2) secondary beam velocity,

(3) centre of mass, (A) elastic scattering sphere for

primary beam particles, (5) spiraltron, (6) intersection

of cone determined by the spiraltron and elastic scattering

sphere, (7) 4 ^ ( 6 ^ ) .
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150

Fig.7. The function Ad) /2ir as a function of 0 for three different
° 'mi rm

velocities v„ with an Ar secondary beam with v, = 550
-1

(1) v
R e

2000 ms"1, (2) = 4000 ms"1, (3) = 10000 ms"1

Fig.8. The solid angle acceptance Ü and the mean cm scattering

angle <6 > as a function of v„ in the thermal energy range,

with an Ar secondary beam with v, = 550 ras . The dashed line

gives the asymptotical value for v„ •* °°.
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The cone given by the spiraltron intersects the elastic

scattering sphere. The crossings of this intersection and a circle

of constant cm scattering angle 9 are calculated. In the plane

perpendicular to the relative velocity vector and through the

crossing points the angle A<ji is determined. Figure 7 gives

Ai /2ir as a function of 8 for three different atomic velocities.Tcm cm

The integral of eq.26 can be evaluated numerically, which in-

volves multiple calculations of 0(6 ) over the whole 9 range.
r cm cm

However, a more practical and elegant technique is to replace the

function Alt (0 ) sin 9 by a sum of weighted delta functionsYcm cm cm J °

with the same central moments. We have used a sum of three delta

24)
functions with the central one at <8 > . Figure 8 gives iï^

and <6 > as a function of the velocity v„ % of the He* atoms

in the thermal energy range. An Ar secondary beam with v, =

550 m/s is used. Dashed lines give the asymptotical values for

He*

4. Results

4.1 Introduction

Scattering experiments are performed with Ar and N„ as secondary

beam. In the thermal energy range the quenchlamp was used. The total

ionisation cross section is measured for both the 2 S and the 2 S

level; the latter results from the beam modulation with the quench-

lamp switched on and off, respectively. For the measurement of

0 t(6,g) the detection signal is too weak to determine the 2*S

contribution in this way. The 2 S contribution is measured with the

quenchlamp switched on continuously.
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In the superthermal energy range experiments are performed

without the use of the quenchlamp. The limited optical pumping per-

formance and the small fraction of singlet atoms did not allow us

to do state selected experiments. The experiments in this energy

1 3
range are therefore performed with a mixed 2 S, 2 S beam with

C = 0.96 + 0.01 (Table I).

The TOF measurements are characterized by a finite flighttime

resolution (At-.) . This resolution is given by the width of

the atomic beam, the width of the chopper slit and the chopper

frequency. For the measurement of the produced ions and the

scattered metastable atoms with the spiraltron this results in

(At„) = 17 us. With a flightpath L,= 860 mm this results in
ii rms i

(Av/v) = 0.06 and (Av/v) = 0.20 at typical velocities v = 3000
rms rms

m/s and v = 10000 m/s in the thermal and the superthermal energy

range, respectively.

The energy ranges of the TMS and the HCA do not overlap. There is

a gap for E energies 300<E (meV)<700. In order to check the

connection of both energy ranges, Q. (g) measurements were per-

formed through the day by alternating use of both sources, showing

a reproducibility within 5% for different runs.

Absolute cross sections are not measured since the absolute de-

tection efficiencies of the metastable beam detector and the spiraltron

are not known. The Q. (g) measurements are therefore normally scaled

to fit the (temperature dependent) total ionisation rate constants

determined in flowing afterglow experiments ' . We will comment

both on the absolute cross section scale used by the various authors

and on the velocity dependency of the cross section.

120



2.5 3
glWOOm/s)

3.5

Fig. 10. The total ionisation cross section Q-o_ as a function of the

relative velocity g. The full lines give Q. (g) according to

the Siska potentials. Measurements have been scaled to Q. (2 S)

at 2500 m/s calculated with the Siska optical potential.

4.2 He* + Ar. The thermal energy range

In this section we describe our measurements on the total ioni-

sation cross section and the large angle differential cross section

for the system He* + Ar in the thermal energy range. Figure 10 gives

1 3
the cross section Qion(g) for both the 2 S and 2 S levels. An absolute

cross section scale is provided by taking the cross section of the

o

2 S level at g = 2500 m/s equal to the cross section calculated with

the Siska optical potential. The 2 S cross section has been corrected

for the finite lifetime of the 2*S atoms (eq.20). For v = 2000 m/s,

L2-L1= 1884.7 mm and T = 19.5 ms the correction factor exp(L,-L2)/<vT)

is equal to 0.95.'
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In Fig.10 it is assumed that the detection efficiency n .
' prim

(eq.19) is the same for the metastable 2 S and 2 S atoms. However,

the detection efficiency may depend on the material used, the way

the material is prepared and, probably, on the gas coverage of the

detector. Our relative data would fit the predictions of the Siska

' 1 3

optical potentials reasonably if n r i m(2
 s)Al_rln)(2 S)=1.20.

The detection efficiency is given by Dunning ' for different

detection surfaces. For an electro-deposited gold surface they
1 3

find n . (2 S)/n . (2 S) = 0.7; for a chemically cleaned stainless
prim prim

steel surface a value n . (2 S)/n . (2 S) = 1 is obtained. The
pnnr prim

primary beam detector used in our experiment is provided with an

untreated stainless steel detection surface. If we adopt the pre-

dieted value of the cross section for the 2 S level according to

1 3
Siska and assume equal detection efficiencies r| . (2 S) and r| . (2 S)H prim ' prim
we find Q. (2500 m/s) = 12.15 82and Q. (2500 m/s) = 20.55 8 2

ion ion

for the 2 'i and 2 S levels, respectively. We will use these data in

the comparison with other authors. Considering this information it

thus seems that the prediction of Siska for Q. (2 S)/Q. (2 S) is

too high in comparison with our experimental data.

If we assume equal detection efficiencies for the ions r|. and

the primary beam particles n . the calibration of the density length

product <nl> ' results in a cross section Q. (2500 m/s) = 14.5 8

for the 2 S level (eq.20), which is within acceptable agreement with

the value mentioned above.

Figure 11 gives the differential cross section ö t(6»g) as a

function of g with 9 = 135°., The full line gives the calculated

cross section according to Siska; these calculations also provide for

an absolute cross section scale. The sharp decrease of O t(9,g)
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2 3
g( 1000 m/s)

Fig. 11. The differential cross section o as a function of g. The

full line gives the calculated cross section o according
expt °

to the Siska optical potential. At g=2500 m/s the measurements

are scaled to these calculated cross sections.

represents the strong dependency of the opacity function A(l) on the

relative velocity of the scattering partners. For g = 1500 m/s

Siska's optical potential predicts A(l) = 0.17; g = 3500 m/s cor-

responds to A(l) = 0.87. Our measurements are in fair agreement with

the calculated cross sections.

Siska measured the angular distribution of the scattered metastable

atoms at fixed collision energies determined by the temperature of the

nozzle of the He supersonic beam. Our measurement concerns the velocity

dependency of öexpt<&g) at a fixed angle 8 l a b = 135°.Both measurements

are basically the same. We conclude that the velocity dependency of

both ö t(6,g) and Qion(g) is well represented by the Siska optical

potential.
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3.5

Fig. 12. The cross section Q. for the system He(2 S) + Ar in com-

parison with various authors. The experimental curves are

scaled to our data at g = 2500 m/s.

25 r
g 11000 m/s)

Fig. 13. The cross section Q. for the system He(2 S) + Ar in com-

parison with various authors. The experimental curves are

scaled to our data at g = 2500 m/s.
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Figures 12 and 13 give Q. (g) measured by Illenberger and

Niehaus , Woodard et al. and Parr et al. ' compared to our data at

g = 2500 m/s. For the 2 S level we observe that the velocity depen-

dency of our measurements is between the velocity dependency of

Woodard and Illenberger and close to the dependency of Parr.For the

2 S level our velocity dependency is the most pronounced and close

to the dependency of Parr.

Table II Total ionization cross sections at relative velocity

g = 2500 m/s for the system He(21S, 23S) + Ar

q 9 1 9 Q- (21S)
reference He(2JS): Q. <X) He(2iS): Q. (iZ) - 1 2 3 — 5 —

Ref.

Ref.

Ref.

Ref.

Ref.

This

This

1

2

4

7

6

worka)

workb)

13

19.5

10

12.15

12.15

14.5

20.5

28

30

24.20

20.5

24.5

1.58

1.44

3.0

1.99

1.99

1.69

1.69

a) cross section scaled to the calculated values of Siska at

g = 2500 m/s

b) cross section calculated according to eq.20 with

Vim/T1i * l
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The absolute cross sections at g = 2500 m/s for the different

2)
references are given in Table II. Woodard performed absolute cross

section measurements, Illenberger and Parr ' have scaled their

data using the flowing afterglow rate constants ' . From their

1 3
papers it is not clear whether the 2 S and 2 S level cross sections

1 3
were scaled independently by using the factor H in)(2 S)/ n in](2 S)

as a free parameter of whether their cross sections are in agreement

with equal detection efficiencies.

A.3 He* + Ar. The superthermal energy range

In the superthermal energy range measurements were performed with

the mixed He(2 S,2 S) atomic beam with a relative triplet population

C = 0.96 ± 0.01. Therefore we will fit our data using the Siska optical

3
potential for the He(2 S) + Ar system as a starting point.Both the

imaginary and the real part of the optical potential have been modified

to comply with our data in the superthermal energy range. Because the

original optical potential of Siska gives an accurate description in

the thermal energy range, we limit these modifications to a range of

internuclear distances r^.85 A that are only probed for E >120 meV
1 r cm

at zero impactparameter. These modifications only slightly influence

the total ionisation cross section and the large angle differential

cross section in the thermal energy range. The modified imaginary

potential is given by

ll-(r) = E.m exp {-Bim (f- - 1)} r > r.m2 (28)
ID

lr<r> = ir(r.m2) = e exp {-3,„ (1*5* . ])}
ïm r

m

rim2
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ir(r) = jr(r.m2) {exp («^ (f- - I*Sl» > r < r (30)
m m

The Siska imaginary potential is given by eq.28 for all internuclear

distances. Our modification thus implies a saturation of F(r) for

r. .<r<r. „ and a decrease of F(r) for r<r. ,.Imaginary potentials

with the same characteristics have been used by other authors '

The modified potential will result in a smaller total ionization

cross section and a larger differential cross section in the

superthermal energy range. The influence on the differential cross

section will be strong since, for these measurements, the potential

is probed at small impactparameters (Fig.l). The influence on the

total ionization cross section will be weaker, since only a part of

the atomic trajectories contributing to this cross section will reach

the regime r<r. ~-

The real potential V (r) is given by an IAMMSV (lon-Atom-Morse-

Morse-Spline-Van der Waals) potential. At large internuclear distances

r the atom-atom interaction is dominant. This interaction is described

by the MMSV potential V#(r). At small internuclear distances the ion-

atom interaction is dominant, described by the IA potential V (r).

The two potentials are mixed together at intermediate internuclear

distances r by a switching function f(r)

Vo(r) - (1 - f(r» V+(r) + f(r) V^r) (31)

with f(r-»0)-0 and f(r-*»)»l. For rQ=4.728 X we have f(rQ)=0.5. Table

III gives the well depth e and the position of the well r for the

3
three potentials of eq.31 for the He(2 S) + Ar potential of Siska.

The most pronounced effect of such a potential is a "kink" in the

repulsive branch of the potential (see Fig.17), which can result in
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Table III The internuclear distance r of the well and the well

depth E of the potentials given in eq. 31.

potential e(meV)

Vo(r)

V+(r)

Mr)

5.12

115.97

2.50

5.17

2.85

5.81

a local maximum in Q. (g) when the turning point decreases (and thus

the ionisation increases) rapidly with increasing energy.

The inner part (r<2.85 X) of the Siska IA potential is given by

V+(r) = z + (z+ - 2)

z+(r) = exp {-3+ (^- 01 (32)

and has only been modified by adjusting 3 . Equation 32 gives us a

simple handle on the slope of the repulsive branch of the IA potential

in the superthermal energy range, resulting in an effective probe on

0 t(8,g) since, in first order, a 1 (0,g) (eq.9) is proportional

2
to r , with r the classical turning point.

Figures 14 and 15 give the large angle differential cross section

and the total ionization cross section over the whole energy range.

The full width of the velocity resolution (2Av) is given by arrows

rms
for g = 3000,10000 and 16000 m/s, respectively.
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gl1000m/s)

Fig. 14. The cross section Q. as a function of g. The full lines

give Q. for the modified optical potentials; the dashed

line gives Q i o n for the original Siska optical potential.

The vertical arrows indicate the relative velocities used

in the least squares analysis.

We have analysed our data with a least squares method, using a

limited number of data points as input to avoid excessive processtirae

on the computer. The relative velocities of these points are indicated

by an arrow in Fig. 14 and 15. They are chosen to give a good descrip-

tion of the characteristic features of a and Q. . Two different
sxpt xon.

models for the imaginary part of the potential are used as an input. The

full lines in Fig. 14 and 15 give the cross sections calculated with

the modified potential; dashed lines give the prediction of the original

Siska potential. In Fig. 16 and 17 the original and the modified optical

potential curves are given.
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Fig. 15. The cross section J
expt

gdOOOm/sl

as a function of g. The full lines

give O t for the modified optical potentials; the dashed

line gives O t for the original Siska optical potential.

The vertical arrows indicate the relative velocities used in

the least squares analysis.

The most sensitive parameters of our analysis are r. „, the position
lmz

of the cut-off in the imaginary part, and 0 , which is used to modify

the slope of the repulsive branch of the real part of the potential.

The sensitivity of our analysis for r. „ can be readily understood

if we consider the 1/e decrease of T(r) over a distance of 0.25 8.

The sensitivity for 3 has already been discussed.

The results of our analysis are presented in Table IV for the

two models. Model I only introduces a saturation of the imaginary part,

without any decrease for decreasing internuclear distances, i.e. a. =0.

ïm

We observe that the slope of the repulsive branch is increased consi-

derably from 3 + = 3.942 to 3 + = 7.40 . This results in a lower ioni-
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Fig. 16. The imaginary part of the optical potential. Full lines give

the modified potentials; the dashed line gives the original

Siska potential.

Fig. 17. The real part of the optical potential. Full lines give the

modified potentials; the dashed line gives the original

Siska potential.
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Table IV The parameters of the modified optical potential.

Model I Model II

c)
sc

rim2

aim

1.23

2.27»

0

7.40

c)

im2

i2

a)

rim2 " riml
a)

aim

3,

1.21

2.51 8

0.2 8

10

A.79

(N-M)b) 10.1 X2/(N-M)b) 20.8

a) fixed parameters

b) N = 12, number of fitted datapoints. M = 3, number of free

2
parameters. Deviations in x scaled to the statistical errors

in the datapoints.

c) scaling parameter to adjust the ratio of the absolute value scale

for Q.on and

sation cross section and a higher value of the differential cross

section, in good agreement with our data.

Model II introduces an extra decrease of the imaginar part of the

potential with a fixed a. at a value a. = 1 0 . This extra decrease has
ira im

a positive effect on the differential cross section in the super-

therma] energy range. However, the description of our ionisation cross

section data is rather poor. The local maximum in Q. is in disagree-

ment with our experimental data.
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We conclude that model I has our preference. Firstly, because the

general behaviour of Q. is described well. Secondly, because the model

uses less parameters for the imaginary part. Moreover, this preference

o
is supported by the smaller value of x •

4.4 He* + N,

For the He* +• N„ system no optical potentials are available. In

the thermal energy range we will compare our data with Illenberger .

1 3
Figure 18 gives the cross section Q. (g) for the 2 S and 2 S levels

in the thermal energy range. We have scaled our data to the ones of

1 3
Illenberger where we have taken n . (2 S)/n . (2 S) = 1. Figure 19

gives Q. (g) for the whole energy range. In the thermal energy range

30

20-

.2

a

10-
oHel23S)/N2

He(21S)/N2

9(1000m/s>

Fig. 18. The cross section Q. as a function of g for the system

He(23S,21S) + N2. The full lines give Q i o n according to

Illenberger . The measurements have been scaled to the data

of Illenberger.
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Fig. 19. The cross section Q. as a function of g for the system
3

He(2 S) + N 2. The measurements have been scaled to the data

of Illenberger ^ at g=2500 m/s.

Fig. 20. The differential cross section 0 t for the system

He(23S) + N2.
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3
the 2 S level data are plotted. In the superthermal energy range the

mixed beam data are used. Figure 20 gives the differential cross

section for the He(2 S) + N„ system, again illustrating the strong

dependency of the opacity function on the relative velocity. We con-

clude that the general behaviour for the He* + N„ system is the same

as for the He* + Ar system.

4.5 Concluding remarks

The modifications of the Siska optical potential that have been
o

introduced in section A.3 to describe our data for He(2 S) + Ar in

the superthermal energy range are very similar to those introduced

23}
by Verheijen for the Ne (J = 2) + Ar system. The imaginary part of

the potential was described by r. „ = 2.1 8 and r. . = 0 8, similar to

our model I modification. The real part of the potential had been

modified by changing R = 4.8 to $ = 8. Moreover, a more pronounced

kink had to be introduced to provide for a more pronounced local

maximum in Q. (g). This was achieved by shifting the switching point

r = 1.14 8 to r = 3.6 8.
o o

We observe a remarkable agreement in the modifications of

the slope of the repulsive branch of the real part of the potential
3

for He(2 S) + Ar in comparison with the Ne(J = 2) + Ar system. The

same holds for the value of r. _• The major difference between those

systems is the absence of a pronounced kink in the real potential for
3

the He(2 S) + Ar system.
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Summary

This thesis describes experiments with metastable He/Ne atoms.

The experiments are performed in a crossed beam machine. Two dif-

ferent sources are used for the production of metastable atoms:

a source for the production of metastable atoms in the thermal energy

range and a hollow cathode arc for the production of metastable

atoms in the superthermal energy range (1-7 eV). The progress

made in the use of the hollow cathode arc is described in chapter 2.

Other parts of the experimental set-up are also described in this

chapter„

The rare gas energy-level diagram is characterized by two

metastable levels. By optical pumping it is possible to select a

single metastable level, both for He and Ne. For the case of He this

is done by a recently build He quenchlamp which selectively quenches

the metastable 2 S level population. In the thermal energy range the

quenching is complete; in the superthermal energy range the 2 S

level population is only partly quenched. For the optical pumping of

Ne* atoms a cw dye laser is used.

During the PhD work a new branch of experiments has been

started on the measurement, in a crossed beam machine, of the

fluorescence caused by inelastic collisions where metastable atoms

are involved (chapter 3). The He* + Ne system is used as a pilot

study for these experiments. The He-Ne laser is based on this

collision system. The crossed beam machine described in chapter 2

is used for the measurement of the total excitation transfer cross

section by detecting the fluorescence without wavelength resolution.

In this set-up the detection signal is too small for experiments in-

volving wavelength resolution.

138



The fluorescence spectrum of this system is measured in a "mini-

beam" experiment. In this set-up the fluorescence is strong enough

to measure the spectrum with a monochromator with a wavelength

resolution of 0.95 nm. The experience on these experiments resulted

in a further development of the "minibeam" concept. Nowadays, a new

set-up is in use for the measurement of inelastic transitions within

the short lived (20 ns) Ne(2p) manifold. An interference filter in

combination with a parabolic mirror forms the basis of the fluor-

escence detection system.

In chapter 4 the optical pumping of the Ne* beam with a polarized

laser beam is described. The use of a polarized laser beam will result

in a partly polarized atomic beam. Larmor precession caused by a

magnetic field perpendicular to the laser beam polarization will

destroy these effects. For a thermal Ne* beam a magnetic field of

0.1 G suffices.

Chapter 5 describes the measurement of Rabi oscillations in the

optical pumping of the Ne* beam. The oscillations are caused by the co-

herence, of the laser beam. The oscillations can be detected if the

interaction time of tha laser beam and the atoms is short enough

to prevent spontaneous decay of the upper level to damp the coherent

effect. By crossing the superthermal Ne* beam with a focussed laser

beam this condition could be met.

If the laser beam crosses the atomic beam outside the waist,

Doppler shifts caused by the curvature of the wavefront in tha

laser beam play an important role. It will result in an adiabatic

transition of lower level atoms to the upper level, according to

the "dressed atom" model.
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Chapter 6 describes Penning ionization of Ar and N- by state

selected He atoms. Both the total cross section for Penning

ionization and the large angle differential cross section has been

measured. In the case of Ar the measurements are analyzed with

potentials of other authors. In the thermal energy range we find

a fair agreement. The imaginary part of the potential has been

adjusted in order to fit our data in the superthermal energy

range.
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Samenvatting

Dit proefschrift beschrijft experimenten met metastabiele

He/Ne atomen. De experimenten worden uitgevoerd in een ge-

kruiste bundel opstelling. Er wordt gebruik gemaakt van twee

verschillende bronnen voor de produktie van metastabiele atomen:

een bron voor metastabielen in het thermische energie gebied

en een holle cathode boog voor metastabielen in het super-

thermische energie gebied (1—7 eV). De vooruitgang geboekt in

het gebruik van deze laatste bron is weergegeven in hoofdstuk 2.

Dit hoofdstuk bevat tevens de beschrijving van andere onderdelen

van het experiment.

Het edelgas energie schema kent twee metastabiele toestanden.

Met behulp van optisch pompen is het mogelijk om, zowel bij He

als Ne, een enkele toestand te selekteren. Voor He gebeurt dit

met een recent gebouwde He quenchlarap waarmee selektief de

metastabiele 2 S toestand kan worden ontvolkt. De eigenschappen

van de lamp zijn zodanig dat in het thermische energie gebied

deze ontvolking volledig is, terwijl in het superthermische

gebied de 2 S toestand slechts gedeeltelijk ontvolkt wordt.

Voor het optisch pompen van Ne metastabiele atomen wordt een

cw dye laser gebruikt.

De meting van fluorescentie straling ten gevolge van in-

elastische botsingsovergangen in een gekruiste bundel opstelling

vormt een nieuwe tak van experimenten, waarmee tijdens de promotie

een start is gemaakt (hoofdstuk 3). Als een eerste experiment is

het He* + Ne botsingssysteem bekeken. Dit systeem vormt de
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grondslag voor de He-Ne laser. In de opstelling behandeld in hoofd-

stuk 2 is de snelheidsafhankelijkheid gemeten van de totale exci-

tatie transfer cross sectie door de meting van het, niet spectraal

opgeloste, fluorescentie signaal. Het detektie signaal in deze op-

stelling is te klein voor spectraal opgeloste metingen.

Het spectrum van de fluorescentie straling van dit systeem

is gemeten in een "minibundel" experiment. Dit experiment is zo

gedimensioneerd dat de fluorescentie opbrengst groot genoeg is

om het spectrum met een monochroraator met een oplossend vermogen

van 0.95 nm door te meten. De ervaringen opgedaan met deze experi-

menten hebben geleid tot een verdere ontwikkeling van het "mini-

bundel" concept. Dit heeft geresulteerd in een nieuwe opstelling

waarin inelastische overgangen binnen het kortlevende (20 ns)

Ne(2p) multiplet gemeten kunnen worden. Een interferentie filter

in combinatie met een parabolische spiegel vormt het hart van

het fluorescentie detectie systeem.

In hoofdstuk 4 is het optische pompen van de Ne* bundel met

een gepolariseerde laserbundel beschreven. Het gebruik van de

gepolariseerde laserbundel kan resulteren in een deels gepola-

riseerde atoombundel. Larmor precessie veroorzaakt door een

magneetveld loodrecht op de polarisatie van de laserbundel zal

deze effecten weer te niet doen. Voor een thermische Ne* bundel

is hiervoor een magneetveld van 0.1 G voldoende.

Hoofdstuk 5 beschrijft de meting van Rabi oscillaties in het

optisch pompen van de metastabiele Ne bundel. De oscillaties zijn

het gevolg van de coherentie van de laserbundel. Zij zijn waar-
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neembaar wanneer de interaktietijd van de laserbundel met de

atomen 20 klein is dat het spontane verval van de boventoestand het

coherente effect nog niet heeft uitgedempt. Door de snelle Ne*

bundel te kruisen met de gefocusseerde laserbundel kon aan deze

voorwaarde worden voldaan.

Wanneer de laserbundel de Ne* bundel kruist buiten de waist,

dan spelen Doppler effecten veroorzaakt door de kromming van het

golffront van de laserbundel een rol. Dit heeft tot gevolg dat de

atomen adiabatisch worden overgevoerd van de ondertoestand naar

de boventoestand, overeenkomstig het "dressed atom" model.

Hoofdstuk 6 beschrijft de Penningionisatie van Ar en N„

door toestandsgeselekteerde He* atomen. Zowel de totale botsings-

doorsnede voor Penningionisatie als de grote hoek differentiële

botsingsdoorsnede is gemeten. Voor Ar zijn deze metingen verge-

leken met bestaande optische potentialen. In het thermische

energiegebied vinden we een goede overeenkomst. In het superthermische

energiegebied is de imaginaire potentiaal aangepast teneinde onze

data te kunnen verklaren.
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Tot slot

De resultaten, beschreven in dit proefschrift, werden mede

mogelijk door de steun van de overige groepsleden. Allereerst was

daar de alom aanwezige stimulerende en sturende kracht van mijn

begeleider Herman Beijerinck. Hij heeft daarmee een duidelijk

stempel gedrukt op het werk en het proefschrift. De technische

ambitie en handigheid van mijn collega Martin Verheijen bepaalden

mede het uiterlijk en de kwaliteit van de meetapparatuur. De auto-

matisering van het experiment was bij Fred van Nijmweegen en Jan

Voskamp in vertrouwde handen. Op de veelzijdige technische hulp

van Louis van Moll en Willem van Renen kon ik altijd rekenen.

Verdere technische ondersteuning werd verleend door Piet Magendans

en Henk Bredee. Een aantal studenten deden binnen het kader van het

promotiewerk een stage; Alice Cottaar studeerde bovendien af op

een deel van het werk. Voor al deze steun mijn hartelijke dank.

Ik wens de groep het allerbeste toe.

De teksten van dit proefschrift werden van a tot z en van

a tot u) getypt door Mieke van den Nosterum. Emmy Zuidema hielp bij

het uiteindelijk drukklaar maken van de teksten. Ruth Gruijters

maakte de figuren van het proefschrift. Mede dankzij hun hulp kwam

het manuscript bijtijds klaar. Tot slot en bovenal bedank ik Ans

voor haar vertrouwen en onvoorwaardelijke steun.
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Stellingen

1. In de beschrijving van de interactie tussen een coherent stralings-

veld en een atomair twee-niveau-systeem met behulp van de differentiaal-

vergelijkingen voor de amplitudo's van de beide toestanden, kan het

proces van spontaan verval niet worden opgenomen.

W. Demtroder, Laserspectroscopy (Springer, Berlin, 1981).

2. Voor de berekening van inelastische werkzame doorsnedes voor

atoom-atoom-botsingen in het superthermische energiegebied hoeft de

totale quantummechanische berekening niet voor elke ü.-waarde te

worden uitgevoerd, maar kan soms met een interpolatie voor tussen-

liggende Jl-waarden worden volstaan. Dit kan resulteren in een winst

in computertijd van een factor 2 a 3.

3. Ten onrechte wordt in de beschrijving van het optisch pompen van

een superthermische atoombundel met behulp van een gasontladings-

lamp de invloed van de Doppler-verschuiving niet altijd in rekening

gebracht.

T.P. Parr, D.M. Parr en R.M. Martin, J.Chem.Phys. 76 (1982) 316.

4. Het gebruik van een He-Ne-mengsel in een bron voor atomen in

metastabiele toestanden - waarbij een ontlading in stand wordt gehou-

den door de nozzle van een supersone expansie - resulteert in een

bundel waarin, ten gevolge van inelastische botsingen, de metasta-

biele He—nivo's sterk zijn onderbezet.

M.J. Verheijen, wordt gepubliceerd.

5. De beschieting van het isotoop Xe met protonen kan gebruikt
123

worden voor de productie van zuiver I. In het kader van de toe-
123

passing van I in de nucleaire geneeskunde verdient het daarom
124

aanbeveling om verrijkt Xe in voldoende grote hoeveelheden te

produceren.



6. Volgens Dankert en Legge heeft de vorming van clusters geen invloed

op de transmissie van een supersone bundel door de skimmer als de vrije

weglengte kleiner is dan de skimmer-opening. Vergelijking met recente

metingen van Beijerinck laat echter zien dat de geringe afname van de

bundelintensiteit in het experiment van Dankert et al. juist geheel

hieraan moet worden toegeschreven

C. Dankert en H. Legge, Rarefied Gas Dynamics, Proc. XII symp.

(A.I.A.A., New York, 1980).

H.C.W. Beijerinck et al., Chem. Phys., wordt gepubliceerd.

7. Het streven om de computertaal ADA geschikt te maken voor een zo

groot mogelijke verscheidenheid aan problemen valt te vergelijken met

een poging om een universeel laboratorium te ontwerpen.

8. Een ontwikkeling waarbij personal computers gekocht door studenten

beschouwd zouden gaan worden als een verlengstuk van centrale compu-

ters leidt, bij een gelijkblijvende instellingsvraag naar computer-

faciliteiten, tot het overhevelen van centrale kapitaalsinvesteringen

naar investeringen van individuele studenten.

9. Een onderzoek waarbij een photomultiplier wordt gebruikt is een

onderzoek dat het daglicht niet kan velen.

10. Aan de mestoverschotten van de intensieve veehouderij zit,

ecologisch gezien, een onfris luchtje.

11. Het laatste jaar van een promotie-onderzoek zou, pensioentech-

nisch, als tropenjaar gerekend moeten worden.

Eindhoven, 22 maart 1985

J.P.C. Kroon


