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CHAPTER 1.

INTRODUCTION AND SUMMARY.

The progress in tunable laser technology has opened up new possibi-

lities for studies of thermal atomic collision events in which one or

both of the colliding species are in an excited state. Collisions of

this kind may lead to a rich variety of processes, such as "energy

pooling" and formation of molecules with varying degree of

excitation, which apart from their intrinsic interest are of

fundamental importance in fields such as plasma physics,

astrophysics, atmospheric science, photo-chemistry, and related

fields.

Important ionization processes that can occur between two atoms A and

B, of which at least one is excited, are for instance

A* + B •* A+ + B + e~ Collisional Ionization (I) (1.1)

A* + B -»• A + B+ + e~ Penning Ionization (PI) (1.2)

A* + B* •* A+ + B~ Ion Pair Formation (IPF) (1.3)

A* + B* + AB+ + e~ Associative Ionization (AI) (1.4)

These processes, with the exception of (I), can occur even when the

kinetic energy is below the ionization energy of (one of) the

collision partners, because of the presence of the electronic

excitation energy (provided, of course, that the latter energy

exceeds the necessary ionization energy).

The collision between two Na atoms resonantly excited to the 3p state



has been the favourite choice of study for many groups. At a first

glance this might look a most simple system. However, a long series

of experimental [1.1]-[1.16] and theoretical [1.17]-[1.24]

investigations have revealed surprisingly rich features, and we are

still far from a satisfactory understanding of even the main

findings. Figure 1.1 shows schematically a few of the molecular

potential curves of the Na dimer and their dissociation limits.

0--
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— = -• 4.2089

3s
Na,

Internuclear distance

Figure 1.1. A schematic diagram of some potential curves and
dissociation limits of importance for the outcome of a Na(3p)-Na(3p)
collision. It is based partially on [1.15], [1.16], [1.20], [1.25]
and [1.26]. The arrows Indicate the lower and upper limit for the
center-of-mass energy in our experiment. The values correspond to
collision velocities v = 900 and 2300 m/s.

Notice that the combined excitation energy of two Na(3p) atoms is

very close to the energy of some singly excited levels, such as



Na(5s,4d,4f,5p). Therefore a likely outcome of a collision is

excitation transfer, i.e. [1.12],[1.15]

Na(3p) + Na(3p) — > Na(nl) + Na(3s), (1.5)

an "energy pooling" process. A second possible exit channel would be

ion pair formation Na+ + Na~ (1.3) which, however, for the kinetic

energies available in our experiment is not accessible. One

particularly interesting aspect of Figure 1.1 is the alternative

possibility of associative ionization:

Na(3p) + Na(3p) — > Na2
+(

since the minimum of the Na2 ground state potential curve has an

energy of 51 meV below the combined energy of the two excited atoms

[1.25] ,[1.26]. Kircz et al. [1.4] showed that the probability of this

process depends strongly on the polarization properties of the

exciting laser light. This finding drew attention to the possibility

of using the laser light to accurately control and manipulate the

shape of the excited electron clouds as well as their orientation in

space before the collision. In this way one can to some extent select

which states to populate among the twelve molecular states

originating from the Na(3p)+Na(3p) asymptote [1.18]-[1.21].

Theoretical findings [1.19] indicate that of these states only one or

two are expected to cross into the Na2+-continuum at an energy

accessible in thermal collisions. This observation, and the strong

dependence on laser light polarization, may suggest that just a few

of the many possible geometrical configurations of the two excited

atoms are efficient for molecular-ion production. Recent theoretical

[1.20], [1.21] and experimental [1.6] efforts are directed towards

further exploring this possibility. Related associative ionization

studies on K(4p) + K(4p) collisions by Pauly and co-workers [1.27],

are in progress. Other studies have adressed the electron production

[1.3], and the rotational angular momentum of the molecular ion



[1.8],[1.9]. One motivation for these experiments is their relevance

to the astrophysically interesting problem of associative ionization

and the inverse process, dissociative recombination in H-H

collisions [1.28]. Furthermore, dissociative recombination reactions

play an important role in the atmosphere because of their large

influence on the electron density of the ionosphere [1.29].

However, interpretation of the results of experiments is at present

still complicated by the fact that they typically are performed by

crossing an atomic beam and a laser beam and collecting all dimer

ions produced in the interaction region, thus integrating over all

impact parameters and orientations of the collision plane.

Furthermore, in a collision the fixed orientation in space of the

electronic orbital is disturbed at short internuclear distances at

which the electronic motion is partially or fully locked to the

direction of the rotating internuclear axis. This observation has led

to the introduction of the concept of a "locking- or decoupling-

radius" that marks the transition region from space-fixed to

molecular axis-fixed behaviour [1.30]-[1.33].

Therefore it is of value to carefully consider possible experimental

schemes to extract maximum information about the reaction, and in

this thesis we present an experimental study in which we aim towards

this goal. We even reach it in the sense that we are able to extract

the maximal amount of information that can be obtained in our

experimental geometry.

In chapter 2 the experimental setup is described in detail. Much

emphasis is laid on the preparation of polarized laser beams. The

main new experimental development compared to previous studies is the

possibility to vary independently the polarization of two laser pump

beams, thereby controlling the shape of the excited electron charge

cloud of the two colliding atoms independently too. Furthermore the

laser intensity is stabilized in an elegant way.

In chapter 3 we describe the system we developed to stabilize the

frequency of our laser on the Na hyperfine transition we are

interested in. Unlike the system in which the laser is scanned around



the desired transition frequency ("dynamical" stabilization, used in

many experiments), in our system the frequency is fixed. Furthermore,

the system allows us to choose the stabilization frequency in a range

of ±120 MHz around the hyperfine transition frequency. Thereby we are

able to excite the Na-atoms in a velocity-selective way, by having

the laser beam intersect the Na beams at 87° and exploiting the

Doppler effect.

The excitation of Na to the ^P-^^, F = 3 level is discussed in much

detail in chapter 4. It is not at all a trivial problem to excite and

properly polarize a large fraction of atoms, mainly because of the

hyperfine splitting due to the nuclear spin of I = 3/2. Our

discussion is based on the use of so-called saturation curves,

measurements of the laser-induced fluorescence as a function of the

irradiance of the laser. By means of these measurements theoretical

predictions and actual circumstances can be compared in detail. Then

it is also possible to get a rather reliable value for the

"excitation ratio", i.e. the percentage of atoms actually excited.

In chapter 5 we briefly summarize the theoretical analysis of

Nienhuis [1.17] that we use to analyze our experimental results. This

description is based on the use of a detection matrix. The diagonal

elements of this matrix give the probability that a collision of two

excited Na atoms, prepared in certain magnetic substates at infinity,

will yield a Na^ ion. The off-diagonal elements, the coherence terms,

can also give a contribution to the Na2 signal, so-called "coherence

contributions".

In chapter 6 we illustrate the way, in which we can get information

about the collision process by preparing the two colliding atoms with

independently polarized laser beams. For clarity, only two detection

schemes are illustrated, and also the theory and the description of

the experimental set-up are briefly repeated. In this way, it can

serve as an introduction to the complete and more complicated

description in chapter 8.

In chapter 7 the influence of weak magnetic fields on the excitation

process is described. We show that even the magnetic field of the



earth can have a significant influence on the excitation process and

on the population distribution over the different magnetic sublevels

oi: the excited state. Furthermore we show that we can use variable

external magnetic fields to extract additional information from our

measurements. Finally, an elegant method is described to realize

magnetic fields of less than 5 mGauss in the interaction region.

In chapter 8 we describe the experiments with seven different

combinations of polarization of the two exciting laser beams. The

results of these measurements are analyzed, and the final results are

discussed. An important conclusion is that the role of the electron

spin in the Al-proces at thermal energies can not be neglected.
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3i water-cooled

i Liquid N2 -

cooled

laser

Figure 2.1. Photograph and schematic drawing of the vacuum chamber in
which the experiraents have been performed (top v i e w ) . Visible on the
photograph are the liquid IS^-cooled copper shields around both ovens,
and the photodiodes above the collision centre. Shown in the drawing
is the coordinate frame in use throughout this thesis as the "colli-
sion frame". The x-axis points upwards. (Photograph: Frans Verdonk.)
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CHAPTER 2.

EXPERIMENTAL SETUP.

2.1. INTRODUCTION

The experimental study of the collisions between two excited Na

atoms, as described in this thesis, has been performed in a vacuum

chamber, which is shown in fig. 2.1, at pressures of 10 to 30 \i?a (.-

2.10 Torr). Fig. 2.1 also shows the coordinate system that is used

throughout this thesis as the "collision frame". Fig. 2.2 gives a

schematic overview of the apparatus. Two Na ovens produce

counterpropagating effusive Na beams (see 2.2). After colliraation

they intersect the expanded, polarized laser beam (see 2.3) in the

interaction region. Detection of the produced ions is performed with

a high current channeltron (see 2.4). The fluorescence is also

detected, at different angles, by a set of photodiodes (see ?.4). The

measurements are fully automatized (see 2.6).

mirror
/shutter rotatable

plate

Na oven 1 Na oven 2

Figure 2.2. Schematic overview of the apparatus.
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2.2. THE ATOMIC BEAMS

The two atomic Na beams are produced in two differently designed

ovens (only for historical reasons). Oven 1 consists of two chambers,

which can be heated seperately by means of Watlow firerods. The atoms

leave the oven via a 3xO.,3 mm rectangular (x*y) slit. Oven 2 also

consists of two chambers, which however can only be heated

collectively by means of tantalum wire. Its exit slit is 4x0.3 mm.

Both ovens are made of stainless steel (for mechanical stability)

with a copper inner part, that contains the Na (to realize a small

temperature gradient inside the oven). Typical operating tempera-

tures, vapour pressures inside the ovens and Na density in the oven

and in the interaction region are given in table 2.1. Also given is

the mean free path \ N a of the Na atoms inside the oven, according to

(nov °NaJIT
1 (2.1)

with n o v the density in the oven chamber and aN_ the cross section

for Na-Na collisions (= 3.10~19 m2, [2.1]).

oven 1

oven 2

T (K)

590,650

570

Pov (Pa)

3.8

1.8

nov ( c m~ 3 )

4.2xl0U

2.3xlO14

\ N a (mm)

5.6

10

d (mm)

87

67

nc (cm
 3)

4xlO9

6xlO9

Table 2.1. Important data concerning the two ovens. For the given
typical operating temperatures, the Na pressures inside the ovens are
determined with the formula of Nesmeyanov [2.2]. The Na densities
inside the ovens are determined using the ideal gas law, the mean
free path \^& according to (2.1). Finally, using the distance to the
collision centre and the size of the oven slits, the Na densities in
the collision region are determined.

12



In order to produce an effusive beam with a Maxwell-Boltzmann

velocity distribution, X™ should be (much) greater than the smallest

dimension of the exit slit. As can be seen in table 2.1, in our

experiment this is indeed the case.

To keep the Na background pressure in the vacuum chamber as low as

possible, the two ovens are shielded from the rest of the chamber by

two copper boxes, one water-cooled, with a slit of 10*1 mm (xxy), the

other one connected with a Dewar vessel containing liquid nitrogen,

with a much larger slit (approximately 20x10 mm).

The slit in the water-cooled box must be heated up to = 450 K, to

prevent deposition of Na. The liquid nitrogen cooled bo", reaches

temperatures of = 120 K, and thereby is a very effective Na pump.

Nevertheless, there still is a Na background vapour in the vacuum

chamber, which can be seen by the fluorescence light, if one excites

it in the laser beam. By means of absorption measurements, in which

we compared the absorption in the background vapour to the absorption

in the beams, as well as to absorption in a Na vapour cell at known

temperature, we find that the density of the background vapour is
7 — *}

less than 10 cm .

2.3. THE LASER BEAM

2.3.1. General

We use an Ar -ion laser pumped cw singla-mode ring dye laser (Spectra

Physics 380D) stabilized with a Fabry-Perot etalon. The dye we use is

Rhodamine 6G, which has its maximum efficiency near the desired

wavelength of 589 nm. The laser frequency can be tuned electronically

in a range of at most 30 GHz by means of a set of electrically

pivoted quartz plates in the cavity, and by one of the cavity

mirrors, which is mounted on a piezo-electric element.

The typical output power we use is 250 mW at 2 Watt total Ar+-ion

laser input. The bandwidth is less than 1 MHz, the drift less than

13
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Figure 2.3. Path of the laser beam (M mirror, B beam-splitter).
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50 MHz/h. Fig. 2.3 shows schematically the path of the laser beam.

Part of the laser beam is led to a raonochroraator for coarse tuning

and discrirainating the Na D2 transition (aair = 589.00 nm) from the

Di transition (\ ._ = 589.59 nm). Orher parts are led to a Na vapour

cell for fine tuning and to an auxiliary beam apparatus for long terra

frequency stabilization (see chapter 3). The main beam is led through

a Pockels cell and a Glan-Thompson polarizing prism for intensity

stabilization (see 2.3.4), a weakly positive lense for collimation

purposes and, via two mirrors, to an optical table. This optical

table contains a A/2 plate (see 2.3.3), a beam expander (see 2.3.2),

a sheet polaroid (see 2.3.3), a slit diaphragm (see 2.3.2) and

sometimes a X/4 plate (see 2.3.3). This optical table can be shifted

and rotated for adjustments of the angle between laser and atomic

beams (see chapter 3). Then the laser beam is led into the vacuum

chamber via an anti-reflection coated (AR) window (Melles Griot "V"

coating, R < 0.2%) and intersects the Na beams. Finally it leaves the

vacuum chamber again via another AR window, passes through another

retardation plate (see 2.3.3) and is reflected into its own path

again. Fig. 2.4 shows a photograph of the optical table.

Figi^e 2.4. The optical table. (Photograph: Frans Verdonk)

15



2.3.2. The beam expander

The laser beam is expanded by a factor of 12, in order to get a

large, homogeneous laser beam intersecting the atomic beams. In that

way we get a larger region in which excited Ma atoms collide, and ve

can more accurately determine the laser irradiance. Furthermore we

obtain a rather homogeneous spot in the interaction region, in which

the irradiance does not vary by more than a factor of two. This

appears to be crucial when exciting Na (see chapter 4). The beam

expander simply consists of two spherical lenses, one with a focal

length of 5 mm, the other with 60 mm. The distance between the two

lenses is chosen in such a way, that the expanded laser beam is as

parallel as possible, and also in such a way that the dimensions of

the reflected beam in the interaction region are at least as large as

those of the direct beam. The expanded laser beam, with circular

shape and now with a diameter of approximately 25 mm, is led through

a rectangular diaphragm of 10x5 mm (xxz)• The spatial intensity

profile of the expanded laser beam has been measured by means of a

photodiode behind a pinhole diaphragm (0 0.1 mm), mounted on a x-z

micrometer translation table. A result is shown in fig. 2.5.

I1mm

Figure 2.5. Spatial intensity profile
of the expanded laser beam. Intensities
are in arbitrary units.
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The shape of the reflected laser beam shows some interference

structure, which appears to be unavoidable. Furthermore the sides of

the spot are not as sharp as those of the direct one. Measurements of

the spatial intensity profile is of course not possible. However, our

intensity measurements with the direct beam have shown that one can

estimate with the eye rather accurately the spatial inhomogeneity of

the beam, if one looks at the Na fluorescence light from the laser

excited atoms. Using this indication, it seems that the spatial

homogeneity of the reflected beam is even better than that of the

direct beam.

2.3.3. The polarization of the laser beam

The laser beam arrives at the optical table linearly polarized, with

its polarization vector P along the z-axis. The angle 6 is defined as

the angle between P and the z-axis. For our experiments we want to

have available linearly polarized (u) light with P in any desired

direction, or circularly polarized light with left hand (0+) or right

hand (a~) helicity. Furthermore, we want to choose the polarization

of the direct and the reflected laser beam independently.

In order to be able to do this, we used a set of retardation plates.

The first one, which is always in the beam, is a quartz X./2 plate

(Halle). If the angle between its main axis and the z—axis is <z,

then P, upon passing it, changes its direction form 9 = 0 ° to 9 = 2a.

So, if we rotate the X/2 plate, we are able to give 9 any desired

value. The \/2 plate is combined with a polaroid (dichroic sheet

polarizer, Melles Griot) directly after the beam expander, in order

to increase the polarization quality. This polarization quality,

expressed in the degree of linear polarization

(I, - I.)
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Figure 2.6. The combinations of laser polarization in use in the experiment.
A) The combination of a linearly polarized incident beam at angle 9, and a linearly polarized reflected beam

at angle 9'.
B) The combination of circularly polarized incident and reflected beams, but with a change in helicity.
C) The combination of a linearly polarized incident beam at angle 6, and a circularly polarized reflected

beam.
The main axes of the retardation plates have been indicated. The cross indicates the place where the Na
beams two and one are excited by the direct and the reflected laser beam, respectively.



and the degree of circular polarization

Pc - (T_-T-i7) (2'3)

is, after passing several mirrors and beam splitters, rather poor (P^

= 99%). After passing the polaroid, PL is higher than 99.9%.

In case we want to prepare circularly polarized light, we install a

\/4 plate, with its main axis at 0° and make 9 = 45° (a+) or 135°

(a~). By carefully adjusting this X/4 plate, we can xhieve Pc >

99.9%. In order to change the polarization of the reflected beam we

use either a \/4 or a \/8 retardation plate in front of the mirror

that reflects the laser beam into itself. If we have incident

linearly polarized light at angle 9, and want the reflected beam to

be linearly polarized too, at angle 9', then the \/4 plate must be

installed, with its main axis at p = (8 + 6')/2 (because the laser

beam passes the X./4 plate twice, it acts as a \/2 plate).

If we have incident circularly polarized light, and want to change

its helicity, we simply install the X./4 plate with its main axis in

arbitrary direction.

Finally, if the incident beam is linearly polarized at angle 0, and

the reflected beam must be left hand circularly polarized, we have to

use the \/8 plate with its main axis at (9 - 45°) (for right hand

circular polarization (9 + 135°)).

A.11 cases mentioned here, are illustrated in fig. 2.6. The

polarization quality of the reflected beam can of course not be

measured directly. However, the fluorescence light of the Na atoms

excited by the reflected beam, contains information about the quality

(see 8.2.2).

The helicity of the direct laser beam is defined in the usual way
i.e. when looking into the direction where the laser beam comes from
(= into the positive y-direction) for left hand circularly polarized
light the rotation is +, from x to z. The helicity of the reflected
beam, on the other hand, is defined when looking into the same
direction. So although formally the helicity changes upon reflection,
according to our definition it does not.
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Figure 2.7. Our laser intensity stabilization system.



2.3.4. Laser intensity stabilization

The transmission of retardation plates is dependent on the position

of their main axis with respect to the incoming light. Although this

effect is small (since the overall transmission through the

retardation plates is 90X or better), it may cause an important

systematic error in our measurements, because it causes an artificial

9-dependence of the ion and fluorescence signals. Furthermore, random

intensity variations of the laser itself greatly increase the noise

in our measurements. Therefore we stabilize the laser intensity by

means of a Pockels cell (Lasermetrics 3030 XFW) / polarizer

combination. A Pockels cell is a retardation crystal with an

electrically adjustable retardation. At zero voltage the retardation

is zero, and increases with the applied voltage up to A./2 (or more).

The input beam is linearly polarized with P at 9 = 0 ° , so the output

goes from linearly, 9 = 0 ° , via circularly, to linearly polarized

with P at 9 = 90°. Combining this device with a polarizer with its

axis at 0 = 0°, one gets a filter with a electrically adjustable

transmission, illustrated in fig. 2.7. In practice the ratio

m̂ax/'-''min c a n '5e h*-Sner than 50. In order to use this device as a

stabilization system, it needs a feedback signal. However, in our

system with a direct and a reflected laser beam, and a variable

polarization, this signal has to be organized in a complicated way

(see fig. 2.7). Two photodiodes (BPX 79), each on one side of the

slit diaphragm, monitor the laser light intensity. Stabilizing on

this signal would on the one hand reduce the scattering of the

measurements caused by the laser intensity fluctuations. On the other

hand, however, it would even increase the systematic variation of the

laser beam intensity with 9. because a rotation of the \/2 plate

causes a greater intensity variation at the sides of the spot than in

the centre. Furthermore, transmission variations in the reflected

beam would not be accounted for at all.

Our solution is the following. Before the start of a measurement at a

certain position of the retardation plates, another photodiode
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(BPX 79) is shifted automatically into the beam, just in front of the

mirror. Our computer measures this signal, and it adjusts this signal

to a certain preselected value (corresponding to the irradiance

desired in the experiment), by changing the reference signal for the

Pockels cell feedback system (by means of a DA converter). The

feedback system itself will keep the signal of the photodiodes on the

slit diaphragm equal to that reference signal. Then the photodiode in

front of the mirror is shifted out of the beam again, and the

measurement itself starts. After finishing the measurements at that

certain position o£ retardation plates the photodiode is moved into

the beam again, and the computer checks if the signal is still the

same (within = 1%). Normally this is always the case, but if not the

measurements are repeated. If the intensity check is satisfactory,

the retardation plates are rotated to a new position and the

procedure starts again.

In this way systematic 0-dependent variations in intensity are

completely ruled out in the direct beam. In the reflected beam

influences of a 9-dependent transmission of the retardation plate in

front of the mirror may still be present to some extent in the two

fluorescence signals, but not anymore in the ionization signal due to

collisions between atoms from the two beams (so-called "head-head"

collisions). This is so because the laser light intensity is always

normalized at the point between that retardation plate and the

mirror, after passing that retardation plate once. So, if the

transmission of that plate varies, the intensity of the direct laser

beam (and thus the excited Na density of atomic beam 2) varies

inversely proportional to it, but at the same time, the intensity of

the reflecting beam varies proportional to it (and thus the excited

Na density of beam 1). Because the ion signal due to head-head

collisions is proportional to the product of the two excited Na

densities, this signal is not influenced by this effect.

Sometimes a measurement consists of two series: one with a

retardation plate in front of the mirror, and one without. Of course

the intensities of the two laser beams differ in these cases by as
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much as the absorption of the retardation plate, but again when the

plate is put into the beam the direct laser beam intensity will

automatically be increased, and the intensity of the reflected one

will go down by the same amount. Furthermore in these cases the

measurements include situations in which the polarization of the

reflected beam is the same with and without the retardation plate in

front of the mirror, so that the two measurement series can be

compared directly.

2.4. SIGNAL DETECTION

The fluorescence light of the excited Na atoms contains information

about the density of excited atoms, as well as about their polariza-

tion. In order to make full use of this information, we have in-

stalled five photodiodes (BPW 33) in small tubes, each detecting flu-

orescence light emitted in a different direction. Three of them are

positoned in the x-y plane: one along the x-axis (1) and two at ±35°

with the x-axis (2 and 3). The two other ones are in the x-z plane at

an angle of ± 45° (4 and 5) with the x-axis. Their angular resolution

is about 6°. Fig. 2.8 shows the position of the photodiodes.

Figure 2.8. The position of the
five photodiodes measuring the
fluorescence light, with re-
spect to the collision frame.

Na beam 2

incident
laser beam

Of course the sensitivities of the different photodiodes are not

equal. However, the relative sensitivities (and exact angles) can be

determined using the fluorescence signal for excitation with linearly
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polarized light at different angles 8. The accuracy of the

fluorescence measurements, limited by noise, is better than 0.5%.

The formed Na->+ ions are directed with an electric field (= 100 V/cm)

to our high current channeltron (Galileo 4700), which is linear up to

10 counts/s. The gain of this type of channeltron is around 10 , the

efficiency for ions about 60%. The channeltron is connected with a

preamplifier—counter combination.

2.5. MAGNETIC FIELDS

The magnetic field of the earth has a significant influence on the

excitation process, because of the induced Larroor precession (see

chapter 7). Therefore we have to compensate for this field in the

interaction region. For doing this we have installed three pairs of

coils in the x, y and z direction, respectively. Because of the small

dimensions of the area in which the terrestrial magnetic field has to

be compensated (x,y,z: 10x0.5x5 mm) we need not care much about the

Helmholtz dimensions: in case the distance between the two coils is

equal to the radius of the coils, the derivative dB/dr in the centre

is minimized. We calculated that for our "semi-Helmholtz"

configuration the magnetic field variation within the interaction

zone is at most 2 mGauss.

We can coarsely compensate the terrestrial magnetic field by means of

a Gauss-meter. More accurate compensation (down to = 5 mGauss) can be

achieved by making use of the fact that the fluorescence of a certain

Dj-transition in Na is very sensitive to the magnetic field [2.3J .

This will be explained in the appendix of chapter 7.

Apart from compensating the terrestrial magnetic field, the coils can

also be used to deliberately introduce a magnetic field with a well-

known (and variable) strength and direction. Therefore the pairs of

coils had to be calibrated with a Gauss-meter. The results of these

measurements agreed very well with calculations based on the Biot-

Savart law.
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2.6. DATA ACQUISITION AND MEASURING PROCEDURE

The experimental set-up is completely automatized. Fig. 2.9 shows an

overview. The photodiodes measuring the fluorescence signals, as well

as the photodiode measuring the laser intensity (see 2.3.4) are

connected to 12 bits AD converters. Also the counter of the ion

detection system can be read automatically. Furthermore, the 1 bit

logical "laser O.K." signal (see chapter 3) is interpreted:

measurements will be stopped during the time this signal is "not

O.K.".

The magnetic fields, as well as the computer generated reference

signal for the Pockels cell feedback system (see 2.3.4), are computer

controlled by DA converters.

All retardation plates are mounted on computer-driven steppermotors,

with steps of 0.5 degree. One of them (the one in front of the laser-

reflecting mirror), as well as the laser intensity diode are mounted

on DC-motor driven translators, with which they can be moved in and

out of the laser beam. Both are computer controlled. Finally, also

the bistable atomic beam shutters and the shutter for the reflected

laser beam are computer operated.

An experiment normally consists of several series (each at a

different collision velocity) in which the polarization angle or

helicity of the incident and/or the reflected laser beam is varied,

and sometimes also the magnetic field.

At each single combination of polarizations of the two laser beams,

we want to determine the fluorescence signals due to atoms from beam

1 and 2 separately, as well as the ion signals due to head-head

collisions and due to single beam ("head-tail") collisions in beam 1

and beam 2. In order to get this information, we have to use all

eight shutter combinations, as shown in table 2.2.

At every combination of shutters, first the photodiode signals are

determined, then the ion counter is activated to count 2 to 8 times

for one second, and then the photodiode signals are determined again.
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This procedure allows for statistical tests on the signals, before

they are averaged.

For each measuring point we get a total of thirteen numbers (3 ion

signals and 2x5 fluorescence signals): these thirteen numbers are

stored in the memory of the computer together with the positions of

the retardation plates, the magnetic fields and the time. One

measuring point takes on the average 50 seconds, dependent on the ion

counting time. Since an average series contains about 50 points, the

total measuring time of one series is typically 45 minutes.

Every 4 to 7 minutes, a measurement is done at the same situation. In

this way we can keep track of the Na densities in the beams, and, if

there is a smooth trend, correct our data for this. Of course,

density variations within the time of one measurement should be

negligible. A representative example of density variations as a

function of time is shown in fig. 2.10. Normally, the fluctuations in

beam 1 are somewhat smaller than in beam 2, which argues in favour of

the two chamber design of oven 1.

40
tiM tainutti)

Figure 2.10. Measurement of the density of excited Na atoms in beam 1
(•) and beam 2 (•), respectively, as a function of time. These
measurements have been performed during one measurement series, and
can be used to correct this series for density variations.

After a measurement series is finished, the laser frequency has to be

changed, and the next series can be started. In order to be able to

compare the different measurement series absolutely, we also do
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"overall reference measurements": between to series of measurements,

and also at the start and end of a complete experiment, we measure

the fluorescence signals of oven 1 and 2, every time at the same

collision velocity. This enables us to compare the Na densities at

the starts of all measurement series (at the time when the first

reference measurement is done), and correct for possible changes.

Fig. 2.11 shows an example.

Figure 2.11. Measurement of the density of excited Na atoms in beam 1
(•) and beam 2 ( D ) , respectively, as a function of time. These
measurements have been performed between the measurement series. They
can be used to correct the different series with respect to each
other for long-term density variations.

Table 2.2. The unraveling of the fluorescence and ionization signals
by means of opening (0) and closing (C) the shutters for oven 1
(Shi), oven 2 (Sh2) and the reflected laser beam (Sh3). Table 2.2a
shows the components of the signals at each combination of the shut-
ters. A complicating effect is that the direct laser beam also ex-
cites a small amount of atoms in beam 1, and that the reflected laser
beam does the same with Na beam 2. Of course also these atoms con-
tribute to the fluorescence and ionization signals. These contribu-
tions are denoted as dl and d2, respectively (dftuned, in contrast to
resonant contributions). Furthermore, hh stands ror head-head colli-
sions, and ht for head-tail, i.e. single beam collisions. Finally,
FgQ, IgQ and F BQ, 1^. are the background signals with and without the
reflected laser beam, respectively. Table 2.2b shows how we obtain
the signals that we are interested in. The terms between square
brackets have to be neglected. Fortunataly, both terms are small
compared to the signal to be determined, especially in the case of
the hh-signal, because the number of collisions between two atoms,
both excited by the detuned laser beam, is extremely small.
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Shi

0

0

C

C

0

0

C

C

Sh2

0

C

0

C

0

C

0

C

Sh3

0

0

0

0

C

C

C

C

Fluorescence

Frl+Fdl^Fr2+Fd2+FBO

Frl+Fdl +FBO

Fr2+Fd2+FSO

FBO

Fdl+Fr2 +FBC

Fdl +FBC

Fr2 +FBC

F8C

lonization

Ihhrlr2+Ihhrld2+Ihhdlr2+Ihhdld2

+Ihtrlrl+Ihtrtdl+Ihtdldl

+IhCr2r2+Ihtr2d2+Ihtd2d2+IBO

Ihtrlrl+Ihtrldl+Ihtdldl+IBO

Ihtr2r2+Ihtr2d2+Ihtd2d2+IBO

IB0

rhhr2dl+Ihtr2r2+Ihtd!dl+IBC

Ihtdldl+IBC

Lhtr2r2 +IBC

IBC

Table 2.2a.

F r l = (O,C>O)-(C,C,O)-(O)C,C)+(C,C,C)

F r 2 = (C,O,C)-(C,C,C)

rhhrlr2 = (O,O,O)-(O,C,O)-(C,O,O)+(C,C,O)

-2((o,o,c)-(o,c,c)-(c)o,c)+(c>c,c))-[ihhdld2]
^ t r l r l = (O,C,O)-(C>C,O)-(O,C,C)+(C,C,C)-[lhtrldlJ
Ihtr2r2 = (C,O,C)-(C,C,C)

Table 2.2b-
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B)

Figure 3.1. A) Schematic view of the apparatus. For explanation see
text. B) Photograph of the vacuum chamber and the optical elements
around it. The photograph has been taken from the position marked in
fig. 3.1A. (Photograph: Frans Verdonk)
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CHAPTEK 3.

LASER FREQUENCY STABILIZATION AND VELOCITY-SELECTIVE ATOMIC

ABSORPTION.

3.1 INTRODUCTION

In experiments with laser excited atoms the frequency stabilization

of the laser during periods in the range of several hours is very

important. Jitschin [3.1] has described a simple method to lock the

laser frequency to an atomic transition. However, if one wants to

excite atoms with a certain velocity by exploiting the Doppler

effect, the laser has to be detuned from the resonance frequency vQ

of an atom at rest, and Jitschin's method can not be applied

directly. The commercially available active stabilization systems for

single mode dye lasers t'"t make use of Fabry-Perot etalons, are not

sufficiently accurate since they allow frequency drifts of = 50

MHz/h, whereas a drift of less than 1 MHz/h is needed for collision

experiments.

We want to excite Na atoms of a thermal atomic beam in a velocity-

selective way in order to measure the velocity dependence of

collision processes involving Na(3p) atoms. To that end we have

extended the method of Jitschin and have stabilized a ring dye laser

(Spectra Physics 380D) in a frequency range of about ± 120 MHz around

the Na(3s •> 3p) resonance frequency vQ = 5.10
1 Hz (\Q = 589 nm).

3.2. METHOP

A well collimated atomic Na beam effusing from an oven intersects a

laser beam at two different places with angles ctj and ct2» respective-
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ly (see fig. 3.1). The resulting fluorescence light intensities Ij

and I2 of the Na atoms at the two places are detected independently.

Atoms having a velocity v are in resonance with the laser at a fre-

quency v = vQ (l+(v/c)cosa^) (i=l or 2). With a Maxwellian velocity

distribution of the Na atoms we therefore obtain frequency-dependent

absorption profiles Ij(v) and I2(v), the maxima of which are

separated by

Av = vo.vmp . (cos a^ - cos a2)/c (3.1)

with vffl being the most probable velocity of the Na atoms. The shape

of the profiles can be calculated accurately (see appendix). Fig.

3.2a shows normalized calculated absorption profiles (together with

measured ones) for an oven temperature of 520 K and angles dj = 89

and a2 = 87.5°. The two profiles have widths (FWHM) of 31 MHz and 61

MHz respectively and their maxima are separated by Av = 28 MHz. At

the frequency vQ+vc defined by Ii(vo+vc) = I2(vo+vc) the two profiles

cross each other. Thus the difference signal AI has a zero-crossing

at vo+vc and can be used as feedback signal for a frequency

stabilization system, stabilizing on the frequency vQ+v . A suitable

variation of the angles a^ allows us to select vc»

3.3. EXPERIMENT

The Na beam, with a divergence of e = 0.003, is produced in a small

auxiliary vacuum chamber (- 30 cm long) by an effusive oven operating

at a temperature of - 520 K. We estimate atom densities in the light

interaction regions of =2.10 /cm . Because of the relatively low

operating temperature of the oven the Na beam intensity remains

constant over long periods, and can easily be reproduced every

measuring period, even after several months. The dye laser is tuned

to the F^ = 2 -> Fu » 3 component of the Na(
2S1y2 * 2p3/2^ transi-

tion. Fractions of the laser light are split off and directed to
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intersect the atomic beam, at variable angles (Xj and o^* Laser spots

with a diameter of = 3 mm and typical light intensities of 20 mW/cm

are used. Before entering the apparatus the light passes A./4 plates

to change its polarization from linear to circular.By this method

optical pumping effects (e.g. in the far wing of the F^ = 2 •*• F u = 2

transition) are minimized and maximum fluorescence signals are ob-
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Figure 3.2. Calculated and measured absorption curves, for two cases.
a) a, = 89°, <x2 = 87.5°, resulting in a theoretical v of 29 MHz.
b) a, = 86.5°, a2 = 82.5°, vc = 91 MHz. Note the different scalings
of the x-axis. Typical errors in the experimental points are as large
as the size of the marks.
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tained for a given laser intensity. To avoid an interplay between the

two crossing regions the light beams intersect with different frac-

tions of the atomic beam, so that no atom can traverse both laser

spots.

The pivoted mirrors, with which the angles <x. are selected, are

accurately calibrated. Furthermore, the alignment with the laser beam

intersecting the atomic beam at right angles has been achieved using

a retroreflector. For this purpose, one of the two beams was

reflected in an antiparallel way such that the fluorescence from this

reflected beam could be detected independently (of course the other

incoming laserbeara was blocked). The crossing angles of these two

beams are 90 + Aa and 90 - Aa, respectively, with a frequency

distance between the maxima of the absorption profiles of

2v v

Av = _-2J5£ ,sin A a (3.2)
c

By comparing the two absorption profiles and adjusting the mirror we

could achieve Av < 0.5 MHz, resulting in Aa "5 0.015°. Together with

the inaccuracies in the mirror calibration this results in a total

error in the angles a^ of < 0.03°. To check, whether there were any

angular drifts we also used the perpendicular alignment procedure

frequently after our experiments with the stabilized laser. It turned

out that the positions of the mirrors after the experiment were

always in agreement with the ones before within the experimental

error of 0.02°. Furthermore these perpendicular positions hardly

showed any variation at all: in a period of several months they

drifted no more than 0.05°, Therefore we conclude that angular drifts

during the experiments can be neglected.

The fluorescence intensities are measured independently by 2

phototransistors which have a built-in lens and are therefore

sensitive only in a limited angular range. To operate these

phototransistors in a sensitive and approximately linear regime a

constant light intensity from a background source is added. The

fluorescence signals are modulated by chopping the Na beam. This
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allows phase-sensitive detection with lock-in amplifiers. For each

intersection angle a^ the amplifiers are adjusted to yield the same

maximum signal during a frequency scan. These normalized signals

L^Cv) can easily be compared with calculated profiles as determined

by equation (A8) of the appendix. From these theoretical curves the

cross-over frequency vc can be calculated for each combination of

angles otj, a2.

To stabilize the laser frequency we use a voltage which is propor-

tional to the difference signal AI = Ij(v) - ^(v) (see fig. 3.1) and

which is fed to the frequency control input of the laser. In addition

we generate a sura signal I = Ij(v) + ^(v) that indicates whether

there is resonance fluorescence at all. We permanently check if I

stays above and |AI j below certain preselected values. If both are

correct the laser is regarded to be "in stabilization" and an "OK"

signal is generated that is used in the data acquisition system of

our experiment. If I is below the preselected value, the laser
s

frequency is scanned in a wide range to recover the resonance

frequency.

3.4. RESULTS

With this arrangement we were able to stabilize the laser for periods

of hours. An important point is the question, how accurately v can

be determined and whether or not it drifts as a function of time. In

principle the accuracy of v can be influenced by several effects:

(i) inaccuracies in the angles o^; (ii) deviations of the velocity

distribution from the assumed Maxwell-Boltzraann distribution; (iii)

deviation of the saturation broadened width of the absorption profile

from its assumed value; and (iv) inaccuracies in the experimental

normalization of the fluorescence signals.
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(i) The inaccuracies in both a^ of 0.03° result in an inaccuracy of

vc of =0.4 MHz.

(ii) To check if there were any deviations from the Maxwell-

Boltzmann velocity distribution we measured the fluorescence

signals I(v) of the phototransistors at different angles a and

for different frequencies. Fig. 3.2 shows the experimental

results together with calculated curves for crossing

frequencies vc = 29 MHz (3.2a) and vc = 91 MHz (3.2b). The

experimental curves have both been registered in the same

frequency scan of the laser. For lack of an absolute

experimental frequency scale the experimental x-axis is fitted

to the theoretical one. Still, this fit procedure is a reliable

way of testing agreement between calculated and measured sets

of curves, since there are only two fit parameters: scaling and

positioning the x-axis, whereas there are six quantities to be

fitted simultaneously: positions of the maxima of the two

curves and of the crossing frequency v , the width of both

curves, and the relative fluorescence intensity at v . Figure

3.2 clearly shows that there is no reason to doubt the validity

of the assumed Maxwell-Boltzmann distribution.

(Hi) Furthermore, the shape of the curves, especially those with

angles close to 90°, "dictate" the saturation broadened

Lorentzian width: in our case it was 17+2 MHz (FWHM), in good

agreement with (A3), if one takes the spatial distribution of

the laser light into account. This remaining inaccuracy of ±2

MHz in the line width leads to inaccuracies less than ±0.2 MHz

in vc» We conclude that the remaining inaccuracies in vc due to

uncertainties in velocity distribution and line width are

negligible.

(iv) The uncertainties in vc resulting from the experimental

normalization inaccuracies are by far the most important ones.

We estimate the "experimental normalization error" to be 3%,

leading to a typical error in vfi of 2%.
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From fig. 3.2 one can see that for angles a. close to 90° the

frequency-dependent fluorescence varies strongly with frequency and

is therefore well suited for laser stabilization. With increasing

deviations of a from 90° the frequency dependence of the signals is

less pronounced, and the signals themselves become weaker. Laser

stabilization with these signals therefore becomes more difficult. In

practice it turned out that the percentage of time during which the

laser stabilization is regarded as "OK" was dependent on vc. At v

less than 50 MHz, the frequency was almost permanently "OK", at vc =

100 MHz this was the case about 70% of the time. However, for all

frequencies vc in the range 25-110 MHz that were used in our exper-
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Figure 3.3. Frequency variations of the stabilized laser as a
function of time, for three different stabilization frequencies v .
These measurements have been made by observing the time dependence of
a fluorescence signal from another atomic beam, to which the light
from the stabilized laser was directed at an angle of 87°. The
variations of the fluorescence signal were assumed to be caused only
by frequency variation of the laser, and not by e.g. intensity
fluctuations of the Na beam. This leads to "worst case" results for
the laser frequency variations. The error bars correspond to an
experimental error of 0.3% in the fluorescence signal.
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Figure 3.4. Fluorescence signal as a function of the laser stabiliza-
tion frequency v . • experimental points. The three curves are theo-
retical calculations with the angle between laser and atomic beam as
a parameter. There is good agreement between theory and experiment
and the angle can be determined with an accuracy of 0.1° or better.
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Figure 3.5. The number of collisions per unit of time between excited
Na atoms as a function of the collision velocity, with the stabiliza-
tion frequency vc (MHz) as a parameter.
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iments, the laser could be kept at a constant frequency within its

own line width (< 1 MHz). This was checked by observing the time

dependence of a fluorescence signal from another atomic beam, to

which the light from the stabilized laser was directed at an angle of

87°. Results for three values vc are shown in fig. 3.3. Furthermore

we also checked the time dependence of the laser frequency by means

of the other atomic beam at an angle of 90 and vc = 5 MHz, for a

period of many hours. Still the frequency variations were at most 0.5

MHz.

3.5. APPLICATION

To obtain a velocity-selective excitation of Na and a well determined

collision velocity between excited atoms, we intersected a laser beam

with counterpropagating Na beams at 87°. The selected velocity

depends, apart from the laser frequency, also on the exact angle

between laser and atomic beams. Therefore first the laser was

intersected perpendicularly. This arrangement could be checked

accurately by comparing the frequencies, at which the fluorescence

signals of atoms from beam 1 and beam 2 had their maximum. Then the

intersection angle was changed by means of a calibrated pivoted

optical table.

The resulting angle, as well as the Maxwell-Boltzmann velocity

distribution in the atomic beams, was checked by comparing the

experimental frequency dependence of the fluorescence signal to

calculated curves according to (A8), for various angles. Results are

shown in fig. 3.4. There is good agreement. This means that the

Maxwell-Boltzmann profile is a good description for the actual

velocity distribution, and that we could determine, the intersection

angles to better than 0.1 degree.

As the theoretical calculations on the velocity distribution are

reliable, we can also rely on the calculated collision velocity

distributions, shown in fig. 3.5. It shows that in principle we can

41



select collision velocities between 800 and 2400 m/s, with an average

width of 250 m/s (FWHM).
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APPENDIX. CALCULATION OF THE ABSORPTION PROFILES I(v)

We want to determine the frequency dependent absorption profiles I(v)

of a colliraated effusive Na beam for a given oven temperature T,

intersection angle a, atomic beam divergence e and laser irradiance

E. An atom moving with a velocity component Vj in the direction of

the laser beam absorbs light at a frequency

v = v (1+v /c) = v {l+[v cosa + v sina ]/c} (Al)

with vQ the resonance frequency of an atom at rest and c the speed of

light, vv the velocity component in the direction of the atomic beam,

and vx the component perpendicular to the atomic beam in the plane

through atomic and laser beam.

The absorption profile can be described by:

A(v,vxv ) ~ {l+[2(v'-v)/Av]
2}"1 (A2)

Here the effective width Av (FWHM) depends on the natural width Av

and the saturation broadening Avg which varies with the laser

irradiance. In our case (lifetime T = 16.1 ns, excitation with

circularly polarized light) it is given by

AvtMHz] = (99 + 15.3 E[mW/cm2])1/2 (A3)

In order to get the total absorption profile one has to weigh
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A(v,v,_v,,) by the atomic velocity distribution function f(vvv1F) andA y x y
integrate over all velocities:

I(v) = f f(v v ) A(v,v v )dv dv (A4)
' xy xy xy

We assume Maxwellian velocity distributions in the y direction

(atomic beam direction):

f(v ) ~ v2 exp(- mv2 /2kT) (A5)

and in the x-direction:

f(v ) ~ exp(- mvx
2/2kT) (A6)

Our beam divergence is sufficiently small to justify the

approximation v * v and vx/v < tan e = e. Then (A4) becomes:

•» ev ev
I(v) ~ / f(v ) [ / yf(v ) A dv / J yf(v )dv ]dv (A7)

3 -ev -ev J

y y y
We can further approximate f(v_,) = f(v_, = 0) in the range |vvl < ev,r

A. x A ' y
and obtain:

~ / f(v ) [(2ev ) l / y A dv ]dv (A8)
0 y y -ev x y

y

The absorption profiles shown in fig. 3.2 are calculated numerically

by using (A8) together with (A5) and (Al), (A2) and (A3).

For angles a sufficiently different from %/2 a further simplification

of (A8) is possible by approximating

v. = v cosa + v sina < v cosa + ev = v cosa
II y x y y y

With this we obtain:

2 -1
I(v) « J f(v ){l+{2[v (1+v cosa/c)-v]/Av} } dv (A9)

1 y l l o y ' i y
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CHAPTER 4.

EXCITING SODIUM.

4.1 INTRODUCTION

Measuring the polarization dependence of associative ionization

requires a careful preparation of polarized Na atoms. Because of the

influence of the nuclear spin I = 3/2, giving rise to hyperfine

splitting, this is not a trivial problem. In this chapter the general

theory for the excitation process will be explained and a result of

numerical calculations will be presented (4.2), and compared with

measurements (4.3), (4.4). Furthermore the trapping effect will be

discussed (4.5), as well as the situation at our experimental

conditions (4.7). Finally the use of saturation curves for the

determination of the excitation ratio is discussed (4.8).

4.2 THE EXCITATION PROCESS

When a Na atom Is excited with a single mode dye laser, the

excitation process is "hyperfine selective", i.e. we can excite the

atom from one specific hyperfine lower state into one hyperfine upper

state. The hyperfine levels, related with the Na 32Si/2 * 32p3/2

transitions C^-line") are shown in fig. 4.1. In our experiment, we

use specifically the Fjj = 2 •+ Fu = 3 transition. This is a degenerate

two level system.

Then we define:
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as the probability per second that an atom will be transferred from

the magnetic sublevel M^ of the lower hyperfine level F^ by absorbing

a photon with polarization \ (X = 0 for linearly polarized light, \ =

± 1 for circularly polarized light with ± helicity) to the magnetic

sublevel M of the upper hyperfine level Fu, with pv the spectral

energy density of the laser light (in J/ra Hz).

In the same way we define

a(F M ;F M )

x a u u

as the probability per second that an atom will be transferred from

the upper substate |F M > to the lower substate |FgM.> by spontaneous
U U J\. A.

emission of a photon, regardless its polarization, and

as the probability per second on going from |F M > to fFjM.> by

stimulated emission of a photon with polarization X.

The b^ and a can be expressed in terms of B(F^,FU) and A(FJJFU) (the

coefficients for stimulated and spontaneous emission, respectively,

between the F-levels involved) by means of Clebsch-Gordan

coefficients [4.1]:
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The Clebsch-Gordan coefficients used here, are connected to the

Wigner 3j-symbols by

A listing of the values '.if these 3j-symbols can e.g. be found in

Rosenberg et al [4.2]. Fig. 4.2 shows the values of the Clebsch-

Gordan coefficients for the specific

interested in.

•* Fu transition we are

-3 -2 -1

- 2 - 1 0 1

Figure 4.2. The Clebsch-Gordan coefficients for a F^ = 2 •* FL
transition.

The equations (4.1) contain the selection rules for absorption,

stimulated emission and spontaneous emission for the magnetic

sublevels:

absorption and stimulated emission: (Mu - M*)

spontaneous emission (My - M^) = 0, ±1

(4.3)

Furthermore, the B(F^,FU) and A(FA,FU) coefficients can be expressed

in the well known Einstein coefficients for stimulated emission
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B(Jn,J ) and for spontaneous emission A(Jj^,Ju), using 6j-symbols

[4.1]:

(4.4)

(2Ju

A(F.(JO,I), F (J ,1)) = (2J H

Equations (4.4) contain the selection rule:

AF = 0, ±1 (4.5)

For the transition that we are interested in, we get:

(4.6)

), 3(§,f)) = KiLb s A
L. i. Li Li. X.U

Finally, we need the relation between and A. and Bo :
" Xn Xu

^» = m£ (4.7)
BAu c3

Verolainen and Nikolalch [4.3] give a review of many experiments on

the lifetime of the Na (3p) state. They get for the average of 25

values T = 16.06 ns, and A. = l/x = 6.227.107 s"1.

Using eqs. (4.1) - (4.7) for our F^ = 2 -»• Fu = 3 transition, we get a

set of 12 coupled rate equations, describing the time derivatives of

the populations of all magnetic sublevels involved. Using this set,

we can numerically calculate the time dependent population of all

magnetic sublevels starting with a certain population distribution at

t=0, or find the stationary state population. Before we do this,

however, we should state that these equations can in principle only

be used under the condition that the spectral width of the exciting

laser field is much larger than the absorption linewidth of the
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atomic transition. In our case (we use a single mode dye laser with a

band width of less than 1 MHz) this condition is certainly not

fulfilled. However, Nlenhuis [4.4] has shown that, in the case of a

(degenerate) two level system, the results of calculations with rate

equations are nevertheless reliable, provided that either stationary

state is described, or the spectral energy density of the laser is

very far from saturation. If these conditions are not fulfilled, Rabi

oscillations of the populations play an important role, and rate

equations cannot be used.

Furthermore, we must define the meaning of the concept "spectral

energy density", for the case that the spectral width of the laser

field is small compared to that of the atomic transition. Generally:

+00

p = / dv I (v) S(v) (4.8)
V Li

—a>

which is the overlap integral of the Gaussian spectral profile of the

laser: 2
v - v .

I.(v) = I e L (4.9)
Li O

with its maximum at frequency VQI<, and width Av^ (FWHM), and of the

Lorentzian spectral profile of the atomic absorption:

S ( V ) = v - v 2
1 + 4 ( — 2S)

with its maximum at frequency vQg, and width Avg (FWHM)

We choose

(4.11)

S =~— (4.12)
o itAv
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which gives:

/ I.(v)dv = - (4.13)
Li C

—CO

with E the laser irradlance (dimension power/area) and

/ S(v)dv = 1 (4.14)

For our case of narrow laser bandwidth, i.e. Av « Av we get:
L S

(4.15)

If furthermore v _ = v _ ("resonant tuning11):
OL Oo

(4.16)

A stationary state in the excitation process will be reached after

several spontaneous decays. This stationary state can be calculated

from the equations (4.1) - (4.7) and (4.16) ([4.5],[4.6]). For

excitation with it and a light the relative populations of the

different |FM > states are listed in table 4.1. The absolute density

of the atoms in the F = 3 state is given by:

n_ = -rr I -. J N for excitation with it-light
r 10 ,,, An 0u . 461 Jtu

1 1512 Bo p (4.17)

n = 4r [ T ] N for excitation with a-light
F 16 , A. o
u 1 XUi + 1

66 Bo p

with NQ the total density of Na atoms, a fraction of 3/8 of which is

inaccessable for the excitation process, because they are in the F^ =

1 state.

However, it is not at all clear that a stationary state is indeed

reached. As can be seen from fig. 4.3, there is, especially in the o-
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Table 4.1. The relative populations of the different JFMF> states for
stationary state conditions, and for excitation with rc-light (A) and
a+-light (B).

A) linear pumping, initial C) circular pumping, initial

VTA

B) linear pumping, stationary

I
-3 -2 -1 0

D) circular pumping,stationary

-3 - 2 -1 0 1

Figure 4»3. The relative population of the excited levels in the
initial state (A and C) and in the stationary state (B and D), for
excitation with linearly polarized light (A and B), and with left
hand circularly polarlized light (C and D).
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excitation case, a large difference between the relative density dis-

tribution of the excited state in the stationary state, and the so-

called "initial" distribution: the relative density distribution

during the first pumping cycle. In order to get an idea how fast and

how accurately stationary state is leached, we performed numerical

time-depenc-jnt calculations, using the rate equations, and calculated

the relative density distribution as well as the absolute density of

the atoms In the Fu = 3 state. From the comparison of the results of

these calculations with stationary state conditions, we can get the

time it takes to reach the stationary state. This time depends on (i)

the value of A^u, (ii) the laser irradiance E, and (iii) the

polarization of the laser light. In table 4.2 a characteristic time

is listed, with E as a parameter, for excitation with a -light. At

this time, the population of the M = 2 upper sublevel is less than

10% of the M = 3 upper sublevel. In order to have stationary state

conditions fulfilled (within 2-3%), one should choose the excitation

time = 10 times as long as the time listed in table 4.2. When

exciting with rc-light, stationary state is reached approximately 5

times as fast as in the o-case.

E (mW/cm2)

0.05

0 .5

5

15

50

500

time (|as)

= 55

6

1

0.55

0.35
0.30

Table 4.2. The time at which the population of the Mp = 2 upper level
is less than 10% of the population of the Mf = 3 upper level as a
function of the laser irradiance E, with a+-light excitation.
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4.3. ANISOTROPY OF THE EMITTED RADIATION

We want to compare the results of the numerical calculations also to

experimental results. Therefore we have to measure the fluorescence

light, which is proportional to the density of excited atoms, as a

function of laser irradiance and get a so-called "saturation curve".

However, only the total fluorescence is proportional to the excited

atom density; with the fluorescence light in a specific direction

this is not necessarily the case. In that case the angular dependence

of the fluorescence light becomes important, the so-called

"anisotropy". This anisotropy depends on the ratio between the

transitions with AM = 0 and AM = ±1 of the spontaneous emission. For

the case that the excited atom can be described by a diagonal density

matrix (i.e. no coherent superposition of AM = 0 and AM = ±1

transitions), one finds [4.1]

(4.18)

I(AM = ±1) = I t Q t. - ^ (1 + cos20)

with 9 the angle between the direction of the emitted fluorescence

and the z-axis. For it-excitation the polarization vector defines the

z-axis, in the a-case the z-axis is defined by the propagation

direction of the exciting laser.

Of course the ratio AM = 0/AM = ±1 depends on the relative

populations of the various M substates of the excited state. This

means that also the anisotropy changes as a function of laser

irradiance. One can calculate from (4.'8) and (4.1):

1(9) ~ (30n, + 20n. + 14n. + 12n + 14n . + 20n „ + 30n ,)
3 2 1 0 - 1 - 2 - 3

+(-15n3 + 9nx + 12nQ + 9n_j - 15n_3)sin
29 (4 1 9 )

with n^ the relative population of the Mu = i substate of the excited

F = 3 state.
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4.4. EXPERIMENT

The experimental saturation curves have been measured in the setup

described in chapters 2 and 3. The laser intersected the atomic beams

at 90°, and its frequency was stabilized at vc = 0 MHz, i.e, the

resonance frequency. The terrestrial magnetic field was compensated

to less than 5 mGauss.

The laser intensity has been varied by means of the Pockels cell

system, in combination with a neutral density filter (T = 10%) for

the very low irradiances. The irradiance was measured with a

photodiode behind the vacuum chamber. The average passage time of the

atoms through the laser spot was 8 \is. The angles at which the

fluorescence light was detected, were 9 = 90° and 0° for excitation

with n-light, and 9 = 90° for excitation with a-light. The results

are shown in fig. 4.4 together with the numerical calculations for TI

and a, as well as the saturation curves for stationary state

conditions. In order to get the best agreement, the experimenal

points have been shifted in the y-direction, and - 5% in the x-

directlon. The latter is reasonable in comparison to the estimated ±

2QZ uncertainty in the experimental irradiance, due to the

uncertainties in the calibration of our power meter, and in the size

of the laser spot. As one can see, there is excellent agreement

between measurements and numerical calculations, but less good

agreement between the measurements and the stationary state curves at

lower irradiances. Especially the cr-points at very low irradiances,

which lie below the it(90°) points (in agreement with the numerical

calculations, but not with the stationary state results) show that in

that region stationary state conditions are not fulfilled. These

stationary state conditions become valid in our case at = 1 mW/cm in

the case of % excitation, and at = 5 mW/cm for a excitation.

Furthermore, note that the fact that the curves have a different

asymptotic value is only caused by the anisotropy. The density of

excited atoms at infinite irradiances is of course in all three cases

(theoretically) equal to _5_ N Furthermore, although the fluores-
16 o*
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irradiance (mW/cm2)

Figure 4.4. Experimental and theoretical saturation curves.
Experimental points: (O),(B) excitation with Ti-light, fluorescence
detected at 9 = 90°, (A) excitation with 7i-light, detection at 9 =
0°, (o) excitation with a-light, detection at 9 = 90°. The full
curves are the result of our numerical calculations for both n-cases,
the dashed-dotted curve is the numerical result for the a-case. The
other curves are according to the stationary state theory, the dotted
ones for both 7i-cases, and the dashed one for the a-case. The
difference between the o and the • points in the it (90°)
measurements is explained in the text.

cence signal in the a case is always lower than in the n(90°) case,

the density of excited atoms is always higher (cf. (4.17)).

Finally, there is one major discrepancy between theory and

experiment: at higher irradiances, the experimental % points tend to

deviate from the theoretical curves. At still higher irradiances, the

signal even goes down again, as can be seen in the differently marked

points for u(90°). (These have been measured in an older experiment,

in which the laser beam was not expanded so much, in order to reach

higher irradiances.) This effect, called "trapping", is caused by the

influence of the F^ = 2 •> Fu = 2 hyperfine transition.
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4.5. TRAPPING

The trapping effect is caused by the fact that always a part of the

atoms will not be resonantly excited from F^ = 2 to Fu = 3, but to

the far wing of the transition F^ = 2 -> Fu = 2. The frequency

difference beween these two transitions is 59 MHz [4,7], only six

times the natural linewidth. An overall percentage of 50% of the

excited atoms in F = 2 will decay to the F9 = 1 ground state, whereu ~

they are "trapped", because they cannot be excited anymore (the

hyperfine splitting of the groundstate is 1772 MHz). The reason why

this effect is not present in the (stationary state) a case lies in

the fact that all atoms in the F^ = 2 state are in the Mp = 2

substate, and get excited only with AMp = +1. Because a Mp = 3

substate is not available in the Fu = 2 state, all get into the Fu =

3 state. Of course, during the process from initial to stationary

state trapping is also possible in the 0-case. Detailed calculations,

however [4.8], have shown that the loss caused by trapping is no more

than 2%.

The reason why trapping (in the it case) becomes more important at

higher irradiances is connected with the occurrence of saturation.
j

The density of excited atoms in the Fu = 3 state grows linearly with

the laser irradiance untill a plateau is reached ("saturation").

Then, increasing the laser irradiance does not raise that density any

further. The F^ = 2 -> Fu = 2 transition, on the other hand, is

excited with a much lower effective pv according to (4.15), so that

this density will still linearly increase with the irradiance, giving

rise to an increasing trapping effect.

So qualitatively, the influence of trapping should become visible as

soon as the slope of the saturation curve for the F^ = 2 •+ Fu = 3

transition deviates from unity. Quantitative work is in progress

[4.9]. However, it appears that the results are critically dependent r

on the spatial distribution of the laser beam. Therefore no attempt I

is made here to (semi)quantitatively describe the effect, but rather ;

the experimental data are used to get an impression of the influence *
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of the effect on the associative ionization measurements we want to

perform. Our simple model is that the density of excited (and

excitable) atoms is equal to its stationary state value from the

beginning, but then decreases exponentially with time during their

stay in the laserspot:

n(t) = n(o)e~Xt (4.20)

which is equivalent to

n(p) = n(o)e V (4.21)

with p the position in the laserspot and v the velocity of the atom.

The average density is then

D -j£ =^
n = / n(o)e Vdp = ̂ ( 1 - e V ) n(o). (4.22)

o

with D the total width of the laserspot.

We use the comparison between the experimental curve and the

calculated one, in order to get values for X at several irradiances.

In our experiment, atomic beam 1 comes from the left, beam 2 from the

right.

So, beam 2 is described

^ (D-p)
n2(p) = n2(o)e

 v (4.23)

and correspondingly

e V ) n2(o) (4.24)
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If we want to measure the cross section a for the associative

ionization process, we detect the ionization signal

v D
Rion = 5 J a(vc).n1(p).n2(p).vcdp (4.25)

o

with V the interaction volume, and vQ the collision velocity, which

is equal to twice the velocity of the excited atoms. We normalize

this signal by the collision velocity and the product of the

fluorescence signals, which are proportional to the average density

of the excited states, and find our measured cross section, am:

a (V ) i23_ (4.26)
m e — —

WVc
(apart from a constant factor, containing the efficiencies of the

photodiodes and the ion detector, and the size of the interaction

volume).

If we calculate (4.26) explicitly, we get:

a (v ) " v D
m c e f(v ) (4.27)

It is clear that, since f(vc) is velocity dependent, its value must

be close to 1 for all velocities, because otherwise we would

introduce a spurious velocity dependence. The value of f(vc), and

thus its velocity dependence is dependent on the amount of trapping

via \. Fig. 4.5 shows f(vc) as a function of collision velocity, in

the range of our experiments, with the laser irradiance as parameter.

Our semiquantitative model shows that the trapping effect is

important at irradiances higher than 24 mW/cm . The trapping effect

is also clearly visible in the experiment (the fluorescence spot can

be seen with the naked eye). If we compare the results of our model

to what is visible, one would even say that the trapping effect is
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Figure 4.5. The velocity dependent influence of the trapping effect
on the value of the measured cross section, with the laser irradiance
E as parameter.

more prominent than it seems to be in the model.

Apart from this spurious velocity dependence in a, there is also a

considerable influence on the polarization, caused by the fact that

the density of atoms excited in the Fu = 2 upper state has a totally

different magnetic substates distribution.

In order to avoid trapping effects as much as possible, we should

keep the laser irradiance below 15 mW/cm . On the other hand, in

order to have stationary state conditions we should choose the laser

irradiance above 5 mW/cm . In fact we performed all our measurements

at E = 8 ± 2 mW/cm2.
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4.6. DESCIRPTION IN J- OR L-PICTURE

The excitation itself is hyperfine-structure selective, so the

nuclear spin has to be taken into account in order to describe this

process. However, it is highly unlikely that the nuclear spin plays

any role in the atomic collision process we want to study. Therefore

we take the trace over the nuclear spin, in order to get the density

of excited states in the J-picture:

"M = 2
J M_

r

The stationary state distribution of the excited state is for it-light

n3/2 • nl/2 ' n-l/2 : n-3/2 = 1:5:5:1 and for a : n-j/2 : ni/2 • n-l/2

:-3/2 = 1:0:0:0.

One can even go further and assume that also the electron spin does

not play an important role in the ollision process. Then we get the

description in the L-picture. For excitation with ii-light we get n^ :

n0 : n_j = 2 : 5 : 2, and for a+-light: n1 : nQ : n_j = 1 : 0 : 0. Of

course non-stationary state distributions yield different nw values.

4.7. EXCITATION IN OUR EXPERIMENTAL SITUATION

In our experiment we want to excite the atoms in a velocity-selective

way, and therefore the atomic beams are intersected by the laser at

87°. This makes the description of the excitation process even more

complicated. Instead of trying some theoretical model, we measured

saturation curves at three laser frequencies. The results are shown

in fig. 4.6. Of course these results are not directly comparable to

the numerical calculations presented in 4.3 and 4.4. We see that for

the two higher frequencies the results look very similar to those of

fig. 4.4, but at the lower frequency trapping effects seems to be

more important. A qualitative explanation is given in fig. 4.7. There

we see the Doppler-profile of one atomic beam, and the parts of the
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Figure 4.6. Three measurements of
saturation curves in our experi-
mental situation, i.e. with the
laser intersecting the Na beams
at 87°. A) The stabilization
frequency of the laser vc

 = 40
MHz, thereby selecting a colli-
sion velocity v 1050 m/s.
B) v
m/s. C) vr
2150 m/s.

70 MHz, and vc = 1600
c

100 MHz and vc =

Fu = 3 transition, as well as

Irradlance (UN/cm2)

atoms in resonance with the F^ = 2

with the F^ = 2 -»• Fu = 2 transition. As can be seen, an increasing

number of atoms becomes resonant with the F^ = 2 -v Fu = 2 transition

for decreasing velocities, and in the same time the number of acorns

resonant with the F^ = 2 •* Fu = 3 transition decreases. This causes a

higher trapping rate, and also a higher average velocity of excited

atoms. One should note however, that the F^ = 2 -> Fu = 2 transition
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Figure 4.7. Illustration of how the velocity-selective excitation of
Na takes place. The laser beam, intersecting with the Na beams at
87°, is stabilized on a frequency vc. In A, vc = 80 MHz. Then the
direct laser beam excites atoms from atomic beam 2 (the left Maxwell-
Boltzmann velocity distribution) with velocities around 900 m/s from
Fo = 2 into the Fu = 3 level. The reflected laser beam does the same
with Na beam 1. The shaded area indicates the velocity class of atoms
that can take part in the excitation process. (Of course the percent-
age of atoms actually excited is not 100 in the peak.) At higher
velocities, however, atoms can be excited into the Fu = 2 level. In
A) that amount of excitable atoms is still extremely small, but as vc
decreases (in B vc = 60 MHz and in C 40 MHz) this amount increases.
Furthermore, below v = 60 MHz the amount of atoms resonant with the
Fo = 2 + F = 3 transition decreases, so the density ratio Fu = 2/F
= 3 increases. However, the shaded area gives an exaggerated
impression of this ratio, since at the laser irradiance we use the Fĵ
= 2 -»• F = 3 transition is = 50 times as effective as the FJJ = 2 -»• Fu

= 2 transition (partially caused by the decay of excited atoms in the
F = 2 state to the "wrong" groundstate). Still, in the case vc comes
below 35 MHz (as in D, where v,, = 25 MHz) the trapping effect35 MHz (as
connected with the F^ = 2 * Fu

that we cannot perform reliable cross section measurements anymore.

D, where vc

2 •* Fu = 2 transition becomes so important,
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is by far not as effective as the F^ = 2 •> Fu = 3 transition [4.10],

so the density ratio Fu = 2/Fu = 3 is not as high as it seems to be

at first sight. Still, this effect limits our frequency range (and

thus our collision velocity range). We should not use frequencies

lower than 35 MHz, corresponding to a collision velocity of = 950

m/s.

4.8. DENSITY OF EXCITED ATOMS

In atomic beam experiments with excited atoms the excitation ratio

n /NQ is an important parameter. In this section we look at the

reliability of using a saturation curve measurement in order to

determine this ratio.

In principle, if one carefully measures a saturation curve and finds

good agreement with the theoretical one, one can make use of the

theoretical ratio. However, there are a number of effects which can

cause deviations. Some of them influence the shape of the saturation

curve, and can therefore in principle be recognized, other effects do

not influence this shape and have to be taken care of in another way.

4.8O1 Effects that influence the shape of the saturation curve

Many effects influencing the shape of saturation curves, have been

discussed by Alkemade [4.10]. Here we only deal with those effects,

which are likely to be present in atomic beam experiments.

A) Spatially inhomogeneous laser.

If one tries to measure a saturation curve with a usual dye laser

beam (with a beam diameter of = 3 mm) one has to cope with two

unwanted effects, (i) In that case it is extremely difficult to get a

reliable value for the laser irradtance, because the siz" of the

laser spot is hard to determine accurately, (ii) The measured
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saturation curve will be a smeared-out version of the real one, since

in the laser spot a whole range of irradiances is present.

Experimental results regarding this effect can be found in [4.10],

[4.11].

One may conclude that, in order to measure a saturation curve

reliably, one should use a homogeneous laser spot. Numerical

calculations show that gradual irradiance variations of a factor of 2

within the spot (as in our experiments) do not yet influence the

shape of the saturation curve remarkebly.

B) Influence of magnetic fields.

When a magnetic field is present, stationary state conditions are

generally not completely fulfilled. This is caused by the Larmor

precession which mixes the populations of the different magnetic

substates, thus preventing the atoms from getting properly polarized.

This generally changes the relative density of the excited levels, as

well as the anisotropy distribution of the fluorescence light. Both

effects influence the shape of the saturation curve. However, the

higher the laser irradiance, the less important the magnetic field

influence becomes. On the other hand, when a stationary state is

completely polarized, as is the case with a-excitation, already small

magnetic fields can play an important role. Magnetic field influence

will be treated quantitatively in chapter 7.

The obvious solution in the case of measuring saturation curves is

creating a zero magnetic field in the region where the atoms are

excited.

C) Polarization quality of the exciting laser light.

The polarization quality of the exciting laser can be described by P^

and Pc according to (2.2) and (2.3). These parameters can easily be

measured. In general one should aim at values of > 99.9% for P^ or P^

in order to expect the theoretical conditions to be fulfilled.

However, if this quality cannot be reached, drastic changes of the

excitation ratio are not to be expected. Also, by means of fluores-
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cence anlsotropy measurements, one can get an idea of the Influence

of impurely polarized laser light.

D) Initial effects.

Initial effects have already been discussed in section (4.2). The

conclusion is that one must choose the excitation time = 10 times as

long as the times listed in table 4.2, in order to be able to neglect

initial effects. Generally, however, one cannot use the stationary

state saturation curve for comparison with the experimental data over

all orders of magnitude, but has to take the initial effects into

account by performing numerical calculations.

E) Trapping.

Also trapping effects have been discussed in the previous sections.

It should be stated that only the a-excitation saturation curve

enables us to compare theory and experiment accurately, and even

gives the possibility to fit the experimental irradiance scale. So,

if one wants to determine the excitation ratio for it-excitation by

means of a saturation curve, one must either be able to measure the

laser irradiance accurately, or measure the %- and a-saturation

curves in the same measurement.

4.8.2. Effects that influence the excitation ratio, but not the shape

of the saturation curve.

There are a few effects, that directly influence the excitation ratio

in an atomic beam experiment, but leave the relative density

distribution (and thus the shape of the saturation curve) intact.

They either have to be calculated and taken into account, or have to

be ruled out.
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A) Divergence of laser or atomic beam, or small deviation of the

perpendicular alignment.

When the atomic or the laser beam is divergent, or if they do not

intersect each other exactly at 90°, not all atoms will "see" the

laser frequency exactly resonant with the specific transition. This

effect can be taken into account by using the effective spectral

energy density (4.15), which will be lower for atoms whose velocity

is not perpendicular to the laser beam direction than for atoms with

perpendicular velocity direction. In this way the beam divergence is

translated into the non-divergent situation with varying laser

irradiance throughout the spot. Mostly, however, these variations are

so small compared to the spatial inhomogeneity of the laser, that

their influence on the shape of the saturation curve can be

neglected. Still the average effective spectral -•/ density will

be somewhat lower than the one calculated witt (4.. ). This causes

the excitation ratio to be somewhat lower.

B) Laser frequency stabilization.

When the laser frequency is not exactly resonant, the effective

spectral energy density (4.15) will again be somewhat lower than in

the resonant case (4.16). A widely used laser frequency stabilization

system scans the laser frequency around the resonance frequency, and

uses the resulting fluorescence signal with lock-in techniques as a

feedback signal. If the scanwidth of the laser frequency is small

compared to the natural linewidth of the transition, the excitation

ratio is hardly influenced by this method. However, for reasons not

yet understood, the excitation ratio can depend critically on small

drifts in the stabilization feedback system (see 4.8.3). This means

we have to conclude that, if one needs the excitation ratio in the

experiments, one should either very carefully adjust the stabiliza-

tion system, or use a static instead of a dynamic stabilization sys-

tem, like the one described in chapter 3.
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C) Geometrical factors.

Normally the dimensions of the laser spot define the interaction

region. However, if one studies processes in which also the ground

state atoms can contribute, the interaction volume is defined in

another way. If this interaction volume is not fully illuminated by

the laser, the average excitation ratio is obviously lower than the

one in the laser illuminated part. These effects can cause large

reductions of the excitation ratio, but in a well defined experimen-

tal arrangment they can either be prevented, or taken into account

accurately.

4.8.3. Experiment

In Kaiserslautern, we performed Penning Ionlzation Electron Spectros-

copy measurements on the collision systems Na(3s)-He (2*S,23S) and

Na(3p)-He*(21S,23S) [4.12]. In these experiments we could directly

measure the excitation ratio by measuring the decrease of the Na(3s)-

He (2 S) electron signal. The experimental set-up for the excitation

of Na was comparable to the Utrecht experiment. However, there are

four important differences: (i) the size of the laser spot was some-

what smaller, resulting in a = 25% shorter passage time of the atoms,

(ii) the laser frequency stabilization system was a scanning type, as

described in the previous section, (iii) the laser irradiances we

used were rather high: 90 mW/cm in the case of excitation with a

light, and 65 mW/cm in the it-case, (iv) because we detected

electrons from the collisions of He metastables with ground-state Na,

geometrical effects, as mentioned in the previous section, could not

completely be ruled out. We estimate a reduction of the excitation

ratio by at most 5%, due to this effect.

We reached an excitation ratio of (27 ± 2)% in the a-case, and (17.3

± 1.8)% in the it-case. Theoretically, (based on (4.16) and (U.17)) we

expect 29.3% and 26,8%, respectively. The value for the a-case has to

be corrected for small intlal losses [4.8], and then becomes 28.4%,
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so the experimental value is in good agreement with the theoretical

one. The value for the it-case has to be corrected for trapping

effects. Since we have not measured saturation curves in the

Kaiserslautern setup yet, the only way we can take trapping into

account is to make use of our Utrecht measurements. If we do that,

the trapping-corrected theoretical excitation ratio is (18.2 ± 1.5)%,

and again theory and experiment agree very well. Agreement between

experiment and theory becomes even better, if we take the b% decrease

because of geometrical effects into account.

Whereas the excitation ratio in the n-case was very constant over a

period of several hours, in the cr-case this ratio decreased within an

hour after the frequency stabilization system was adjusted to values

of - 22%. By re-adjusting the stabilization system we could again

reach a ratio of = 27%. However, the drifts of the stabilization

system were very small, less than the scan width itself (which was

estimated to be i3 MHz) and therefore were very hard to determine in

the feedback signal itself.

This critical dependence of the excitation ratio on small frequency

drifts of the stabilization system is not yet understood.

4.8.4. Concluding remarks

Determination of the excitation ratio by means of saturation curves

requires some effort regarding creation of well defined circum-

stances. Most of the time, however, these arrangements have to be

made anyway, in order to perform the experiment properly. The only

additional tools needed are a reliable power meter and a method to

vary the laser irradiance in a controlled way. But, once one is able

to measure a saturation curve that agrees with theory over several

orders of magnitude, the theoretical excitation ratio can be trusted.

The accuracy is certainly better than achievable with beam deflection

methods [4.6J, and is only surpassed by direct measurements of the

density of the ground state with and without laser excitation, like

the ones presented in the previous section.
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CHAPTER 5.

DESCRIPTION OF POLARIZATION DEPENDENT ASSOCIATIVE IONIZATION.

The theory of this chapter has been published by Nienhuis [5.1]. It

will be presented here to the extent we need it in order to make the

analysis of the experiments used in the next chapters understandable.

The proces of associative ionization

A* + B* •+ (AB)+ + e" (5.1)

can be characterized by the ionization amplitudes f(a,V£ •*- MAMg,vc)

(short f(M,Mg) ) which in the first place depend on the magnetic

quantum numbers MA and Mg of the colliding atoms, but also on the

relative collision velocity v , the velocity of the ejected
c

electron vf and the final state a of the molecular ion. Absolute
square values of these amplitudes represent cross sections

a(MA,MB)= |f (MAMB) I , and the observed ion production rate can be

written as

« = K I I I f 0 i A ) f\nW(^)<MA|P!MAXMB |p|M.> (5.2)
a MAMA MBMB

Here <M|p|M'> represent elements of the density matrix p of the

excited atoms (pA and Pg for collision partners A and B,

respectively). The integration is over all final velocities of the

ejected electron. The summation is over the final quantum numbers a

of the molecular ion, and over all combinations (MAMA) and (MgMB).

Furthermore, me is the electron mass and v^ its velocity, and u is

the reduced mass of the two initial collision partners.
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We define the detection operator G:

<MAMB'G|MAV
 =$dQt £ f ( W ^ V V H r 1 - } (5>3)

Now the ion production rate can be written :

R = TrATrB G p ^ (5.4)

The detection operator G contains all information that can be

extracted out of a measurement with this specific geometry. For each

basis of M-states, the diagonal elements of G are connected to cross

sections a(M^,Mg), whereas the off-diagonal ones represent coherence

terms, connected to ionization amplitude products f(MAMfi).f (M̂ Mjj)

for which M^ * M^ or Mg * Mg. However, it should be stated that there

is no principle difference between the diagonal and off-diagonal ele-

ments and that they can be transferred into each other by selection

of another basis of M-states.

Regarding the choice of the basis of M states, and thus of the

coordinate frame for the description of the process, an obvious

possibility would be to choose the light direction as an axis of

quantization, since this gives the simplest mathematics. However, if

the coordinate frame has its z—axis along the relative velocity of

the collision partners (the so-called collision frame, see chapter

2), the experimental results can more easily be compared with theo-

retical potential curves, which refer to the internuclear axis. This

causes some complications, since the density matrices describing the

radiatively excited atoms take their simplest form in a coordinate

frame with z in the direction of the polarization vector when exci-

ting with linearly polarized (n) light, or with z in the direction of

the propagation of the laser beam when exciting with circularly (a)

polarized light, the so-called photon frames. For clarity, the three

coordinate frames are shown in fig. 5.1.
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A)
Figure 5.1. The three coordinate
frames in use in this thesis.
A) The collision frame, in which

we describe the collision
process.

B) The photon frame in the case
of excitation with linearly
polarized light. The z-axis is
chosen along the polarization
direction, at an angle 9 with
the atomic beam direction.

C) The photon frame in the case
of excitation with circularly
polarized light.

BJ

laser beam

Na&eani

We define two sets of spherical tenors: one set, T^ , with respect

to the collision frame, the other, t. , with respect to the photon

frame. Now we can expand the density matrix in two ways:

kq kq
Ckq (5.5)

with

= T r P Tkq. Tr p (5.6)

These expressions are independent of the selected frame.
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Since under rotations spherical tensors transform as spherical har-

monics, the relation between TV and t^ is:

t, , = I T, Dk , ( co l l * pho)
kq' j- kq qqf

q (5 .7 )

T. = Y t . , Dk, (pho •+• c o l l )
kq £, k q ' q ' q V F

with D̂  , the (q ,q ? ) element of the ro ta t ion matrix Dk [ 5 . 2 ] .

In order to find the a^.-, we combine (5.5) and ( 5 . 7 ) :

P = I c. , t+ , = I c. , I T+ Dk *(col l > pho) (5.8)

kq' k<1 k q kq' k<5 q k<1 «

\q = \ Ckq' (D+)5'q

Under special conditions the matrix of p with respect to the photon

frame, pP , is diagonal. This is always the case when pure it or pure

a light is used for the excitation process (see chapter 6 and chapter

8), but not when there is also a magnetic field present (see chapter

7). If pPho is diagonal, (5.5) becomes:

( 5- 1 0 )

and

akq = =

We can also expand G in the spherical tensors T^ :

G = I g(kq;k'q') T T (5.12)
kqk'q1 kq k q

Those components of g for which q = q1 , can be expressed in terms of
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= 1
kq

Ik'q'
g(kq ;k ' q' > ai

itci \ '
q

cross sections o"(M^,MB), whereas the other ones represent the off-

diagonal or coherence terms. The ionization signal is then given by:

(5.13)

where the b^, • are the expansion coefficients (5.6) for collision

partner B. Nienhuis [5.1] has shown how various symmetry relations

can be exploited to reduce the number of independent components

g(kq;kfq') that have to be taken Into account. If we describe our

process:

Na(32P3/2) + Na(3
2P3/2) •> Na 2

+ + e~ (5.14)

and assume that the electron spin does not play a role in the

process, then our density matrices are 3x3, k runs from 0 to 2 and we

have eight independent g coefficients that contribute to the

ionization signal: four cross sections and four coherence terms. In

the "J-picture" (allowing electron spin-effects) this number is

raised to 16 (6 cross sections, 10 coherence terms), k runs from 0 to

3 and the density matrices are 4x4.

In order to extract all information that Is obtainable, we have to

vary the values of the different a^ and b^ , in that way sieving out

the different contributions to the ion signal. This means that we

have to measure the dependence of the ion signal on (different types

of) variations of the density matrices, and analyze our data by means

of (5.13). Normally we calculate the a^ and b^ by means of (5.10).

If, however, the matrix pP"° is not diagonal, we can use (5.9).

Alternatively, we can directly calculate pc (the density matrix

with respect t" the collision frame basis) from p p n o:

p
C o 1 1 = Dn(coll + pho) p p h 0Dn(coll + pho) p p h 0 (Dn)+(coll • pho) (5.15)

with n=l in the L-picture, and n=3/2 in the J-picture, and calculate

the ak_ with (5.6).
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out of the t£ho accordingA third way would be to calculate the

to (5.7) and then use (5.6).

The three possibilities are shown in fig. 5.2. Possibility 3 takes

k*(2k + 1 ) matrices of rotated spherical tensors to be calculated,

and is therefore not the best choice. Possibility 1 requires about

the same amount of work as possibility 2, unless, as said, the

density matrix pPho is diagonal.

pho pho
I— ~l
I COll L - - _ |

p :
coll

•a."hq

pho
' kq

photon frame collision frame

Figure 5.2. Three possibilities to calculate the coefficients a;
from the known quantities (in solid boxes).

kq

Finally, in fig. 5.3 the finding of the Euler angles is illustrated.

The example shows our collision frame, and the photon frame in the

case of excitation with o-light.
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OP =90'

Figure 5.3. The finding of the Euler angles a, 0, y for the rotation
from the collision frame to the a-photon frame.
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CHAPTER 6

THE INFLUENCE OF COHERENCE ON ASSOCIATIVE IONIZATION IN Na(3p) +

Na(3p) COLLISIONS: AN INTRODUCTION

6.1. INTRODUCTION

In recent years many groups have investigated associative ionization,

occurring in collisions between two laser-excited Na(3p) atoms:

Na(3p) 2 P 3 / 2 + Na(3p)
 2?3/2 •* Na* + e~ , (6.1)

especially after Kircz et al. [6.1] had found a strong dependence of

this reaction on the polarization of the collision partners. Since

that time several groups ([6.2]-[6.7]) have measured this polariza-

tion dependence by exciting the Na atoms with linearily or circularly

polarized light in various configurations. One problem in these ex-

periments is the difficulty to prepare the collision partners in sim-

ple atomic states. The situation before the collision has to be de-

scribed by density matrices, accounting for the atomic states and the

different directions of the laser polarization with respect to the

direction of the atomic beams. For comparison of different experimen-

tal results with each other and with theory it is extremely important

to have well defined excitation conditions in order to allow an un-

raveling of measured signals e.g. in terms of ionization cross sec-

tions for atoms, colliding with each other in well defined substates.

Such an unraveling was not possible for all experiments and so far

has only been performed in a few cases [6.1], [6.5], [6.6], [6.7],

In the analysis it was hitherto assumed that coherence between the

various excited Na states has no influence on the ionization. This
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assumption, up to now enforced by the lack of sufficient experimental

information, implies that the measured signals can completely be

described by magnetic sublevel dependent ionization cross sections

a(m,n), characterizing collisions with one atom in sublevel m and the

other in sublevel n. The a(m,n) can be written as squares of ioniza-

tion amplitudes |f(m,n)| , and the question is, to what extent it is

justified to neglect the coherence terms f (m,n).f(m',n') with (m,n)

+ (m',n'). From symmetry arguments one can show that they will aver-

age out in the ion production unless both collision partners are

polarized. Also with both collision partners polarized their contri-

bution will be zero, if the frame is chosen "appropriately". There-

fore it is important to perform experiments which can supply suffi-

cient information to allow a check on the importance of these coher-

ence terms.

In this chapter we present an experimental method which allows

determination of the complete set of eight independent parameters

that a full exploitation of our collision geometry may yield. The

approach, in which the polarization of the two excited atoms can be

varied independently, gives a direct measure of the influence of

coherence and has a more general applicability than to the special

case considered here. We give results for two coherence terms for

which the detection scheme is simple and, by comparison with cross

sections reported earlier [6.7] show that coherence effects by no

means can be neglected in the analysis. This chapter is meant as an

introduction to the extensive treatment of our polarization and

velocity dependence measurements, presented in chapter 8. For

convencience the experimental setup is briefly described.

6.2. EXPERIMENT

The experimental setup and the measuring procedur- are described in

in the chapters 2 and 3. Two counterrunning thermal beams of Na atom.*

are intersected at nearly right angles (87°) by le :• light from a
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cw-dye laser (Spectra Physics 380D), tuned to the F^ = 2 •+ Fu = 3

hyperfine component of the Na(3s) ^1/2 ~* Na(3p) P3/2 transition.

All ions created in the interaction region are extracted by a weak

electric field, and are counted by a high current channeltron. The

fluorescence light is monitored by 5 photodiodes, at various angles.

Thereby we are able to monitor the excited atom density and the

atomic polarization. Since the laser intersects the two Na beams at

87°, we can select the velocity class of excited atoms by varying the

laser frequency. The desired laser frequency is selected and

stabilized by means of a third Na beam in a separate vacuum chamber

(see chapter 3). Moreover, non-perpendicular Intersection implies

that atoms of beam 2 are only excited by the direct laser beam,

whereas atoms of beam 1 are only excited by the reflected laser beam.

This allows the polarization of the atoms in beam 1 to be different

from those in beam 2, simply by changing the laser polarization of

the reflected beam. To this end we added a rotatable \/4 plate,

placed in front of the mirror. In this way we did two sets of

experiments.

6.2.1. Linearly polarized light.

The polarization vector of the direct beam is at variable angle 6

with respect to the collision velocity direction. The polarization

vector of the reflected beam is either positioned at 9 (the main axis

of the \/4 plate at 9), or at -9 (main axis of A./4 at 0°). We call

these cases (6,9) and (6,-9), respectively.

As discussed in [6.7], [6.8] and chapter 8 the 9-dependence of the

ion production rate can be written as:

R = Ro + Rj cos 26 + R2 cos 49 (6.2)

where the Fourier-coefficients Rj may be expressed in terms of cross

sections and coherence contributions. We use the so-called L-picture
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description, which neglects possible influences of electron spin. Up

to now, there is no experimental evidence that this description is

incorrect. If we write:

R(e,e) = R^e,e) + Rje,e> cos 2e + R^e,e) cos 4e

R(e,-e) = R^9,-e) + Rp,-e) cos 2e + R£e,-e) cos 4e

we can derive:

C ' ^ = T29T ^502 \ l + 5 8° a i0 + 2 U aOO + 27 v ? 36 u)

Ri - T256 ("264 a n + 9 6 a io + 1 6 8 ^oo - 3 6 v^ ( 6 ' 4 )

R
(9,±9)

^ (18 o., - 36 a,. + 18 a n n + 9 v ± 36 u)1296 ^ " "11 J" u10 ' i u "00

in which we use the cross sections aM „ for collisions between two

atoms in magnetic substates Mj, M2> respectively, quantized along the

Na beam direction. Furthermore, a = Ko" + 0 ), since here we

cannot distinguish between M and - M. The coherence terms v and u are

defined in [6.8]. In the data analysis we corrected (6.4) for non-

stationary state conditions [6.7]. Obviously:

R(e,e) _ R(9,-e) = i u[cos 4e _ x] (6>5)
10

So, by fitting the (9,9) and (9,-9) measurements separately to (6.3A)

and (6.3B), one easily obtains u, t>s well as a check on the

experimental conditions, since within experimental error one should

find the relations:

(6.6)
. R(e,-6)
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Figure 6.1. Polarization dependence measurements with linearly
polarized light, a Both colliding atoms excited with linearly
polarized light with the polarization vector at an angle 9 with
respect to the collision velocity direction. • One atom excited with
the polarization vector at 9, the other at -9. The lines are least
squares fits to (6.3). The difference between the (Q,Q) and (9, -9)
cases is cos 49-like, and depends on collision velocity.
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We measured the 0 (-9) dependent ionization signals in two series at

various collision velocities. Some results are shown in fig. 6.1. The

two curves should be identical if the coherence term were zero.

Clearly it is not. At all velocities we found the relations (6.6) to

be fulfilled within the experimental error. The strong velocity

dependence of the coherence contribution u is shown in fig. 6.2.

Considering the fact that u is a small difference between two large

numbers, the discrepancy between the two different measurement series

may be caused by e.g. a small misalignment of the X./4 plate. However,

both measurements clearly have the same trend.

coherence term u n measurement #1 measurement #2

300

c 200

100-

800 1200 1600 2000
collision velocity (m/s)

2400

Figure 6»2. Results for the coherence term u as a function of
collision velocity, for two different series of measurements.

6.2.2. Circularly polarized light

By using another \/4 plate the direct beam becomes circularly (a+)

polarized. The \/4 plate in front of the mirror is either out of the

beam (then the photons of the reflected beam have not changed angular



momentum with respect to the collision frame), or in the beam with

Its main axis at arbitrary angle (reflected beam photons now have

their angular momentum pointing in the opposite direction).

In this case stationary state conditions are fulfilled, because there

is no interference with other nearby hyperfine transitions [6.9].

Now we can derive:

i.e.

+± 1 -

4 an

R - R

1 _ 1
8 v *i

(6.7)

(6.8)

The results for the measurements R and R ~ are shown in fig. 6.3.

500

• H++ o R+

800 1200 1600 2000
collision velocity (m/s)

2400

Figure 6.3. Measurements with circularly polarized light. • Both
colliding atoms have parallel angular momentum projection (R ). o
The two atoms have opposite angular momentum projection (R"*""). The
difference between R"1" and R++ is equal to the coherence term r ( A )
which gives an important contribution to the ion signal. Vertical
axis units are the same as in fig. 6.2.
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During the measurements stationary state conditions were checked by

using the fluorescence signals of the various photodiodes at

different angles. The coherence contribution r is large and almost

independent of collision velocity. This measurement showed very good

reproducibility.

6.3. CONCLUSIONS

The measured coherence contributions u and r are comparable in size

to the cross sections presented in [6.7] (of which the vertical axis

is in the same units), so it is in general not justified to assume

vanishing coherence contributions (which in fact was done in [6.7] to

get the cross sections).

The experimental geometry allows extraction of up to 7 independent

parameters. In the L-picture, there are 4 cross sections o^ ̂  (two

of which we average), and 4 coherence terms. Two of the coherence

terms can be determined in a direct way, as presented here. For the

two other coherence terms and the cross sections more complicated

detection schemes are needed. However, we have succeeded to determine

these terms too, and thus the full set of cross sections and

coherence terms. These results, as well as a full discussion of

theory ...id experiment, will be presented in chapter 8.

In order to determine the cross sections tfjj and 0j_i themselves

instead of only their average, we perform measurements with a vari-

able magnetic field. These measurements are discussed in chapter 7.
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CHAPTER 7.

THE USE OF WEAK MAGNETIC FIELDS IN COLLISIONS OF POLARIZED ATOMS.

7.1. INTRODUCTION

In collision experiments with excited atoms it is possible to prepare

the collision partners very accurately regarding their polarization.

Especially when the atoms are excited by laser light this can be

easily achieved by changing the polarization of the laser. Normally

one tries to avoid possible disturbing effects during the excitation

process, e.g. caused by magnetic fields (see 4.8), so that one can

rely on the theoretically calculated polarization of the excited

atoms, calculated without magnetic fields. However, one can also

deliberately use (weak) magnetic fields in a controlled way. By doing

so one can vary the polarization of the excited atom in another way,

and might be able to learn more about the mechanism of the particular

collision. In this chapter we present a model which describes the

excitation process of a degenerate two-level system in the presence

of a magnetic field. This model is applied to the Fĵ  = 2 •* Fu = 3

transition of the Na D2 line (32S1/2 *
 32p3/2^» e x c i t e d w ± t n l e f t

hand circularly polarized (o) light. To allow a relatively simple

description, the magnetic field is taken to be perpendicular to the

laser propagation direction. Furthermore the magnetic field is

assumed weak, so that Zeeman splitting can be neglected.
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7.2. AIM

An example of what can be achieved with weak magnetic fields can best

be illustrated in a classical way. In our experiment, the laser

intersects the atomic beam (and thus the axis in the direction of the

initial collision velocity) at (nearly) right angles. Without the use

of a magnetic field, it is impossible in this arrangement to prepare

an oriented excited state (this is a state in which the magnetic

substates M and -M are differently populated) with respect to the

collision velocity axis. Excitation with n-light cannot orient an

excited state, excitation with o-light does orient the excited state

completely, but only with respect to the laser propagation direction.

As can be seen from fig. 7.1 this excitation leads to a perfect

symmetric projection of the angular momentum L to the collision ve-

locity axis. If we only apply a magnetic field B, and no exciting

field, the L vector will precess about B (fig. 7.2). If we apply

both, the L vector will on one hand again try to precess about B,

but on the other hand will try to precess about the laser propagation

axis (if we use a -light). So one would expect that as a result, L

will precess about some axis, at an angle </? with the laser propaga-

tion axis (fig. 7.3). In that case, the projection on the collision

velocity axis will not be symmetric anymore, M~ will be favoured over

M+. The angle <p, and thus also the population ratio M+/M~ depends in

this picture on the relative strength of laser and magnetic field.

Of course detailed calculations must show whether this classical

picture holds. However, calculations on the B dependence of a J^ = 2

+ Ju = 3 laser induced transition of Neon (Ne(2p
53s)3P2 •* (2p

53p)3D3)

have already shown that this concept is applicable, and that <p can

have values up to 20 degrees [7.1].
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/'incident
Uaserbeam

Figure 7.1. Classical picture of
the precession of the angular mo-
mentum about the laser propaga-
tion direction. This L is the an-
gular momentum of an atom excited
by left hand circularly polarized
light. With respect to the laser
propagation axis the projection
of L is constant: M^. With re-
spect to the relative collision
velocity direction the projection
varies in a symmetric way between
the classical boundaries M~ and
&

Figure 7.2. Classical picture of
the precession of the angular
momentum L about the magnetic
field vector S. This £ is the
angular momentum of an atom in
the ground state, since there is
no exciting laser field.

NJtwami

Figure 7.3. Classical descrip-
tion of the behaviour of the an-
gular momentum L> when the exci-
ting laser and the magnetic
field are both present. This an-
gular momentum of the excited
atom precesses about an axis at
an angle \p compared to the laser
propagation direction, the mag-
nitude of <p depending on the
relative strength of laser and
magnetic field. With respect to
the relative collision velocity
direction the projection of L
varies between the classical
boundaries M~ and M , but now M~
is larger than M+.
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7.3. THEORY

We use generalized rate equations to describe the time dependence,

and to find the stationary state of the density matrices Pj^CO and

Pu(t) for the ground and excited hyperfine level of the atom,

respectively. As already discussed in chapter 4 (see 4.2), a

description by means of rate equations can in principle not be used,

because the spectral line width of our laser is much smaller than the

width of the atomic absorption. However, Nienhuis [7.2] has proven

that, when only two (degenerate) levels are coupled by the radiation

field, the stationary state achieved using rate equations is correct

and that, when the laser irradiance is moderate, also the calculated

time dependence is reliable in the sense that it correctly averages

over the Rabi oscillations (which oscillations are anyway small when

the laser irradiance is far from saturation). Furthermore, as far as

the magnetic field influence is concerned, we neglect Zeeman sublevel

splitting, which means that this splitting must be small compared to

the natural linewidth.

The general evolution equations under these conditions have been

described by Nienhuis [7.2J. Slijkhuis et al. [7.3] gave a detailed

description of the way in which these equations can be rewritten in

order to allow an easy numerical treatment. Their result is:

dp
u i r.ipho , .

dF~ " " R [Hu >?u] " AAuPu

dp*

The first terms at the right hand side of the equations describe the

free evolution of the atom in the magnetic field, the second ones

loss and gain, respectively, due to spontaneous decay processes, and
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the third ones loss and gain by absorption and stimulated emission.

The operators C^ are defined by their matrix elements:

(7.2)

with X = + 1 for excitation with left hand circularly polarized (tf+)

light. The C^ are introduced to generalize the eqs. (4.1).

Generalization is necessary, since now also the off-diagonal elements

of the density matrices play a role in the rate equations.

In (7.1) we need the Hamiltonians H^h° and H£ho of the interaction

due to the magnetic field in the "a photon frame": the z-axis

parallel to the laser beam direction (see fig. 5.1.). With respect to

the magnetic field (B) direction these Hamiltonians are (for Fn = 2

and Fu = 3 levels):

2 2 6

< e°-i > H! = ' W J < fl
lo-i , > (7-3)

where nfi is the Bohr magneton and gp the Lande factor for the

specific level.

We can obtain the Hgho and HPho from (7.3) by a rotation defined by:

Rpho = D 2 ( p h o + B ) RB D2t ( p h o + B )

(7.4)

HPh° = D3(pho + B) H^ D3+(pho > B)

where "pho •»• B" stands for the appropriate Euler angles apy. The

rotation operators D can be found in Brink & Satchler [7.4]. In our

case, with the coordinate frame shown in fig. 7.3 and using a+ light,

(apy)= (0',-90°,0°), and D reduces to d(-90"). Finally AAu and BAu

are the Einstein coefficients and py is the spectral energy density

of the laser (see (4.6)-(4.16)) :
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with E the laser irradiance (dimension power/area)

7.4. NUMERICAL CALCULATIONS

Equations (7.1) were derived explicitly for the F^ = 2 •*• Fu = 3

hyperfine component of the Na(32Sw2 * ^2p3/2^ transition we are

interested in. Then we solved the equations numerically for a few

laser irradiances and a series of magnetic fields ranging from 0 to 2

Gauss. We calculated the time behaviour of the two density matrices

up to 8 \xs, the average passage time through the spot in our

experiment. For the irradiance we normally use in our collision

experiments (8mW/cm ) it appeared that indeed a stationary state was

reached within 1 \is. This stationary state can in principle be

characterized by the concept of the angular momentum precessing

around an axis at an angle y with respect to the laser propagation

direction; however, this characterization cannot be done exactly.

Therefore we will not use a characterization by means of <p. Instead

we characterize the atom by the two density matrices describing the

lower and the upper !evel. These matrices are averages of eight

intermediate ones, calculated at time intervals of 1 (is.

7.5. COMPARISON WITH EXPERIMENTAL FLUORESCENCE MEASUREMENTS

Before we use the calculated density matrices for an analysis of

collision experiments we want to check the validity and accuracy of

the description presented in the previous section. Therefore we

measured, at a few different angles, the fluorescence from the Na
32p3/2' ^Fu = 3^ excited state, pumped with a+ light, as a function

of $ for several irradiances, and compared these results with theory.
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The positions of the three photodiodes, important in this experiment,

are shown in fig. 7.4 in the "a photon frame", the coordinate system

in which the positive z-axis is in the direction of the laser

propagation. The magnetic field is in the x-dlrection. We calibrated

our magnetic field with a Gauss-meter. We determined "zero magnetic

field" to less than 5 mGauss by using the Na2Sj ,2 •*• ^\/2>
 FJt = 2 *

Fu = 1 transition, which is very sensitive to magnetic fields (see

appendix).

Na beami

incident
laser beam

Nabeam2

Figure 7.4. The position of the three photodiodes used in this
experiment with respect to the a photon frame (cf. fig. 2.8).

The comparison between theory and experiment is shown in fig. 7.5 for
ry

irradiances 8, 3 and 0.8 mW/ctn . Since the relative sensitivity of

the phot Jiodes used was not known, the experimental points at zero

magnetic field are normalized to the theoretical curves. Overall

agreement is good, but the experimental curves show a somewhat weaker

dependence on B than the theoretical ones. This can be due to the

fact that the experimentally determined laser irradiances are

somewhat too small. In fig. 7.5A also the theoretical results with E

= 10 mW/cnr are shown, with better agreement.

Photodiode 2, at 55* off the z-axis in the x-z plane, is at the magic

angle where the emitted light intensity is proportional to the total

emitted intensity (independent of the polarization of the excited
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Figure 7.5. Fluorescence monitored
by three different photodiodes at
three different angles, as a func-
tion of the magnetic field. The
full curves are the theoretical
predictions, in which we have to
use the experimentally determined
irradiance E of the laser. In A)
this was 8 mW/cm2, in B) 3 mW/cm2

and in C) 0.8 mW/cm2. With a lower
laser irradiance, already weaker
magnetic fields have an important
influence on the fluorescence, and
thus on the excited state popula-
tion. Agreement between theory and
experiment is rather good, the
largest uncertainty being the er-
ror in the determination of the
laser irradiance (±20%). There-
fore, in A) theoretical calcula-
tions using E = 10 mW/cnr are also
shown (dashed curves). Then agree-
ment is even better.

96



state). Therefore In the absence of a magnetic field its signal is a

direct measure for the excited Na density. Theory shows that even

with a magnetic field present, this is still the case within 3% up to

1500 mGauss. Thus the plots in fig. 7.5 clearly show that the density

of excited atoms decreases considerably when a magnetic field is

applied. Even a magnetic field of 500 mGauss ( = B
earth^ causes a

significant reduction of excited atom density. This effect is caused

by the fact that in the F^ = 2 •*• Fu = 3 transition pumped with a

light the M^ = 2 -»• Mu = 3 has the largest partial Einstein

coefficient (b23 = 3 B^u, compared with b 1 2
 = 2 B^u, bgj = 1.2 B^u,

b_jQ = 0.6 B^u, and b_2_j = 0.2 Bj^u). In the absence of a magnetic

field this transition is pumped exclusively in stationary state,

while with a magnetic field due to the Larraor precession this

transition is reduced in favour of the other ones with a lower b

value.

In view of the good agreement between calculations and experiments,

we expect that using the magnetic field dependence as an additional

tool in polarization dependence studies can provide us with

additional information about the processes.

7.6. DEPENDENCE OF ASSOCIATIVE IONIZATION ON MAGNETIC FIELD

We performed associative ionization measurements at different

magnetic fields in our counterpropagating beam arrangement with the

laser beam intersecting the Na beams at 87°. We compared the magnetic

field dependence of collisions where both atoms were excited with

left hand circularly polarized (cr+) light (with the ion signal R"1"*"),

to the case in which one atom was a excited and the other a~ excited

(ion signal R ). We measured both cases in one measuring series, by

exciting one atomic beam with o+ light, and the other one with the

reflected beam, which either stayed a polarized (with respect to the

same coordinate frame) or was changed to a~ by putting a \/4 plate

into the laser beam (for a detailed description see 2.3.3). We moni-
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Figure 7.6. Example of the dependence of the associative ionization
on magnetic field. Shown is the normalized ion signal, i.e. the ion
signal corrected for the (magnetic field dependent) density of
excited atoms as a function of the magnetic field. The R++-signal is
very dependent on B, whereas the R^-signal hardly changes.

tored the excited state density by means of the signal of the

photodiode at approximately the magic angle (and corrected this value

for the theoretically expected 3% deviation at higher magnetic

fields). This procedure was repeated at various collision velocities.

The results for one collision velocity are shown in fig. 7.6. There

appears to be a very pronounced dependence of the It*"*" ion signal on

magnetic field, while hardly anything happens in the R"1"" case.
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7.7. COMPARISON WITH THEORY

In order to compare the experiments with theory, we have to describe

the density matrix on an iLMj^ basis with the z-axis in the direction

of the relative collision velocity ("collision frame"), as is

explained in chapter 5. Now we can either calculate the ĉ g by means

of (5.6) and then the a. by (5.9) ("possibility one" in chapter 5),

or calculate the density matrix with respect to the collision frame

by means of (5.15) and the a. with (5.6) ("possibility two"). For

both possibilities we need the Euler angles for the rotation from the

collision frame to the photon frame. Because in this case the density

matrices are not diagonal with respect to the photon frame, both

possibilities require about the same amount of calculations. For

numerical reasons, we chose "possibility two", and the pP resulting

from the numerical calculations is transformed to pc . The Euler

angles are easy to find. If we take into account that the laser

intersects the atomic beams at 87° (which is important here, because

it acts as a possitive offset for the angle <p, see 7.2), we get:

(a,p,y) = (-90°,93°,90°). Then the D matrices can be found in [7.4],

In our experiment we compare two cases: (i) both atoms excited with

a light, with density matrices p' ' and expansion coefficients aj£q

and (ii) one atom excited with a+ light, the other with o"~~ light

(p<~> and a£~>).
The relation between p' ' and p' ' is simply

So a£> - Tr p « Tfcq - I J p£> ( T ^ (7.7)

11 p ^ < v J ± • I ] <% < V J I
 (7-8)
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With

this leads to

Furthermore, we can use the fact that the terms of p.. are either

real (i+j even) or purely imaginary (1+j odd):

P±j = Ss± - (-
1+J

 Pjl (7.11)

and use:

^k^ij " (">q (Tk-q>ji
 ( 7' 1 2 )

Then we get:

a £ - I I (-)1+j Pjfc-)' (Tkq)1J (7.13)

A spherical tensor has only non-zero elements at positions (i>j),

with (i+j) odd, when q is odd, or with (i+j) even, when q is even. So

we get:

and, with (7.10)

'§ : *:
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Now the difference between the R + + and the R"*~ signal is (chapter 5,

(5.13))

AR = R++ - R+" = I I g(kq;k'q') a<+> a£"J.
*V*' ' ' (7.16)

- I I g C k q j k V ) - ^ (-)k< .£>
kq k' q' kq R q

Only the g(kq;kfq') with k'=l contribute:

2 2
AR = 2aJJ\q + 4 8 ^ .r (7.17)

with q = g(10;10)

r = g(ll;l-l)

The coefficients a^Q and a ^ are dependent on the magnetic field, and

their value and dependence can be extracted from the numerically

calculated density matrices. This allows us to fit the experimental

results to the expression

AR = q.a(B) + r.p(B) (7.18)
i

with a and p known functions, shown in fig. 7.7, and q and r the fit

parameters. While r is already known (see chapter 6), the possibility

of fitting q provides us with valuable additional information, since:

q = «TU - o'1_1 (7.19)

where ai±\ is tne associative ionization cross section for a

collision between two excited atoms of which one is in the M, = +1
Li ;

sublevel, and the other in the ML • ±1 sublevel. This is the

information we were looking for (see 7.2). f.:

Three examples of a fit of (7.18) to the experimental points, at •_;'
various collision velocities, are shown in fig. 7.8. In the fit fr

procedure the point at B * 0, and the points beyond B « 1000 mGauss, *
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Figure 7.7. The theoretical mag-
netic field dependence of the co-
efficients of q (a) and r (p). By
means of these two theoretical
curves, we can fit (7.18) to the
data, and thus get values for q
and r.

500 1000 1500 2000
magnetic field (KGBUSS)

are considered to be the more reliable ones. In the intermediate

range the theoretical results are strongly dependent on laser

irradiance, and on small deviations from stationary state (as they

occur systematically in our experiment as a function of the selected

velocity, see chapter 4). Therefore discrepancy between theory and

experiment in this range is quite understandable. A clear indication

that small deviations from stationary state indeed lead to

discrepancies in this region, is the fact that the fit at 1590 m/s

(fig. 7.8B), where stationary state conditions exist, is good

throughout this region. Furthermore, the fluorescence measurements,

which accompanied the ionization measurements, did also show

discrepencies in the intermediate range. This in contrast to the

measurements presented in fig. 7.5, which were performed with the

laser intersecting the atomic beam perpendicularly, thus under

stationary state conditions. However, because agreement between

theory and experiment at magnetic fields above 1000 mGauss is again

rather good, we can certainly trust that region.
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Figure 7.8. Three examples of a
fit of (7.18) to the experimental
data. As explained in the text,
discrepancies between experiment
and theory between 0 and 1000
mGauss are understandable at low
(A) and high (C) collision veloc-
ities, since there a deviation
from stationary state conditions
exists. In case B), at intermedi-
ate collision velocity, the fit
quality is good throughout the
plot, as it should, since in this
case stationary state situations
exist. The difference between the
fit curves (full) and the other
curves (dashed) is explained in
the text.
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The value of r can be obtained as accurately as the data point at B =

0, because at zero magnetic field <x(B) = 0 and P(B) = -1 (compare

chapter 6). The full curves in the graphs are the best fits. In the

dashed curves we use the same r-value as in the full ones, but we

make q = 0. Comparison of the two curves shows that q significantly

contributes to the signals.

Fig. 7.9 shows the results for r and q, at the same y-scale as used

in chapter 6 and in [7.5].

c
01
c<a
JZ
o
u

u
10

-400

-800-

-1200
BOO 1200 1600 2000

collision velocity (m/s)
2400

Figure 7.9. The final results of our magnetic field analysis, the
cross section difference q = OJJ ~ a\-\ an<* t n e coherence contribu-
tion r. While r can be easily obtained from measurements without a
magnetic field, q cannot.
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7.8. DISCUSSION AND CONCLUSIONS

The values obtained for r agree very well with those presented in

chapter 6. This is to be expected, because the measurements presented

in chapter 6 were of the same type as the ones in this chapter with

B = 0.

The absolute value of q is very large compared to the cross sections

in [7.5]. As q is the difference between a^ and aj_j, and in [7.5]

OJJ = (ojj + o"j_̂ )/2 is presented, one could calculate these two

cross sections separately. One can see immediately that this leads to

a negative value for tfjj, especially at lower collision velocity.

This could indicate that the L picture is not adequate for the

description of this process. Comparison of the fine structure

precession time (2.10~13 s) to the collision time (= 5.10~13 s at vc

= 1500 m/s) shows that it would by no means be surprising if the L

picture were wrong. However, we postpone the discussion until the

next chapter, where a full analysis of the collision process in cross

sections and coherence contributions is given in the L picture. The

determination of q, as presented here, is the necessary final

addition to that analysis, in which all eight cross sections and

coherence terms playing a role in the collision process at our

geometry are determined. Of course, the magnetic field measurements

can also be analyzed in the J-picture. An analysis similar to that

presented here (7.7) shows, however, that in the J-picture the

difference between R and R+~ depends on five parameters. Clearly,

agreement between theory and experiment is not good enough to obtain

a reliable five parameter fit.

As a conclusion we can say that analyzing magnetic field dependences

is not simple, neither are the experiments themselves. However, they

can give valuable additional information by breaking symmetries, for

which it otherwise would be necessary to change the experimental

geometry, thereby hindering comparison of e.g. cross sections

obtained in different geometries. In our case it would have been

necessary to vary the angle between laser and atomic beam, which at
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the same time would change the size of the interaction region, the

density of the excited atoms, their velocity, the relative population

of the magnetic sublevels and, above all, would severly change the

influence of the nearby FA = 2 -> Fu = 2 transition. Therefore to fit

data as a function of that angle in a reliable way would be

practically impossible. The application of weak magnetic fields

appeared to be an effective alternative.
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APPENDIX. DETERMINATION OF ZERO MAGNETIC FIELD

The Na 32Sjy2»
 FJ(, = 2 + 32pl/2» Fu = * transition is very sensitive

to magnetic fields. As shown by Slijkhuis et al. [7.3] the

fluorescence intensities can be varied by a factor of five as a

function of the strength of the magnetic field. Qualitatively this

can be understood very well (see fig. A.I). In the absence of a

magnetic field, all atoms will be trapped in the M^ = ±2 sublevels

after a few excitation/decay cycles, because linearly polarized light
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Figure A. 1. The relative populations of the magnetic sublevels of the
lower and upper state while pumping the 2Sj i2> FJJ

 = 2 * pi/2> Fu = 1

transition with it-light. The first picture shows the initial situa-
tion. In the absence of a magnetic field, all atoms end up in the M^
= ±2 substates. With a magnetic field, however, they will be perma-
nently liberated out of that trap, due to the Larmor precession. This
causes the number of emitted photons per atom to increase as a func-
tion of the magnetic field.

only induces AM = 0 transitions, whereas spontaneous decay obeys the

selection rule AM = 0,il (excitation with circularly polarized light,

with AM = +1, would drive all the atoms in M^ = +2). Calculations

show that at magnetic field B = 0 every atom emits on the average 1.2

photons before it is trapped.

When a magnetic field is present with a component perpendicular to

the polarization vector, the trapped atoms will be liberated again

because of the Larmor precession. When the magnetic field is

effective this can increase the average number of emitted photons to

6 (not to infinity, since there is also a leak to the other hyperfine

ground level).

Using this effect as a means to detect very weak magnetic fields

(with a properly chosen laser irradiance of = 10 mW/cnr), we can
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reduce the net magnetic field perpendicular to the polarization

vector. Figure A.2 shows the dependence of the fluorescence signal on

the magnetic field. By varying the polarization vector direction, the

total magnetic field can be made smaller than 5 mGauss. A final check

is the measurement of the anisotropy of the fluorescence light by

rotating the polarization vector. In the absence of a magnetic field

any anisotropy must be absent.

« 100

500 520 540 560 580 600
external magnetic field (mGauss)

Figure A.2. Experimental result of the dependence of the fluorescence
signal on the external magnetic field in a certain direction. From
this picture, one can see that an external magnetic field of 552
mGauss will lower the net magnetic field In that direction to 0 ± 3
mGauss.
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CHAPTER 8.

CROSS SECTIONS AND COHERENCE TERMS FOR ASSOCIATIVE IONIZATION OF TWO

DIFFERENTLY EXCITED Na ATOMS.

8.1. INTRODUCTION

In this chapter we present an extensive study of the velocity and

polarization dependence of the associative lornzation Na(3 P3/2) +

Na(32P3y2) * Na^ + e~. First, in section 8.2 we discuss in more

detail than in the chapters 2 and 4 how we determine the relative

density of excited atoms and keep track of the relative population of

the different Mu sublevels. Furthermore we discuss, in addition to

2.3.3, how we can determine indirectly the polarization degree of the

reflected laser beam.

In the theoretical section 8.3 of this chapter, we use the general

theory as presented in chapter 5, and give the explicit expressions

for the data to be measured in terms of cross sections and coherence

terms.

In section 8.4 we present the measurements themselves, and the

results. Then we Interpret the whole set of data available, present

the cross sections and coherence terms (see 8.5), and discuss these

results (see 8.6). Furthermore we compare our results to related

studies, and finally make suggestions about future experiments (see

8.7).

8.2. EXPERIMENT

The experimental setup is described comprehensively in chapter 2, and

the excitation process in chapter 4. Nevertheless, two subjects that
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are important in the experiments require some more explanation.

8.2.1. Determination of the relative density of excited atoms

In order to analyze the data we need to know the relative density of

excited atoms. Therefore we monitor the fluorescence signals. In

general, the fluorescence intensity distribution of an atom decaying

from a magnetic sublevel |M| = 1 to M = 0, hence AM = ±1 has the

shape:

2
I, - nn , (1 + cos C) (8.1A)
i,i e,i

whereas a decay with AM = 0 leads to :

2
I = 2r)n sin C, (8. IB)
r,u s,u

with C the angle between detector and polarization direction, nD ,

and n Q the number of atoms (per second) decaying with |AMJ= 1 and

0, respectively, and T) the factor containing the efficiency and

aperture of the detector.

If we use the L-picture in our case, there is only an M^ = 0 ground

level. The excited atoms are characterized by a diagonal density

matrix p, and we get:

(p + p )(1 + cos O + 2p sin,C

h " <* <82)
h " <*. (P., + .„ + P,> <8-2)

with ne the total number of excited atoms, and p^ the relative

population of magnetic sublevel i of the excited level.

For our experiment we want to determine Tine as well as p_̂ » Pg and

Pi'
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Ti-polarizatlon

Since in this case p_i = p,, we can write for detection with

photodiode 1 (see fig. 2.8):

4pl Po ~ Pi 2

h 1= Ve ^ 2 ^ ( l + -\^ Sln « (8.3)

As explained in chapter 4 and in [8.1], the anisotropy coefficient B

= (pQ - pj)/2pj is dependent on the laser frequency, and thus in our

experiment on the selected collision velocity. This means that the

density of excited atoms ne is not proportional to the signal of a

photodiode detecting light at some angle C. The solution of this

problem is that one has to detect light at C = 54.7°, the "magic"
2

angle, at which sin £ = 2/3. Then (8.3) turns into:

t l'C=54.7" V fc J

In fact, we always measure 1 ^ as a function of C, and performed a

]<?ast squares fit to (8.3). This serves three purposes:

1) In this way we get a. more reliable value for I^j at 54.7°, and

thus for T)jne.

2) We get a value for B which means that we are able to measur-: the

relative population of magnetic sublevels of the excited atoms,

and compare it to the so-called stationary state distribution. We

found that B varies from 0.57 at 900 m/s to 0.80 at 2300 m/s in a

very reproducible way. This means that Pg/pj varied from 2.14 to

2.60, or in the J-picture, P1/2/P3/2 ^rom 3.5 to 5.6 . In order to

take this change into account in our theoretical description we

define :

n _ p3/2 + Pl/2 _ 2pl + PQ (3 + 2B) ,. „

3) The velocity dependence of B also contains information about the

polarization quality of the linearly polarized light (see 8.2.2).
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ization

» case the interference with other hyperfine transitions, which

the variation of B in the it-polarization case, plays a minor

8.2]. So, if we assume stationary state conoitions to be

.ed, we can write

: = nne(l + cos
2C) (8.6)

now the angle between the direction of propagation of the

light and the fluorescence detector. Unfortunately, we are now

le to vary the angle C in order to fit If to (8.6) and check

tationary state conditions. Instead, we use three of our

lodes. Photodiode 1 is at an angle C, = 90°, so

fl - V e (8'7)

is directly comparable to (8.4).

lodes 2 and 3 are at 54.7° and -54.7° respectively, so their

s are:

t2,f3 " ̂ 2,3 ne 4 ' (8'8)

pare these signals to (8.4) and (8.7), we need to know i./ilo

/T)3. We can extract these ratios when we use linearly polarized

with the polarization vector parallel to the Na beam axis. Then

gle C is 90" for all three photodiodes and the ratios of the

sd light signals directly give us Tl./iU aid Tu/r|3«

leasuring with circularly polarized light, we always checked

snt between (8.7) and (8.8). It appeared that there was a

atic deviation of about 3%. This deviation did not show any

ton velocity (frequency) dependence, so it may well be caused

jystematic error caused by a small displacement of any of the

photodiodes. Should it, in the worst case, really be caused by



a deviation from stationary state conditions, it would mean that only

about 3% of the excited atoms is in the M^ = 0 substate.

8.2.2. Polarization quality

One crucial experimental condition is the polarization quality of the

laser light, expressed in the degree of linear polarization

Pt = (I - I.)/(!. + 1.) , and the degree of circular polariza-

tion P = |l - I |/(I + I ) . The polarization quality of the

direct laser beam could be measured easily, and both P^ and P^

exceeded 99.9% for linearly and circularly polarized light, respec-

tively. Passing through the two vacuum windows did not influence this

quality, as we checked experimentally.

The polarization quality of the reflected beam could not be measured

directly. However, we could check this polarization in an indirect

way by measuring the fluorescence distribution of the atoms excited

by the reflected beam. In case the reflected beam was circularly

polarized we could compare the three different signals (8.7) and

(8.8). This is a good check, since the comparison is very sensitive

to the population of the ML = 0 sublevel. We never detected a

deviation larger than the experimental error of 3%.

In the case of linearly polarized light we could use the value of B

as a check. As shown in 8.2.1, B is sensitive to the ratio pg/pj,

which would change if there were an important admixture of circularly

polarized light. However, this ratio also changes as a function of

collision velocity. Therefore we must always compare the B' s from

atoms excited with the linearly polarized reflected laser beam to

those from atoms excited with the direct laser beam.

In general the B measured in the two atomic beams appeared to

reproduce very well, except in one experiment, which for that reason ;

had to be discarded. In fig. 8.1 we show the comparison between a '

i
"regular" B and the one for which the degree of linear polarization V
was bad. The difference in B is about 0.1, which means that e.g. at s
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0.8

0.7

0.6

0.5

800 1200 1600 2000
collision velocity (m/s)

2400

Figure 8.1. Measurements of the anisotropy factor B of the emitted
fluorescence light as a function of collision velocity,- when exciting
with n-light. • A representative example of the measurement of B on
atoms excited by the direct laser beam, o A measurement on atoms
excited by the reflected laser beam. The dotted line indicates the
stationary state value (0.75). Comparison of • and o shows that the
anisotropy in case o is significantly lower, which is caused by a bad
polarization quality of the reflected laser light. The experiment
connected with o had to be discarded for that reason.

1800 m/s the ratios p_j : pQ : pj = 2 : 5 : 2.4 instead of 2 : 5 : 2,

if we suppose that the deviation is caused by an admixture of

circularly polarized light.

8.3. THEORY

In chapter 5, the final expression (5.13) for the ion signal for the

associative ionization process is:

R = II g(kq;k'q') a b
kq k'q' kq k q

(8.9)

116



For the experiments presented in this chapter we can use:

V (8.10)

The ckQ can be found according to (5.6) with the stationary state

matrices as given in section 4.6 in the J- and the L-picture. Table

8.1 lists the different C^Q'S.

Polarization

linear(Tc)

circular (a )

(a")

linear (n)

circular ( a )

c o

1//3

1//3

1//3

1/2

1/2

1/2

c l

0

1//2

-1//2

0

3/2/5

-3/2/5

c 2

-2/3/6

1//6

1//6

-1/3

1/2

1/2

C3

0

0

0

0

1/2/5

-1/2/5

L-picture

J-picture

Table 8.1. The expansion coefficients ck0
 i n t h e L~ a n d t n e J~

picture, for stationary state conditions.

In order to simplify the following equations we follow Nienhuis [8.3]

and abbreviate the g coefficients by one letter. In table 8.2 the

abbreviations are given, together with their connection to diagonal

or off-diagonal elements of the detection matrix G (see chapter 5),

thus having a cross section or a coherence character, respectively.

Furthermore in table 2.2 is indicated whether or not they appear in

the L- or J-picture description. I

117



Element

g(00;

g(10;

g(20;

g(20;

g(30;

g(30;

gdi;

g(21;

g(21;

g(22;

g(31;

g(31;

g(31;

g(32;

g(32;

g(33;

00)

10)

00)

20)

10)

30)

1-1)

1-1)

2-1)

2-2)

1-1)

2-1)

3-1)

2-2)

3-2)

3-3)

short

P

q

s

t

w

y

r

i\

u

V

X

in

z

iv

a

5

type L/J-picture

Diagonal

Diagonal

Diagonal

Diagonal

Diagonal

Diagonal

Off-diagonal

Off-diagonal

Off-diagonal

Off-diagonal

Off-diagonal

Off-diagonal

Off-diagonal

Off-diagonal

Off-diagonal

Off-diagonal

L/J

L/J

L/J

L/J

J

J

L/J

L/J

L/J

L/J

J

J

J

J

J

J

Table 8.2. The expansion coefficients of the detection matrix G with
their short names, their type and whether or not they appear in the
L- or J-picture description.

118



When the g coefficients (see chapter 5) are determined from experi-

ment the related cross sections can simply be derived by the follow-

ing equations:

L-picture: cr1() = |(2pL - /2sL - 2tL> (8.11)

°00 = l(2pL L L

53/2 3/2 =I(a3/2 3/2 + °3/2-3/2) = i(pJ + 2sJ + tJ)

J-picture: ay2 m = \(oyz m + <T3/2_1/2> = \(Pj - tj) (8.12)

tfl/2 1/2 = 2(al/2 1/2 + al/2-l/2) = "4(pJ " 2sJ + tJ )

We will now discuss which measurements must be performed to obtain

the various g coefficients.

A) Both atoms excited with linearly (it) polarized light.

With the linear polarization vector of the laser light forming an

angle 0 with the direction of Na-beam 1 (defined as z-direction, see '•
i.

fig. 5.1) the Guler angles of the rotation matrices D (OC6Y) reduce

to (aSv) = (0°,9,0°) and are therefore given by d «(9) [8.4]. In this
qO

case an explicit expression for R is given by

R = p.(c")2 + \ s cj cj [(3 cos29 - 1) + (3 cos29' - 1)]

+ (cj)2!! t (3 cos29 - 1)(3 cosV - 1)

- 3u sin8 cos9 sinQ' cosG1

+ j v sin29 sin29' I (8.13)

where the superscript it indicates the linear laser polarization. *•
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For the specific choices we make for 9 and 01 , the ionization signal

can generally be written as [8.3]

R = Ro + Rx cos26 + R2 cos48 (8.14)

Cases 9, 9' = 9 and 9, 9' = -9

For these cases equation (8.13) indicates that direct information on

the coherence term u = g(2 1;2 -1) can be obtained from a set of two

experiments in which 9 = 9 ' and 9 = -9', respectively. The sum R' 9> 9)

+ R'"»~"/ of the corresponding ionization signals will not contain u,

since the u-term contributes with opposite signs to the signals,

whereas the difference signal R^9'9^ - R( 9 » ~ 9 ) will directly yield

the quantity u.

For completeness we give the expressions for the Fourier coefficients

in terms of the g coefficients:

+T S ( CS CP +ll ( c2 ) 2 (llt ? 12u + 9v)

R̂  ' = -^(cp (9t ± 12u + 3v)

Cases 9, 9' = 0 ° , 90°

Another useful set of measurements can be performed by keeping the

angle 9' for excitation of one of the collision partners constant at

9' = 0° or 9' = 90°. Evaluation of equation (8.13) and transformation

to the general form (8.14) then yields for the case 9f = 0° the

Fourier coefficients

R!e'°O) = p(c?)2
+4sc*0 ~ pK 0J 4^ 0 2 4 v 2'

R(e,0°) = ^ cn cn + 3 t ( cj ) 2 (g>16)

RR,
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and for the case 9' = 90°

«(•.*>•>.. Is cj cj - |(c2V(t + v) (8.17)
R(9,90») _ Q

As we have seen in chapter 6, the coherence term u can directly be

determined. Unfortunately the sets of equations (8.15)-(8.17) are not

linearly independent and thus it is not possible to extract the cross

section terms p, s, t and the coherence term v from the measurements

corresponding to (8.15)-(8.17). Therefore it is important to have

additional possibilities for measurements, such as those described

below.

It should be pointed out that various consistency checks on the

experimental conditions are possible in view of the relations (8.15)-

(8.17). It can e.g. be verified, whether the signals R( 9>° ) and

R(9,90 ) JQ in<jeed not show a cos49 dependence (see (8.16) and

(8.17)). Also the following relations between the various signals

should be fulfilled:

R ( 0
R l

R(G

R ( 9

,+e)

,90°)

,90°)
(9

(9

= 0°

= 90

)

• ° )

- R<9
R l

= R (e

= R(9

,~9)

•°'>(9 -
, 9 ) ( e = ,

90°)

)0°) (e.-e)(e = 9O.j

R ( e'° 0 ) (9 = 0°) = R(9'9)(e = 0°) = R(e'~9)(9 = 0°)

The relations (8.18) imply that from the 10 coefficients R (two times

three from (8.15), two from (8.16) and two from (8.17)) only a

maximum of four independent parameters can be determined.
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B. Both atoms excited with circularly (a) polarized light.

In the photon frame for excitation with a light (fig. 5.1C) the

excited atoms are described by a diagonal density matrix. Rotation by

the Euler angles (<x3y)= (-90°,90°,90°) will transform the density

matrix into the collision system (fig. 5.1A).

Evaluating equation (8.9) we arrive - after some algebra - at the
it I w

results for the signals R and IT corresponding to excitation of

both atoms with parallel (++) or with antiparallel (+-) angular

momenta, respectively. It is interesting to see that the sum of these

two signals

R++ + R+~ = 2(cJ)2
P - 2cJ c*s + j(cj)

2t + j(c£)2v (8.19)

again only contains the cross section related terms p,s,t and the

coherence term v, which all occurred in the linear polarization case,

whereas the difference signal

a+ a~i' . 3 a+, a+ cr-s , a+, a+ a-.
3 - c3 )o + -g c3 (c3 - c3 )z + Cj (c2 - cx )r

3 - c3 ) + c3 (cl - c: ))x (8.20)

contains the coherence terms 6,z,r and x. This allows to check in a

very simple way in how far these coherence terras influence the

ionization signal. The number of independent coefficients is by these

measurements increased by two to a total number of six.

C. Combination of linearly (it) and circularly (a) polarized light.

If one atom is excited by linearly polarized light (with the

polarization vector again at variable angle with respect to the Na-

beams), and the other by circularly polarized light, the correspond-

ing diagonal density matrices have to be transformed by rotation ma-
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t r i c e s d(9) and D(-90°,90°,90°), respect ive ly . Evaluating equation

(8.9) we ar r ive at the following resu l t :

D(6,±) % a , I, n a o n c u 1 it o 3 i t a .
R " c0 V + 4 (C2 C0 " 2 c 0 C 2 ) S " 8 C2 V " 8 C2 C2V +

r3 it u 3 it cr j 3 it a i „„ .

U C2 c 0 s " 8 C2 C 2 t + 8 C2 C 2 V ' C O s 2 9 +

(8.21)

Notice that in this case the signal does not have the general 8-

dependence given by (8.14) but that in place of a cos49 term now a

sin29 term shows up, which means that the ionization signal is no

longer symmetric with respect to 9 = 0 ° . The sin29-dependence yields
( 9 +)

one more new parameter: Ri ' , a linear combination of X. and \i. The

c c \ + |/2 c£ cjV} sin29

r: Ri
(9 +} (9
) ' and R̂  'other two coeffients til ' and R̂  ' are linear combinations of the

previous coefficients. This means that a maximum of seven independent

parameters can be determined by means of linearly and circularly

polarized light propagating perpendicularly to the atomic beams. More

parameters could be determined by using e.g. a collinear geometry

[8.5] or exploiting magnetic field effects (see chapter 7).

Table 8.3 summarizes the possibilities of the schemes discussed in

this section.
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case Atom 1 Atom 2
8-dependent terms

cos 28 cos 46 sin 28

R(8.9)
•.e \e

+ 4

,(8,-8) \e
.--e + 4-

R(9,0 ) 4

R(8,90')

R+"

R(9,- \e

Table 8.3. Summary of the various detection schemes discussed in this
section. Also the 9-dependence is indicated.
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3.4. MEASUREMENTS AND RESULTS

8.4.1. Measurements

In fig. 8.2 we show two examples of measurements In which both

colliding atoms are excited with linearly polarized light, forming

angles (9,9') with the atomic beams. In one case 9' = 6 is chosen and

the other 9' = -9. Also the fits to (8.14) are shown. As explained in

8.3, the difference between the two sets of curves is proportional to

the coherence contribution u. Clearly u is velocity dependent. Notice

also that the measuring points for which 9' = 9 are equal to those

for which Gf = -9 within the error bars at G = 0°, 9 = 90° and 6 =

180° , as they should.

In fig. 8.3 we show the cases in which 9' was kept on 0° or 90°,

whereas 6 was varied. Note that in the case of 91 = 0° there is a

strong polarization dependence, whereas in the other case polariza-

tion dependence is almost absent. Again, also the fits to (8.14) are

shown, with R2 = 0.

In this set of measurements, the ion signal at 9 = 90°, 6 = 0°

deviated from the signal at 9 = 0°, 9' = 90° by 5-10%, an effect

caused by a small 91-dependent displacement of the reflected beam.

Therefore we decided to renormalize the 9, 9' = 90° curve to the 9,

91 = 0° curve, thereby making one R-coefficent a linear combination

of the other three. For this we used one of the relations (8.18), so

we did not loose an independent coefficient.

The case in which one atom is excited with left hand circularly

polarized light (a ) and the other one either with o + or o~ light of

course only yields two experimental points per collision velocity.

However, one observes large differences between the (++) and the (H—)

case, the (++) yielding a 3 to 4 times higher ion signal.

Finally, in fig. 8.4 we show two measurements for the case of

excitation of atom 2 with % polarized light at an angle 9, and atom 1

by a+ polarized light. Also shown is the fit to (8.21). The sin29-
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*103

A)
vrel - 1060 m/s

\

go
polarization angle (degrees)

iso

#io3

B)
1960 m/s

A **

••.e \e

o go iso
polarization angle (degrees)

Figure 8.2. Polarization dependence measurements for the cases (9,±6)
at two different collision velocities. D the (9,9) case; • the (9,-9)
case. The curves are fits to (8.14). The difference between the two
curves is proportional to the coherence contribution u. Clearly u is
velocity dependent.
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Vel _

90
polarization angle (degrees)

180

Figure 8.3. Polarization dependence measurement for the cases
a (0,0°) and • (9,90°). The curves are fits to (8.14), with R2 = 0.

«io3

v r e l =2140 m/s

v r e l - 910 m/s.

-90 90
polarization angle (degrees)

Figure 8.4. Polarization dependence measurements for the case (8,+)
at two different collision velocities. The curves are fits to (8.21).
The shift of the maximum of the curves is proportional to a linear
combination of the coherence terms \ and \i. This shift is clearly
velocity dependent.
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term manifests itself by a shift of the maximum away from © = 0°,

since:

R(e,+) + R(e,+) c o s 2 6 + R(e,+) s i n 2 9 ,

(8.22)

R<9'+>+ R;
(e'+>coS2(e - 90)

with: Rj = R'jcos 29Q

R3 = Rjsin 29Q (8.23)

As can be seen in fig. 8.4 the sin26 term is clearly present in the

signal, its amplitude even changing sign. This amplitude is propor-

tional to a linear combination of the coherence terms \ and [i (8.21).

8.4.2 Results

The information we can obtain from the measurements is basically

contained in the different sets of Fourier coefficients, which are

available as a function of collision velocity. Different linear

combinations of the six Fourier coefficients obtained from the (9,9)

and (Qf-O) measurements are shown in fig. 8.5. Fig. 8.5A shows three

averages of everytime two Fourier coefficients. As can be seen from

(8.15), these three averages only depend on the diagonal terms p, s

and t and on the coherence term v. Fig. ( 8.5B shows the three

differences of the same pairs of Fourier coefficients. The difference

R£9,8) _ R£9,-9) s h o u l d b e equal to -(R^
8»e) - R^ e»~ 6 )), which is the

case within the error bars. These differences are proportional to the
(9 9) (9 *"9}

coherence term u. The difference R: ' - Rj ' is indeed zero

within the error bars. The dashed curves in fig. 8.5A will be

discussed later.

Fig. 8.6 shows the four Fourier coefficients obtained from the (9,0°)

and (9,90*) measurements. They depend only on p, s, t and v.
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Figure 8.5. The averages and differences of the Fourier coefficients
obtained from the (9,±9) measurements as a function of collision
velocity. A) The averages of every time two Fourier coefficients.
These averages depend only on the diagonal terms p, s and t, and on
the coherence terra v. B) The differences of the same three pairs of
Fourier coefficients. Two of them are proportional to the coherence
term u, one of them is zero within the error bars, as it should. The
dashed curves in A) are the results of the fit procedure to (8.25)
(or (8.27), since both the fit procedures give the same fit curves).
The ordinate scales have the dimension [Sir], and from now onwards,
all ordinates are in the same "arbitrary units".
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their average, and their difference, as a function of collision
velocity. The average depends only on p, s, t and v, the difference
on a linear combination of four coherence terms. The dashed curve is
the result for the average of the fit procedure to (8.25).
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Fig. 8.7 contains the signals from the ++ and +- measurements, as

well as their average (again only dependent on p,s,t and v) and their

difference. This difference, according to (8.20) is proportional to a

linear combination of fou^ coherence contributions.

Fig. 8.8 shows the three Fourier coefficients of the (9,+)

measurements. Again, RQ • and Rj »+' only depend on p,s,t and v,

whereas R£®» +' is proportional to a linear combination of the

coherence terms \ and |i.

It is worthwhile noting that starting from fig. 8.5, all ordinates

are given in the same "arbitrary units", with the dimension [Sr].

Uncertainties of the different experiments with respect to each other

are estimated to be - 5%. From a comparison with [8.1] and [8.6] one

can estimate that 300 "arb. un." correspond to roughly 1 A (within a

factor of 2).

300

800 1200 1600 2000
collision velocity (m/s)

2400

Figure 8.8. The three Fourier coefficients, resulting from the (9,+)
measurements, as a function of collision velocity. Two of them depend
on p, s, t and v, the third is proportional to a linear combination
of the coherence terms \ and u. The two dashed curves are the results
of the fit procedure to (8.25). There is a discrepancy between the
( 9 + ) coefficient and the fit at lower collision velocities.
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8.5. DATA ANALYSIS

Our measurements have resulted in a total of 10 coefficients, only

depending on p, s, t and v, and 3 others, depending on u, a linear

combinaton of A. and u, and a linear combination of 4 coherence

contributions, respectively. In order to analyze the data in terms of

cross sections and coherence terms, we have to choose between the L-

picture for our description, in which we assume that electron spin

influences are negligible, and the J-picture. Although the comparison

of the electron spin precession time (3.10 s) and collision time

(=5.10~13 s at 1500 m/s) shows that it is not at all obvious that the

L-picture is valid, it is certainly worth the try, because in the L-

plcture we are able to calculate all 8 independent elements of the

detection matrix G. Because of that the results may give a direct

indication whether or not use of the L-picture is justified (e.g. by

yielding a negative cross section).

In the L-picture, p^, s^ and tL are related to the cross

sections a.., a.o and a. according to (8.11). When we use the

stationary state values of the c^ (for non-stationary state

conditions the C2 for the n case has to be replaced by CQ/Q/2, with Q

defined in (8.5)) we get the following relations between the 10

coefficients and the quantities a.., a Q, aQQ and v^:

Ro " Ro

B(e,o) B(e,-e)
K2 " K2

R - R

R3

18

-1

1

0

0

0

0

-18

0

0

0

0

-3

u

r

(8.24)
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(R(e,e) + R(e,-e) ) / 2

'2

,(9,0°)

Rr
Ro

p(9,90°)
Rl

Ro

R
(6,+)
1

1296

502 580 214 27

-264 96 168 -36

18 -36 18 9

352 664 280 0

-96 -24 120 0

616 568 112 36

-168 120 48 -36

324 648 324 162

396 648 252 54

-108 0 108 -54

'11

'10

'00

(8.25)

We look for a set of cross sections a^i and coherence terms, which

via (8.24) and (8.25) yields the best agreement with the

experimentally determined R-coefficients. The coherence contributions

u^ and \j^ depend on one coefficient and r^ depends on the average of

two, so they can be calculated directly. The three cross sections and

v^, however, have to be determined from an overdetermined set of

coefficients, so we make use of the least squares fit technique, and

perform a fit to (8.25). Therefore we devide our collision velocity

range into zones with a width of 50 m/s, and fit the 10 R-

coefficients to (8.25) in each zone. This gives us values for the

cross sections ar-i v^ in each zone, as well as the fit values for the

i
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10 R-coefficients. The quality of these fits gives a good indication

of the reliability of the results, since the fits would show any

discrepancies between the different R-coefficients. The fit values,

connected with dashed lines, are shown in figs. 8.5-8.8. In general,

agreement is very good. The fact that the fit curves are no smooth

lines, but instead show small fluctuations has no physical meaning.

Only in the low velocity part of the fit to R^9»+^ (fig. 8.8), the

fit quality is rather poor. This is caused by a discrepancy between

the R^6»+) coefficient and the (R(~H~) + R(+~>)/2 (fig. 8.7) in this

part of the velocity range. To get an idea in how far this can

influence our results, we forced the fit procedure to fit the RA » '

correctly. This caused a huge deviation (= a factor of 2) between the

fit and the R-coefficient in fig. 8.7 and a smaller deviation between

the fit and the R j ' '-coefficient. However, there was hardly any

change in the fit curves in figs. 8.5 and 8.6, and also the results

for the cross sections OQQ and a10 were hardly affected. Only the

results for cf̂ j and v, changed considerably in the low velocity

region. Since the results of this forced fit were far from realistic,

we also performed forced fits that showed a smaller disagreement

between fit values and the R-coefficient in fig. 8.7. The results of

these fits showed that the systematic errors in a^ and v^ caused by

the discrepancy were smaller than the error bars. The results for the

cross sections are shown in fig. 8.9A, the results for the coherence

contributions in fig. 8.9B. In fig. 8.9A (and in fig. 8.9B for vL)

the calculated values (every 50 m/s) are connected with lines. The

error bars of some of the calculated values are shown as well.

Up to now we have not completely determined the L-picture G-matrix,

we could determine only the average value a. .= (o\. + a. ,)/2 ,

because the ML = +1 and M^ = -1 magnetic sublevels had the same

population for all cases. The ratio of these two populations, denoted

as (M^ = +l)/(Mj< = -1), however, can be substantially changed by

introducing a weak magnetic field perpendicular to both the laser

beam and atomic beam direction, when using a light for the excitation
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Figure 8.9. The results of our measurements in the L-picture.
A) The three cross sections 3j^ (average of a^ and crj_^), O"̂ Q and
0QQ as a function of collision velocity. The CJQQ is by far the larg-
est one. There is no significant velocity dependence visible.
B) The coherence terms vL, uL, rL and \L at a function of collision
velocity. Three of them are velocity dependent. The magnitude of the
coherence contributions is comparable with the cross sections.
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process, as shown in the previous chapter. Measurements presented

there provide us with information about the difference O"JJ - <Ĵ _j =

qL in the same arbitrary units we use In this chapter (± 5%).

Combining this q^ from chapter 7 with our o\., we get OJJ and O"J_J

separately, as shown in fig. 8.10. It appears that 0 ^ is

significantly negative for most of the collision velocity range. This

shows that electron spin effects are important in our collision

velocity range. This is not too surprising in view of the already

mentioned relation between electron spin precession time and

collision time. Only at our highest velocities the collision time is

about equal to the precession time, the range in which normally the

L-picture starts to become valid.

400

-400

800 1200 1600 2000
collision velocity (m/s)

2400

Figure 8.10. The cross sections o n and c^. as a function of
collision velocity. Clearly, o ^ is significantly negative for most
of our collision velocity range. This means that the L-picture cannot
be applied for this velocity range.

So, in order to describe the associative ionization process properly,

we have to take influences of the electron spin into account and use

the J-picture. Equations (8.24) and (8.25) then become:
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R(o,e) R(e,-e)Ro Ro

R(e,0) _ (9,-9)
R2 R2

R - R

*3

R

2

(0,0°)

R

(9,90°)
0

(9,90°)
1

+ R )/2

3 • 0 0

27 0 0 0 0

0 if ̂ f S if/6 °
0 0 0 0 0 ^715

288

59 122 107

-60 -24 84 -12

9-18 9 3

20 128 140 0

-12 -48 60 0

80 152 56 12

-24 -24 48 -12

18 108 162 54

30 132 126 18

-18 -36 54 -18

3/2 3/2

33/2 1/2

1/2

(8.27)
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Via a least squares fit procedure, similar to the one described

before, we can get the cross s- :tions ^1/2 \/2* **l/2 3/2* a3/2 3/2

and the coherence term v,. Furthermore we also can get the coherence

contribution Uj, but instead of \^ we get a linear combination of \j

and Hj, and instead of rL we get a linear combination of four

coherence contributions. Out of (8.24)-(8.27) the following equations

can be deduced:

°3/2 3/2

J. -1 , J
a3/2 1/2 ~ 3 a00 + 3 0OO

UJ = 3 UL

VJ = I VL

Figure 8.11 shows the cross sections in the J-picture.

Although, in principle, the magnetic field dependence in chapter 7

contains additional information, we would need a 5 parameter fit to

the experimental data. Since agreement between experiment and theory

is only moderate, this is in practice not possible.

8.6. DISCUSSION

8.6.1. Influence of coherence contributions

To compare our present results to the earlier obtained ones, in which

we had to neglect coherence contributions, we reproduce in fig. 8.12

the results in the J-picture of [8.1] with the ordinate in the same

scale as in figs. 8.5-8.11. We see that neglecting the coherence

terms is not allowed when evaluating 5 , . and a : both
3/2 1/2 3/2 3/2
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a
neg

the three average cross sections
from an analysis in which we had to

from [8.1], fig. 5).

139



their magnitudes and shapes have drastically changed. This is to be

expected, since most of the coherence contributions are larger than

these two cross sections, and most of them change significantly with

collision velocity.

The value of o . , on the other hand is (above = 1000 m/s) hardly

changed by the coherence terras analysis. Below 1000 m/s there are

significant differences. These are not caused by coherence influences

but rather by the fact that in fig. 8.12 we measured at detuning

frequencies down to = 30 MHz, which is questionable (see 4.4) and by

the fact that we had additional information about the values of the

cross sections at 250 m/s due to single beam collisions. Since we

cannot excite two colliding atoms within one beam differently, we

cannot use this additional information in the present analysis.

However, if we assume that also at low collision velocities the

~O\/2 i/2~va^-ae is hardly affected by the neglect of the coherence

contributions Uj and Vj (which may be small at 250 m/s anyway,

judging from the extrapolation of our results) the a. ,„ ..„ value

will again be about 200 arb. un., as given in fig. 8.12.

Generally speaking, we have shown that coherence contributions can

become important and that they in general cannot be neglected.

Wang et al. [8.5], [8.7] also performed polarization and velocity

dependent cross section measurements. If we take the difference in

geometry into account, and apply our theoretical description to their

data, their results do not seriously disagree with ours. Unfortunate-

ly we cannot use them to extract additional parameters, because the

results of their two sets of measurements are not on the same scale.

Detailed polarization and velocity dependent associative ionization

studies have also been performed on the K(4p) + K(4p) system [8.8],

Apart from cross section variations due to the threshold (the energy

of the minimum in the K. potential curve lies = 300 meV higher than 2

x the K(4p) energy) and due to the opening of the K+ + K~ exit

channel, which is reached in their experiments, there is a striking

similarity with our results in the polarization dependence.
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8.6.2. Molecular Potential Curves

The ultimate goal of detailed collision experiments with polarized

collision partners is to be able to interpret the experimental

results in a quantitative way in terms of molecular potential curves.

Then one learns general facts about fundamental mechanisms governing

associative ionization collisions.

In the case of the Na(3p) + Na(3p) potential curves, there is a set

of recent adiabatic curves available [8.9]. However, only one of

theses curves crosses into the continuum, at an energy higher than

available in our experiment. Furthermore Weiner [8.10] has shown that

the ionization process is at least partly exothermic i.e. at least

one of the potential curves leading to associative ionization crosses

the Na£ potential at an energy below 2 x the Na(3p) energy. So we

have to use some kind of diabatic potential curve(s). The study of

how to characterize these diabatic curves is still in progress

[8.11]. Therefore, a discussion in these terms has to be postponed

untill further progress has been achieved.

In the mean time we can look at our preparation of the atoms at

infinite distances, and assume that this preparation with respect to

the internuclear axis is conserved up to very small internuclear

distances, i.e. we assume a very large "locking radius". This is not

unreasonable in view of the rotational analysis of the i)Ja_ molecular

ion performed by Wang et al. [8.12] which indicates a locking radius

of the order of 25 A.

Since our -H- preparation, with the total angular momentum of both

atoms directed along the laser propagation direction, is the most

favourable one for ion production (see fig. 8.7), we conclude that a
3£ molecular state with respect to the relative collision velocity is

important for the associative ionization process.

Another way of analyzing the results lies in the use of the cross

sections. The average cross section a. .. ... is hardly smaller than

the R ^ "cross section" (cf. figs. 8.7 and 8.11). If al^2 1/2 would

differ considerably from oi/2-l/2! t ni s would mean that one of these
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two geometries, is most favourable for the associative ionization,

i.e. the major axis of the charge cloud points along the internuclear

axis.

Our conclusions so far are in accordance with the results of the

theoretical work by Jones and Dahler [8.13], [8.14]. However, their

analysis was limited in the sense that they had to rely on older and

less complete experimental results and potential curves. Extension of

their theoretical study to the cases of table 8.3 and our new data

would be highly desirable.

8.7. CONCLUDING REMARKS

We have demonstrated a detection scheme for possible complete

analysis of detection matrices, which is certainly not restricted to

our case study of Na(3p) + Na(3p). In fact the latter system is not

the best choice, since it turns out that in the collision velocity

range we use, the L-picture is not valid (because the electron spins

do not stay fixed in space during the collision). This means that we

have to use the J-picture, in which the detection matrix contains 16

independent parameters, more than can be determined experimentally.

A better case study can be obtained by repeating the Na(3p) + Na(3p)

experiments at higher velocities. However, a complication might be

that then the Na+ - Na~ exit channel will be accessible. Another

possibility, which in addition would reduce the number of potential

curves involved, would be a P - P system, e.g. Ba(6s6p) + Ba(6s6p).

Concerning Na(3p) + Na(3p), energy spectra of the ejected electrons

or detailed study of the important energy pooling processes (which

have much larger cross sections and may be competitive with or

precedent to associative ionziation) would certainly contribute to

the understanding of this collision system. As to the electron

spectra, preliminary experiments have been performed in

Kaiserslautern, in a single beam experiment. We have studied the

electron spectra when exciting the Na atoms with circularly polarized
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light, and with linearly polarized light with the polarization vector

parallel or perpendicular to the atomic beam direction. The

experimental conditions regarding the excitation process were

comparable to the Utrecht situation (see 4.8.3).

Apart from the differences in the total cross sections, which

reproduced very well, there was no polarization dependence visible in

the electron spectrum: we saw a very narrow peak with its maximum at

0 ± 10 meV, and a width hardly exceeding the resolution of the

spectrometer (40 meV). The results of measurements with better

statistics will be presented and discussed in a forthcoming

publication [8.15].
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SAMENVATTING

De vooruitgang in de lasertechniek, waardoor het steeds beter moge-

lijk wordt oin licht: van de juiste frequentie met een hoog vermogen te

verkrijgen, heeft ervoor gezorgd dat vele nieuwe studies naar bot-

singen tussen atomen mogelijk zijn geworden, waarbij minstens êén

atoom energie van die laser heeft opgenomen: zich in een aangeslagen

toestand bevindt. Dit soort botsingen leidt tot een enorme variëteit

van gebeurtenissen. Behalve het feit dat deze gebeurtenissen gewoon-

weg "mooi" zijn en interessant om nader te onderzoeken, zijn deze

reacties ook van fundamenteel belang op allerlei gebied, zoals

plasmafysica (kernfusie, gasontladingen) astrofysica (reacties in de

interstellaire ruimte) en studies van de aardse atmosfeer (in de ho-

gere lagen gebeuren veel botsingen tussen aangeslagen atomen en mole-

culen. De elektronendichtheid in de ionosfeer bijv. is sterk afhan-

kelijk van het verloop van deze processen). Belangrijke reacties

tussen twee atomen, van welke er minstens éên is aangeslagen (aange-

geven met een * ) , zijn de volgende voorbeelden van ionisatie:

A* + B •* A+ + B + e~ Botsingsionisatie

A* + B •* A + B+ + e" Penning Ionisatie

A + B •* A + B~ Ionen Paarvorming

A + B •• AB + e~ Associatieve Ionisatie

Als de botsingssnelheid klein is, zoals bij thermische atoombundels,

staat of valt het verloop van zo'n proces met het aanwezig zijn van

het laserlicht dat de atomen aanslaat.

Voor de "A" en "B" uit de voorbeelden wordt om praktische reden vaak
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natrium gekozen: het is goedkoop, niet giftig, betrekkelijk gemakke-

lijk te behandelen en, het belangrijkste: hat laserlicht waarmee

natrium moet worden aangeslagen (golflengte 589 nm, de bekende

natrium lampenkleur), is relatief het eenvoudigst te maken.

Botsingen tussen aangeslagen natriumatomen leveren een groot scala

van gebeurtenissen op. Het onderzoek dat in dit proefschrift beschre-

ven is, heeft zich uitsluitend gericht op de Associatieve Ionisatie

van twee aangeslagen natriumatomen:

Na*(3p) + Na*(3p) •» Na| + e"

Kircz, Morgenstern en Nienhuis hebben in ons laboratorium in 1982

aangetoond, dat het verloop van deze reactie niet alleen (volledig)

afhangt van het al of niet aanwezig zijn van laserlicht, maar ook

(sterk) van de polarisatie van dit licht. Door het licht in verschil-

lende richtingen te polariseren, worden ook de ermee aangeslagen

atomen in de ruimte "georiënteerd", en deze oriëntatie ten opzichte

van elkaar blijkt dus de Associatieve Ionisatie-reactie sterk te

beïnvloeden. Sindsdien is erg veel studie gewijd geweest aan dit

onderwerp, omdat bleek dat dit een mogelijkheid gaf het proces zeer

gedetailleerd te onderzoeken. Een zeer uitgebreide studie naar deze

polarisatie-effecten heeft zijn beslag gekregen in dit proefschrift.

In hoofdstuk 2 wordt de apparatuur uitgebreid beschreven. Veel nadruk

wordt gelegd op de preparatie van het gepolariseerde laserlicht. De

belangrijkste vernieuwing vergeleken bij vorige studies is de moge-

lijkheid die we hebben om de twee laserbundels, waarmee we de twee

botsingspartners afzonderlijk aanslaan, onafhankelijk van elkaar te

polariseren. Bovendien is de laserintensiteit op vernuftige wijze

gestabiliseerd.

In hoofdstuk 3 beschrijven we het systeem waarmee we de laserfrequen-

tie stabiliseren op de specifieke Na hyperfijn-overgang die we willen

gebruiken. In tegenstelling tot het systeem waarbij de laserfrequen-

tie rond een atomaire overgang gevarieerd wordt ("dynamische" stabi-
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lisatie, te vinden in vele experimenten) is in ons systeem de

frequentie vast. Bovendien kunnen we met ons systeem de stabilisatie

in een gebied van ±120 MHz rond de hyperfijn-overgang kiezen. Daar-

door kunnen we de atomen afhankelijk van hun snelheid al dan niet

aanslaan. Dat doen we door de laserbundel de atoombundels onder 87°

te laten kruisen en het Doppler-effect te benutten.

Het aanslaan van natrium naar het 3 Py2, F = 3 niveau wordt zeer ge-

detailleerd behandeld in hoofdstuk 4. Het is namelijk helemaal niet

triviaal om een flink deal van de atomen aan te slaan en netjes te

polariseren. Dat komt voornamelijk door de kernspin, 1 = 3/2. Onze

behandeling van dit probleem Is gebaseerd op zogenaamde verzadigings-

curven, dat zijn metingen van door de laser teweeggebrachte

fluorescentie als functie van de bestralingssterkte van de laser.

Door het verrichten van deze metingen kunnen theoretische en werke-

lijke omstandigheden nauwkeurig vergeleken worden. Bovendien kunnen

we ook een behoorlijk betrouwbare waarde voor het percentage van de

atomen dat aangeslagen is verkrijgen.

In hoofdstuk 5 vatten we de theoretische analyse van Nienhuis beknopt

samen. Zijn beschrijving is gebaseerd op het gebruik van een detec-

tie-matrix. De diagonaal-elementen van deze matrix geven de waar-

schijnlijkheid dat een botsing tussen twee aangeslagen atomen, op

grote afstand van elkaar in zekere magnetische subtoestanden gepre-

pareerd, ook een NaJ-ion oplevert. De buiten—diagonaal elementen, de

coherentietermen, kunnen ook bijdragen tot het NaJ-signaal, zogenaam-

de "coherentiebij dragen".

In hoofdstuk 6 laten we zien op welke manier we informatie kunnen

verkrijgen omtrent het botsingsproces door de twee botsende atomen

met verschillende laserbundels aan te slaan. Voor de duidelijkheid is

de beschrijving van de apparatuur kort herhaald, evenals de theorie.

Daarom is hoofdstuk 6 aan te bevelen als inleiding op de complete en

meer gecompliceerde behandeling in hoofdstuk 8.

In hoofdstuk 7 wordt de invloed van kleine magneetvelden op het aan-

slagproces beschreven. We tonen aan dat zelfs het aardmagneetveld al

een beduidende invloed op dit aanslagproces kan hebben. Verder laten
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we zien dat we magneetvelden opzettelijk kunnen aanleggen om daarmee

aanvullende informatie uit onze metingen te krijgen. Ten slotte wordt

een elegante methode beschreven waarmee magneetvelden kleiner dan 5

raGauss in het botsingscentrum gerealiseerd kunnen worden.

In hoofdstuk 8 beschrijven we de experimenten met zeven verschillende

polarisatiecombinaties van de twee laserbundels, waarmee de atomen

worden aangeslagen. De resultaten van deze metingen worden geanaly-

seerd, en de definitieve resultaten worden besproken. Een belangrijke

conclusie is dat de rol van de elektronspin in het associatieve

ionisatieproces niet verwaarloosd kan worden.
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