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PREFACE.

The work summarised in this thesis was carried out in the Physics
and Astronomy department of the University of Glasgow between October
1983 and September 1986.

Multiphoton ionisation of molecules in gases has found a use in
High Energy Physics, where laser induced ion tracks have been wused to
simulate particle tracks in large gas-filled Multi-Wire Proportional
Chambers (MWPC's). The simulated tracks are used to calibrate the
MWPC's. Laser calibration is to be incorporated into the ALEPH TPC (a
type of gas filled MWPC) at CERN. Before laser calibration can be put

to full use, some questions must be answered:

1) What type of laser would be best for laser calibration purposes?

2) Can the ionisation be controlled by adding low ionisation potential
molecules to the counter gas, and what additive would be best for the

Jjob?

3) What are the impurities responsible for the background ionisation

observed in many chambers when UV laser light is passed through them?

The experimental work described in this thesis was performed to find
answers to these questions.

Chapter 1 contains a brief introduction to the theoretical aspects
of multiphoton ionisation. Also, a brief historical review is given,
with a summary of some general applications for multiphoton ionisation.

In Chapter 2, with particular reference to the ALEPH TPC, the
author provides a review of much of the work carried out in 1laser

calibration to date. Also described in Chapter 2 are the fundamental



differences between the production of ion tracks by high energy
particles and by lasers. The type of laser track best suited for
calibration purposes is also discussed.

The study of ionisation in proportional counter gas with various
lasers was carried out prior to the author joining the RIS Group at
Glasgow. The author's interpretation of the results is given in Chapter
4., From the results of these experiments it was thought that the best
type of laser for calibration of MWPC's would be one with a short pulse
duration (<10ns) in the near UV (~300nm).

_ Seeding low ionisation potential molecules into chamber gas, as a
method for ionisation control, is described in Chapter 5. Some of the
molecules have also been studied by other authors, whose results are
discussed.

Background ionisation produced by near UV lasers has been observed
in many chambers. The ionisation was thought to be caused by the
2-photon ionisation of molecular impurities with low ionisation
potentials. Background resonant 2-photon ionisation (R2PI) spectra were
produced for a typical chamber gas. Two background impurities, phenol
and toluene, were identified by comparison of these spectra with UV
absorption spectra. Another author reported the presence of a series
of organic compounds in chamber gas. A table of these compounds is
given at the end of Chapter 6. Experiments described in Chapter 6 also
show that the impurities were outgassing from the walls of the chambers
or from plastic flow 1lines used ¢to carry the chamber gas. Also in
Chapter 6 1is a summary of the effect of the gas purification system
(proposed for the ALEPH TPC) on the background ionisation. This work
was carried out by Dr D.T. Stewart, S.L.T. Drysdale and A.P. Land. (They
also carried out experiments on the effect of toluene on the
purification system. This work is summarised in chapter 7).

Chapter 7 describes experiments where toluene and phenol are used



as seeding agents. Several other molecules with strong UV resonances
around 266nm were also studied, as well as Acetaldehyde, a molecule with
absorption resonances around 360nm.

Chapter 8 describes attempts to identify further impurities in
chamber gas. Samples of impurities trapped from chamber gas were
analysed by laser ionisation in a quadrupole mass spectrometer. The low
sensitivity of the apparatus meant that no impurities could be detected.
Laser induced fragmentation patterns were produced for phenolv and
toluene. The importance of these spectra is explained in Chapter 9.
Gas  analysis using the quadrupole mass spectrometer and the
interpretation of the R2PI was carried out solely by the author.

Much of the experimental work involving proportional counters was
carried out with the help of other members of the RIS Group at Glasgow.

The work carried out allowed answers to be found for the questions

posed earlier:

1) The best type of lasers for laser calibration are short pulse
duration (<10ns), with a diffraction limited laser beam and single mode
output at wavelengths‘ of between 200nm and 340nm (preferably closer to
200mnm). The laser should also have a long lifetime and good pulse to

pulse reproducibility.

2) Two seeding agents gave promising results. TMA at 100ppm gave 10#
ion pairs/em for a laser fluence of 1pJ/mm% Other authors have
indicated that at a concentration of 100ppm TMA increased the lifetime
of the counter by three fold. Unfortunately TMA has a very unpleasant
odour which even at ppb level is unbearable. Toluene on the other hand
did not have this problem. At 266nm and with a laser fluence of 1pJ/mm%
6ppm toluene gave ionisation of 10410n pairs/cm. Long term effects of

toluene are still to be studied but in the short term it has no effect



on the gain properties of proportional counters or on the purification

system proposed for the ALEPH TPC.

3) Two impurities, phenol and toluene, were positively identified.
There are strong reasons to believe that further substituted benzene

impurities are present in chamber gas.

These conclusions are discussed further in Chapter 9.

Also of interest at Glasgow is the development of a sensitive time
of flight mass spectrometer for the analysis of trace elements in bulk
samples. Resonant multiphoton ionisation is to be used as an element
selective ion source. A description of this work is also given in
Chapter 9. Preliminary studies on the resonant ionisation of elemental
caesium are described in appendix 3. Caesium is to be analysed by
resonant ionisation mass spectroscopy. The author spent some time
gathering and interpreting caesium multiphoton spectra.

There are four appendices, the first deals with population rate
equations, the second gives a description of the ALEPH TPC, the third is
on ﬁolecular UV absorption and a fourth is on the multiphoton ionisation

of caesium.
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CHAPTER 1

SECTION 1-1: INTRODUCTION.

The Multi-Photon Ionisation (MPI) of atoms, or molecules, is a
very recent field of research, made possible by the advent of high power
lasers.

MPI processes will be defined as the simultaneous absorption of
two or more photons of light by an atom or molecule (system). The total
additive energy of the photons must be greater than the ionisation
potential, EW’ of the system. For example figure 1-1 shows a schematic
diagram of a N-photon ionisation process with a monochromatic light
source; N>2 and Nhv>E (hv is the energy of a photon). When no
resonances occur between the photons and intermediate states of the
system, the ionisation is called a N-photon non-resonant MPI process.
Figure 1-2 is a schematic for an N-photon resonant MPI process. Ng
(Mg1) photons excite the system into an intermediate real state and a
further Np (N?1) photons subsequently ionise the system.

As early as 1931 Gopert-Mayer predicted theoretically the
possibility of two-photon absorption. More than 30 years later MPI was
actually observed, in the form of a spark, at the focal point of a Ruby
laser (Maker et al 1964). Since then, with the increase of laser
output powers and a greater selection of available wavelengths,
research has expanded into diverse fields, for instance atomic and
molecular spectroscopy, mass spectroscopy, isotope separation, laser
induced fusion, gas breakdown studies and laser ablation. In fact,
wherever high powered lasers interact with matter, MPI processes will
occur, and indeed may even become the predominant mechanism at very high

powers (Bunkin and Prokhurov 1964).
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Ultra-sensitive detection techniques for counting small numbers of
electrons and ions produced by MPI give an alternative method for the
analysis of low concentrations of atoms or molecules in bulk samples.

In addition, MPI is fast becoming very important in the field of
High Energy Physics (H.E.P.), where laser induced ion tracks are being
used to simulate particle tracks in gas filled particle detectors.

There was a need for a greater understanding of the mechanisms
involved in, and methods for control of, the ionisation in detector
gases. These problems have been studied by the Laser Ionisation Group in
the Department of Physics and Astronomy at the University of Glasgow.
This thesis reports on some general theory and practice in MPI.
Further, in connection with the ALEPH experiment at CERN, a review is
given on calibration of gas filled particle detectors with laser induced
ion tracks. Results for experiments on laser ionisation control and on
the identification of the constituents responsible for the ionisation
are given. Finally conclusions are drawn that have some import for MPI

studies in general.



SECTION 1-2: MPI-A HISTORICAL BACKGROUND.

The ability to produce multi-photon absorption is a fairly recent
development. Not until the advent of high power (high flux) lasers
could multi-photon absorption be demonstrated experimentally, although
in 1931 Gopert-Mayer predicted the process theoretically.

In 1961 two-photon absorption in quartz was observed by Franken et
al. The first MPI was detected by Maker et al in 1964 in the form of a
spark at the focal point of a Ruby laser.

~ MPI of xenon atoms was reported by Voronov and Delone (1966), and
also by Agnosti et al in 1968.

Early MPI was restricted mainly to the non-resonant ionisation of
noble gases by Ruby 1lasers but the development of tunable dye laser
allowed expansion into the field of resonant MPI. Resonant MPI
studies were reported by Bjorkholm and Liao (1974) on metal atoms,
Collins et al (1973) on dimers such as Cs, and Andreyev et al (1977) on
polyatomic molecules such as formaldehyde.

MPI was first demonstrated as a spectroscopic tool in 1975
(Johnson et al (1975)) with work on the NO molecule and by Petty et al
(1975) on the I, molecule. Detection of Cs; ions, produced by MPI, in a
mass spectrometer was first observed in 1972 (Held et al (1972))
followed in 1976 with work by Grannemann et al on Cs,, Rbz and RbCs;
Heldman et al  (1977) on Na, and BaCl and Herrman et al (1977) on
metallic clusters, such as K, and Na, . Mathur et al (1978) achieved
the selective MPI of different isotopes of the Li, molecule.

The first resonant MPI of polyatomics was demonstrated in 1977 by
Andreyev et al with formaldehyde. Then in conjunction with mass analysis
in supersonic cocled jets, the MPI spectra for several organic
polyatomic molecules were produced by Johnson (1976), Vaida et al

(1978), Parker et al (1976, 1978), Neiman et al (1978), Robin et al



(1978), Berg et al (1978) and Turner et al (1978).

Dissociation of molecules under intense laser light was
demonstrated in experiments on the MPI of benzene and transbutadiene in
a mass spectrometer (Zandee et al (1978) and Zandee and Bernstein (1979
a,b)). Extensive fragmentation of the molecules was observed. c* ions
were detected which corresponded to the multi photon absorption of more
than 9 photons! (28eV).

From 1980 onwards research into and the study of MPI in atoms and
molecules has expanded rapidly. It would be pointless here to review all
of this work. Ins;ead a short review and discussion on the theory and
modelling of MPI processes shall be given. Then some of the techniques

used in MPI studies shall be listed with reference to some authors.



SECTION 1-3: THEORETICAL PREDICTIONS IN MPI PROCESSES.

The application of time depend nt quantum theory to MPI has helped
explain, at 1least qualitively, many of the experimental observations
made to date. This section contains a brief description of perturbation
theory taken to first order. The theory is used to model single photon
absorption in atoms and molecules. The modelling of MPI processes by
this method is very much more complicated, but the basic mathematical
techniques are the same.

. A summary is given on effects predicted by perturbation theory,
the primary difficulties in its use as a model for real systems and

comparisons of some theory and practice.

PERTURBATION THEORY TAKEN TO FIRST ORDER.

Quantum mechanics uses the wave nature of particles in bound
states to study the physical properties of a system as a whole. The
wave function y((t) for a partiecle in a bound state must satisfy the
Time-dependent Shrodinger equation:

d A
iﬁ_dTlT(t)>=HlT(t)> l

Where ﬁ is the Hamiltonian of the system, and is an operator defining
the energy of the particle.

Only in a very few simple systems can an exact solution for the
wavefunctions be found, although many complicated problems are often
'close' to the exactly solvable problems. Perturbation theory is used
as a basis for building mathematical models for more complicated cases.
It builds an approximate solution for the complex system by taking the

exact solutions as a starting point.



The perturbation method always begins with a Hamiltonian for the

problem which is given as the sum of two terms:

where the unperturbed Hamiltonian ﬁo is the energy operator for the
solvable case. V is a perturbation to the system and must be small
relative to ﬁo.

Time-dependent perturbation theory allows the study of changes in
non stationary states with time. Solutions to these problems can lead
to information on transitions between states in the presence of a
radiative field.

Perturbation theory relies on only a small disturbance to the
system. This enables approximations to the solutions by expanding the
exact wavefunctions (eigenfunctions) in terms of a 'smallness!

parameter, B- Equation 1 is now written:
A A
H=H, + VvV

P is a dimensionless label used to keep track of the terms in the
expanded series and can be put to 1 to give back equation 2.
Q
For the completely general case. The unperturbed eigenfunctions EQ

satisfy the equation:
< 0 : 1]
Ho¥ 0 = i ( 8% 075t )

0
uﬁare written in the form:

At
v 0=y eitE A



where the exponential term is the time~dependent factor wusually

associated with the stationary state functionswfg. Also:

A
H,¥, =EW¥ 5

n nn

where E, are the energy eigenvalues of the states‘uﬁ . To obtain a
solution?irto equation 1, the expansion theorem is used. .gris written

7]
in terms of the known unperturbed eigenfunctionsiga which form the basis

set for W:

¥ '%." C (1) ¥ 0 , 6

Co(t) are the time-dependent expansion coéfficients taking into account

the time-dependency of V. Equation 6 can be interpreted as a mixing of
2

all the states in the system where {C,(t)| is the probability of the

v)
system being in a state‘qa at a time t. Substituting 6 into 1 gives
A . .
% CHy +uV) ¥ e = 2 (CE+ibC) ¥ e 15 /A 7

A
The first terms on the right and left sides cancel since Hclqa= EA%G
¥
Multiplying 7 on both sides by uﬁx(the complex conjugate of'qcl) and
using:

0 m#n

me" ¥_8t= 1} e

gives in ket/bra notation:

B2 C, <¥IV|¥ 0> <ifiC,



By the wusual procedure in perturbation theory, C, is set as a power

series of p:

Co=C,@+pCc Wyp2c @, 9

Substituting 9 into equation 8 and equating coefficients of P gives:

dC @pdt =0 , 10
iﬁ(an(l)‘;dt)=§cm(ﬂ) <wO|V|y 0> "

i (4CPfd)=XC M < w0 v Y 0> 12

To solve equation 11 the initial conditions of the system are needed.

Suppose that the system is initially in a state k, then

0
GO =1 C® =0 2

Substituting 13 into 11 gives:

T
C,W) = (i )1 S{ O VIY O >dt 14
e
t = 0 is the point at which the perturbation to the system is 'switched
on'.

The perturbation theory is ‘now said to be calculated to first
order in p- For a 'first order' process the quantity IC?Il represents
the probability of a transition occuring to a state n from the state k
of the system in a time T.

A system perturbed by a sinusoidally varying field can be treated

by the Harmonic perturbation approximation given below:

V(r,t) = V(r) cos ot -



0}
Solving for Ci gives:

<¥_| V@) |, > i@y - ®)T_¢ el @y -0)T _4
C Q)= + 16
" 2K 0, -® w, +®
where:
Oy =(E,-E )%

Therefore when w = rw,,then the transitions shall become appreciable.
0
Suppose w = w, then the transition probability lcz il can then be

written:

sin1/2 (@, - W)T

fi(w, -w0)

|G = <%, | V()| ¥, > P 17

Figure 1-3 shows the factor:

5in?1/2 (@, - 0T/ (0, -0

plotted as a function of W. At around @ = @W,ha resonance is observed.
The FWHM of the peak is equal to 1/T. The probability of transitions
occuring between states n and k are appreciable between #-1/2T and
W+1/2T. The equivalent energy range can be written AE ~®/T. T is

regarded as the duration of the pulse At, so:

AEAL ~

This is the energy-time uncertainty relation.



Figure: 1-3 Probability factor plotted against #.
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ABSORPTION OF ELECTROMAGNETIC RADIATION BY ATOMS.

The proper treatment of the absorption of electromagnetic
radiation by a system requires quantisation of the radiation field
(Heitler (1954); Louisell,(1973) and Sargent et al (1974)). Although
good results can be obtained by regarding the field as a classical
perturbation.

An electromagnetic wave, 1like a photon, has an oscillating
electric field. Generally the wavelength of the wave is much larger
than the size of the system being perturbed (typical values are 200nmm
and 1nm respectively). Therefore to first approximation the change in
the electic field across the system can be neglected. The system then

'sees' an oscillating electric field, described by equation:

E=E; cost 13

E, is approximately constant. The energy of interaction between the
field and a slow moving electron (when magnetic effects can be
neglected) is -e.E.r., where r is the position vector for the
electron. The interaction can be treated as a harmonic perturbation.
Putting V = -e.E.r into equation 24 gives the transition probability of

a transition between states‘!% and‘§?

| in?1/2 -
IC W E=e2E2] < Yele|¥, > P Sl (G- @) 19

Bﬁ((nfg-m)

The factor of 1/3 comes from an averaging over all orientations of the
vector E corresponding to unpolarised radiation. From equation 19 it
can be seen that a resonance will occur when the electric field has a

frequency of #,k, i.e. when the energy difference between the states.qa

andig% equals the energy of the photon.

10



The energy flux is given by:

=172 §F2C 20

But because in most practical applications the wave consists of a range
of frequencies, A#, much broader than the resonant peak depicted in
figure 1-3, the total transition probability must be obtained by summing
over A®. The frequencies form a continuum, so the total energy flux is
replaced by the energy flux per unit frequency interval, denoted by
I(w); where I(®) is defined as the intensity of the radiation.

Putting these replacements into equation 19 leads to:

sin?1/2 -
Icn(;)|2=232/€0.ﬁc [I(&),,)I*t‘PfILI‘Fg}P (mfg Wi ]d&) 21

(X} (ww—mf

To a good approximation the slowly varying functions in # can be
replaced by their values at w‘% and removed from the integral. The

transition probability then becomes

sin?12 (@, - o)t

| C, 0 2 =2e212¢8iC { Kap) | < ¥elr| ¥, > P
. (@, -w)

w }n

PN

The integral is carried out by assuming AW extends from -oo to oo. Its
2
solution is then mt/2. The transition rate, W = [cf)t/t can then be

written as:

W =neKag) | < ¥ |e| ¥, > P/agtc 23

In this approximation equation 23 also applies to the stimulated
emission of light from a system.
The perturbation theory described so far gives the probability of

a transition occuring between two bound states. In a photoionisation

11



process the transition is between bound states and a continuum of
states above the ionisation potential of the system. The perturbation

theory described before will be adapted to model the simplest case.

THE PHOTOELECTRIC EFFECT.

The simplest photoionisation process is a transition between a
single bound state and the continuum states of a system. The transition
probabiliﬁy for this process is found by summing the transition
probabilities for all of the states in the continuum. Instead of

: 0 9
calculating just |C,| the sum over all available states must be taken:

too

-0

e (@ak) is the density of the states in the continuum (the number of
2

states per unit frequency interval dwg). IC,] is sharply peaked

around @y= W and generally p and ( EC‘IVI Hﬂ) are slowly varying

functions of @ , therefore to a good approximation equation 24 can be

simplified to:

sin?172 (@, -©)

d@w
[(op-0RmF - }

< ¥, (V|¥, > p /42 {

=n|< ¥ _|V|¥>Ppw) /262 25

and so the transition rate is:
W=n|<¥_|V|¥, >Ppw)/ 242

a6

This is called Fermi's Golden Rule.

12



PERTURBATION THEORY IN MPI.

A description of perturbation theory taken to first order has been
given. MPI cannot be modelled by first order perturbation theory; the
theory must be extended to higher orders in P' For instance two-photon
ionisation processes can be modelled by solving equation 15 to find Cﬁé.
This calculation was made for the general case by Lin et al (1984). An
N order MPI process would require the solution of the perturbation
theory taken to N th order in p.

The following section discusses some results of perturbation

theory relating to MPI, and reviews comparisons made between theory and

practice.

TRANSITTION PROBABILITY OF AN N-~PHOTON NON-RESONANT PROCESS.

One of the fundamental problems in the application of quantum
mechanics to complex systems is that an exact knowledge of the
wavefunctions describing the system can not be obtained. Exact
functions can only be obtained for hydrogen like systems. More complex
systems must be described by approximations to the true wavefunctions.

Theoretical work by Goldberger and Watson (1964); Messiah (1965)
and Bebb and Gold (1966), showed that for N-photon non resonant
processes the transition probability per unit time,Wk%, for a transition
from an initial state g to a final state f (in the ionisation

continuuum) is given by

=SIN a7

N
oais called the generalised cross-section for the ionisation process (in

13



2N Nl 2
units of cm sec ). I is the average flux of photons in photons/cm/sec.
A three photon process has a cross-section given in 'Ultra

sensitive Laser Spectroscopy' (Kliger D.S.(1983)).

{Tf(l.'gl\yi > < \Fi [re|¥; > <¥, ,‘.‘-@l‘?'}

Oy o z 2
Ll (Ei-Zh\)L-E‘)(E’—hUK—EB)

\igand uf‘ are the ground and final states, qf,;and )y.) are the intermediate

virtual states. Virtual states are formed due to perturbations in the

sytem which 'mix' all of the real states of the system together and can

be represented by:
T(vircua1)=§ C, ¥,

The Cyrepresent the relative magnitudes of the contributions from each
state. The values hv and r.e in equation 28 are the laser photon
energy and the electic dipole term respectively. The factors in the
denominator are weighting factors governed by the difference in energy
between the real and virtual states.

Typical values for 1,2 and 3-photon ionisation cross-sections for

? 4

- -22 -48 -5
atoms and molecules are 10'3 10 cm", 10“-— 10 cm 6

sec and ‘IO’g‘c,:m sec” (Chin
and Lambropoulos (1984)).

Conventional light sources have intensities of not much more than
10'5photons/cmz/sec. At these intensities MPI is highly improbable. To
produce significant ionisation for even two-photon ionisation the
intensity must be of order 31ozophotons/cmz/sec (Lambropouf, as (1976)).

Often, when using pulsed lasers, the total energy of the pulse is

quoted. The total energy of the pulse is given by:

E=ITx(2x1016) J 29
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E is in joules and T is the pulse duration. The total energy of the
pulse in terms of photons/cml is called the fluence of the laser, the

fluence is given by:

30

In the time T (the duration of the pulse) the total number of ions

produced is found from equation 27 to be:

r
L.= Smfg dt =@, T
o

for a square pulse. Therefore the total ionisation intensity is
proportional to the Nth power of fluence, in an N-photon non-resonant
process.

The expression for P%% in equation 27 becomes invalid when
resonances or near resonances between bound states occur. The
perturbation must be adapted to include resonant shifts and line widths

of the states.

EFFECTS OF RAPID FLUCTUATIONS IN LASER INTENSITY WITH TIME.

Measurements of the generalised cross-sections for an N-photon
process in atoms have been attempted (Chin et al (1969); Held et al
(1972a); Bakos et al (1970); Fox et al (1971); Evans and Thonemann
(1972) and Grannemann and van der Wiel (1975)). All were found to be
greater than the values predicted by perturbation theory. The
discrepancy was thought to be the oversimplification of using an average
intensity for the calculation of the transition rate. In reality a
laser pulse 1is never homogeneous in time. The fluctuations must be

taken into account. For an N-photon non-resonant process the total

15



ionisation can be given by the following relation

L.t o SvSt IN(e,t) dr2 dt

I(r,t) is the intensity as a function of space and time. The integral
is taken over the interaction volume V and the duration of the pulse T.
For N=1 the intensity of the 1laser can be averaged but for N>1 the
ionisation produced will be greater than the theory predicts when the
average intensity of the pulse is used.

The function can often be split into two parts, a temporal

dependence and a spatial depéndence:

I(r,t) = () x I{t)

Errors in the generalised cross-section can then be calculated under
different spatial and temporal conditions. For instance, in an N photon
MPI process, a temporal dependence consisting of random gaussian
fluctuations (like chaotic non-coherent light) gives a factor of N!
greater ionisation than the value estimated by using the average
intensity of the pulse.

High powered lasers often have many modes in their outputs and can
be considered to approximate chaotic 1light. Some of the discrepanc&s
between theory and practice may then be attributed to this effect.
(strong spatial fluctuations will also lead to discrepancy).

Laser pulses cannot generally be considered completely chaotic or
coherent but are somewhere in between. In these cases a model of the
spatial and temporal structure of the pulse hag" to be made. An
experiment by Krasinski (1974) demonstrated this effect. Using a
continuous laser in single and multi-mode, considered coherent and

chaotic repectively, it was found that in a 2-photon process the ratios
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of the coherent to chaotic ionisation was somewhere between 1.86 and
1.52; The expected value of 2 was not obtained because a laser can
never be perfectly coherent or chaotic. A similar experiment by
Lecompte et al (1974,1975) produced 11! times more ionisation between
multi-mode and single mode operation of a Nd:YAG laser. They were
looking at the 11-photon MPI of xenon.

Temporal effects have also been treated by Brody (1957), Hundley

et al (1967) and Carusotto et al (1970).

RESONANT EFFECTS IN MPI.

Resonant effects are common in MPI, especially in large order
(large N) MPI processes where transitions into the dense bound states
just below the continuum are likely. Resonances in molecules are also
quite likely due to dense regions of vibrational and rotational states
in the electronic states. Calculations incorporating resonant effects
were carried out by Goldberger and Watson (196%4), Lambropouﬁos (1974)
and Mower (1966). The calculations led to some interesting results.
For example ac Stark effects are predicted, where changes in the laser
intensity of near resonance light can pull or push the state into, or
further from, resonance.

Stark effects are caused by the influence of the electbmagnetic
fields, in the laser beam, on the atomic levels of the system (Sobelman
(1979)).

Ac Stark effects in MPI were first observed by Abella (1962) using
a ruby laser tuned to a 2-photon resonance in caesium. Dye lasers
offering large continuous wavelength selectivity and low bandwidths
greatly simplified this type of study. Further studies in resonant
behaviour have been made by M.Lambropoilos et al (1973) and more

recently ac Stark effects were studied by Otis and Johnson (1981).
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RESONANT SATURATION EFFECTS.

In the absence of resonances or near resonances the expected
ionisation rate behaviour is proportional to the Nth power of the laser
intensity, in an N order MPI process. For low order MPI processes and
fairly low laser powers this type of behaviour has been observed (Delone
et al (1972), Held et al (1971,'72a,72b) and M.Lambropoutos et al
(1973)).

The light intensities required to produce appreciable ionisation
in a non-resonant N-photon process would tend to saturate a similar, but
resoﬂant, N-photon resonant MPI process. Saturation of MPI process is
characterised by a drop in the expected laser intensity dependence.
Figure 1-4 shows a typical resonant saturation effect. At relatively
low laser intensity, off resonance, the expected 14 dependence for
4-photon non resonant MPI is observed. A slight adjustment in the laser
wavelength brought it into three photon resonance with subsequent
jonisation by a fourth photon. Then, for considerably lower intensities

1-S
than for the non-resonant case, an I dependence was observed.

TONTSATION RATE DEPENDENCY ON LASER FLUX NEAR RESONANCE.

In a non-resonant N-photon MPI process the ionisation rate 1is
generally proportional to IN . On resonance this can change to IN,(N/
<N). Near resonance the intensity dependence can be raised or lowered
by ac Stark effects. Stark effects are intensity dependent and can
raise or lower the energy levels of wavefunctions of a systems. As a
result the resonance can be pulled closer to or further from the
perturbing frequency.

A raising of the intensity dependance to 16 was demonstrated by

Held et al (1973). They used a near 3-photon resonance in the J-photon
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Figure: 1-4 The ionisation dependence of four photon
ionisation of potassium.

a) On a 3-photon resonance to the 4f level (Delone et al (1972))

b) Non-resonant (Delone et al (1972)).
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ionisation of caesium.
ANGULLAR MOMENTUM AND POLARISATION EFFECTS.

In the interaction of a photon with an electron, in addition to
changing its energy, its angular momentum, L, or spin, S, will also
change (Sakurai (1967)). A photon of light has an intrinsic angular
momentum  of 1 (in units of h/iﬁ ). By momentum
conservation, the angular momentum of an electron must change by 1 when
it absorbs a photon. In an MPI process more than one photon is
absorged, the angular momentum will change by 1 with each successive
photon. The sign of the change is dependent on the polarisation of the
absorbed light.

A quantitative view of angular momentum changes in MPI processes
is given by Sobelmann (1979). For linearly polarised 1light the
selection rules for the absorption of a photon is given by4J =t1,0 (J is
the total angular momentum for a system) and A4 M = 0 (M 1labels the
orientations of orbitals in the system). For circularly polarised light

A =£1,0 and AM = *1, + for right and - for left circularly polarised
light.

Using the hydrogen model, the allowed transition quantum states

from an initial state SV§1/2) are:

Sy(1/2)
Py(3/2) ———— Dy(5/2)

s.£1/2) ¥
Py{1/2) ———— Dy[3/2)

Sy1/2)

for linearly polarised light and:
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S|y7S1/2) —_— Pl]1(3/2) —_— D'/l\(5/2)

for circularly polarised light.

As a result of the different paths available to, and the
differences 1in, the transition strengths of both MPI processes, the
overall transition probabilities will be different.

Experiment has shown (Fox et al(1971) and Kogan et al (1971)) that
for low order MPI processes in caesium, the transition rates for
circularly polarised light are greater than for linearly polarised
light. For higher order processes, linearly polarised light will
genefally yield much higher rates. This is borne out theoretically by
Lambropoutos (1972a,b), Gontier and Trahin (1973), Klarsfeld and Maquet
(1972, 1974), Reiss (1972), Mizuno (1973), Jacobs (1973), Lambropoulas
and Teague (1976) and Teague and Lambropolous (1976a,b).

The emergence of multi-photon absorption by 1lasers has been of
great benefit to spectroscopists, who can now study previouSLg
forbidden transitions in atoms and molecules. For example a Sy(1/2) to
S¢£1/2) transition, by absorption of a single photon is not allowed,
but is 2-photon allowed (as long as the light is linearly polarised).

Appendix &4 summarises some results of the 2 and 3-photon
ionisation of caesium. (the work was carried out by the RIS group at
Glasgow University and is detailed by Ledingham et al (to be

published).

ANGULAR DISTRIBUTIONS IN ELECTRONS EMITTED IN MPI PROCESSES.

Studies of angular distributions of the electrons emitted in an
MPI process have been carried out by Lambropou£03 (1972b), Jacobs
(1973), Lambropoulois and Berry (1973), Mizuno (1973), Arnous et al

(1973) and Gontier et al (1975a,b,c).
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Generally photoelectron angﬁlar distributions are dependent on the
real bound and continuum state wavefunctions for a system. Study of
photoelectron distributions leads to information on the orbital
structure of a system (Leuchs and Walther (1984)). For instance
photoelectron distributions, from excited intermediate states of atoms,
have been studied by MPI.

A typical distribution, obtained by Duncanson et al (1975) is
shown on figure 1-5. The results were obtained from the 2-photon
resonant ionisation of Sodium via its 3PW& state, using linearly
polarised light.

.More recently, aﬁgular distributions have been studied by Compton

et al (1984a,b) and Geltman and Leuchs (1985).
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Figure: 1-5 Angular distribution of photo electrons for
the resonant 2-photon ionisation of sodium atoms.

Experimental angular distribution of photoelectrons in resonant 2-photon
ionisation of sodium atoms via the 3P%,intermediate state. The solid
line is a fit to data and is indistinguishable from theory. (Duncanson
et al (1975)).
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SECTION 1-4: ABSORPTION AND DECAY SCHEMES IN ATOMS AND MOLECULES.

In the previous section, the resonant and non-resonant MPI
processes were modelled on the interaction of a monochromatic radiation
field with a valence electron of the system. The inner core of orbitals
were said to be left undisturbed. The main absorption and decay
schemes available to the system were then taken to be stimulated
absorption and emission, and spontaneous emission of photons. For some
systems, like atoms, a model of this type is often sufficient to explain
much of their behaviour. For more complicated systems like polyatomic
molecﬁles the model generally breaks down. A reason for this is that
polyatomic molecules have many added degrees of freedom resulting in the
availability of a range of absorption and decay routes. For instance
radiationless transitions between rotational and vibrational levels can
greatly effect absorption and decay processes in molecules.

In this section alternative ionisation channels available to atoms
and molecules shall be summarised. Absorption processes 1in molecules
are conveniently depicted by energy level diagrams.

Perturbation techniques can yield reasonably good approximations
to the energy levels of small molecules (Murrell (1963)). For larger
molecules the perturbation treatment becomes too complicated. Instead
an analogy is made between the energy levels of diatomic and
polyatomic molecules. Diatomic molecules have energy levels dependent
on one coordinate, the interatomic distance. Diatomic energy levels can
be represented by energy level diagrams very similar to the harmonic
oscillator problem (Atkins (1978)) (see figure 1-6). The potential well
represents the energy (an electronic level) of a state of the molecule.
Vibrational and rotational energy levels are depicted by horizontal
lines in the potential well. At energies above E,, the vibrational and

rotational levels are no longer discrete and the internuclear distance
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Figure: 1-6 Potential énergy diagram for diatomic molecules.
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can become infinite. This is equivalent to saying that the molecule has
dissociated. E, is defined as the dissociation energy of the state.

The configuration and therefore the potential energy, of
polyatomic molecules, is a function of its many nuclear coordinates. In
schematic diagrams depicting the energy levels of polyatomics it is
assumed that the configuration of the state is described by only one
coordinate along the horizontal axis (in the same way as the diatomic
molecule). The electronic states of the molecules are often labelled
according to their electronic spin value, S representing a singlet state
and T a triplet state.

In molecules a transition between states occurs much more rapidly
than the rate at which they can change their internuclear configuration.
This is called the Franck-Condon principle (Franck (1926) and Condon
(1928)) and is used as a basis for the study of transitions in molecular
systems. Figure 1-7 demonstrates the principle. A transition is
depicted by a vertical 1line from a lower vibrational level of S, to
excited vibrational levels of S, which have the same configuration

coordinates.
AUTOTIONISATION AND PREIONISATION.

With sufficiently high intensity lasers it is possible to excite
more than one valence electron from its ground state. Equally it is
possible to excite an electron from a state below the valence level of
the system. Energetically this type of excited system can be in an
overall bound state with an energy greater than the single ionisation
potential energy of the system. (see figure 1-8a and 1-9a). If atomic
and molecular states were totally discrete with no interactions between
them then the system would eventually de-excite by spontaneous emission

of two photons. But this is not the case. In many electron/nuclear
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Figure: 1-9 Autoionisation.
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systems, perturbations to an electron occur through interactions with
nearby electrons and by nuclear configurational changes (vibrations).
The result of the perturbations is a mixing of the states of the system.

A mixing between the excited state and the continuum can lead to a
radiationless transition between the states leaving the system ionised.
Effectively the process involves an energy transfer between two
electrons, without the absorption or emission of a photon, exciting one
into the continuum and de-exciting the other to a lower state. A
radiationless transition process of this type, that leads to ionisation,
is called autoionisation. Figure 1-8b and 1-9b show two types of
autoibnisation process.

Autoionisation causes apparent resonant structure in the
ionisation continuum (LambropouLOS and Zoller (1984), Jungen and Dill
(1980) and Tagaki and Nakamura (1981). Autoionisation also occurs in
molecules. If an upper stable state of the molecule lies adjacent to an
ionic state then a radiationless transition between them may occur. In
molecules this process is called preionisation, it is depicted the

energy level diagram in figure 1-10.

PREDISSOCTIATION AND DISSOCIATION.

Predissociation of molecules in 1laser light is similar to
autoionisation in atoms. It involves a radiationless transition between
states. The molecule will predissociate 1if a transition occurs between
a bound electronic state and a vibrational state above the dissociation
energy of a nearby electronic state, or from a bound state to a nearby
unstable electronic state. A schematic diagram of both predissociation
mechanisms is given in figure 1-11. Predissociation has been studied by
Steinfeld and Houston (1978) and Lin and Fujimura (1979).

Dissociation of a molecule occurs when the absorption of light
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Figure: 1-10 Preionisation.
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Figure: 1-11 Predissociation.
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excites it directly into a vibrational level above Ep, of one of its
electronic states. A dissociative transition can originate from any
electronic bound state of the neutral molecule or from bound ionic
states of the molecule (see figure 1-12).

Dissociation (photofragmentation) is generally studied by MPI in
a mass spectrometer. A brief review of studies of this type is given in

the next section.

COLLISTONAL DECAY.

Molecules in liquids or gases, at close to atmosperic pressure,
undergo frequent collisions with surrounding molecules. During
collisions molecules can transfer energy to neighbouring atoms or
molecules., The energy is derived from, or given to, the molecule by
radiationless transfer between its states. (It can also receive
translational kinetic energy; this does not change the internal state of
the molecule). For a molecule in an excited state a collision can
result in a radiationless de-excitation into lower state. Collisional
decay is shown schematically on figure 1-13. Collisional processes may
also lead to the further excitation of an already excited molecule.
This is demonstrated in a paper by Rothberg et al (1981), where atoms
in excited states, Jjust below their ionisation potential, were ionised
by collisional excitation.

Figure 1-14 shows schematically many of excitation and decay
processes in the Y4-photon MPI of a molecule. The scheme is applicable
to a completely general N-photon process. It includes stimulated
absorption and emission, spontaneous emission, flvorescence,

phosphorescence, dissociation, predissociation and collisional decay.
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Figure: 1-12 Dissociation.
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Figure: 1-14 Molecular absorption and decay processes.
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COLLISTONAL BROADENING.

Now supposing an isolated excited molecule has a natural excited
lifetime 7 before spontaneous decay occurs. By the Heisenberg
uncertainty principle the energy of the state cannot be measured to

better than

AE=H/1

A typical value for ¥ is 1dﬂ$ecs, giving a value of 164% for AE.
Collisional decay of molecules leads to a shortening of the states
natural lifetime leading to a greater uncertainty in its energy. This
effect is called collision broadening.

For a gas medium at STP the collision rate is typically of the
order 2x10msecsT In each collision the state of the molecule is changed
so the 1lifetime of the excited state is reduced to 5x104lsecs.
Corresponding to an uncertainty of LE :2x1615 in the energy of the
state. In gases collision broadening is generally of the same order of
magnitude as processes like Doppler shifting and laser induced line
broadening. For molecules in liquids it can become the dominant line

broadening effect

LASER INDUCED LINE-BROADENING.

Line broadening effects stem from the need to use high power

lasers for MPI. Laser broadening is caused by three effects:

1) Saturation effects due to strong laser focussing, increasing as a

result the levels of background ionisation.
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2) Power broadening effects: At sufficiently high laser powers a
system that has been excited into an intermediate resonant level may
very rapidly be further excited. The natural lifetime of the state is
effectively shortened and, as for collision broadening, the energy of

the intermediate state becomes less well defined.

3) Stark effects: The stark effect pulls states into resonance.

Effectively this will constitute a broadening of the state.
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SECTION 1-5: MPI SPECTROSCOPY.

MPI with wavelength tunable lasers has given greater scope to the
field of analytical spectroscopy. For example, many atomic and
molecular transitions are found in the deep UV. Monochromatic sources
with outputs in this region are rare, but the same transitions can be
spanned by multi-photon absorption of 1light at wavelengths easily
obtained with 1lasers, Below are 1listed examples of spectroscopic
techniques for which MPI is put to use.(MPI of some molecules is

reviewed in a paper by Antonov et al (1984)).

SINGLE PHOTON FORBIDDEN STATES STUDIED WITH MPI.

Before the development of high powered tunable lasers, the study
of the atomic and molecular energy 1levels by photon absorption was
limited to single photon processes. As a result only transitions with
an angular momentum change of AJ =11 or 0 could be excited, but in a
N-photon absorption process AJ can take values up to!N. Therefore
transition into states forbidden by single photon absorption could then

be studied (see for example appendix 14).

MULTI-LASER EXPERIMENTS.

A multi-laser experiment involves the use of different laser
output wavelengths to excite a system through more than one resonant
intermediate level. Figure 1-15 represents a two-colour MPI scheme.

Two resonant intermediate states are sequentially excited before a third

photon ionises the system.

This method is very useful for the study of intermediate state

28



Figure: 1-15 Multi-laser absorption through two intermediate

states.
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lifetimes. For the scheme above the intermediate lifetime of the first
state would be studied by varying the degree of delay between the first
laser and the second. The population of the first intermediate state
is then related to the ionisation yield. Work in this field has been
carried out by Boesl et al (1980), Glownia et al (1980), Hopkins et al
(1981) and Antonov et al (1978).

By a similar delaying technique the kinetics of photochemical

reactions have also been studied. (Baggott (1985))

DOPPLER FREE SPECTROSCOPY.

MPI offers an alternative to conventional forms of Doppler free
analysis. Previous to MPI, Doppler free spectroscopy was generally
carried out in molecular beams. This involved the cooling of samples by
adiabatic expansion of a carrier gas doped with the sample to be
analysed. Analysis was limited by the low densities of sample in
molecular beams. Using MPI techniques, Doppler free spectroscopy can be
carried out with samples at room temperature and pressure in any
concentration.

Figure 1-16 gives a schematic representation of a MPI oppler free
process. Figure 1-16a shows the effective Doppler broadening due to a
system travelling at a velocity v in the direction of th? beam. The

shift in frequency is given by:

AV = (v, +0,)v,/C 33

Vv, and ¥, are the frequencies of the absorbed photons. For two laser
pulses travelling in opposition, the oppler shift equation would be
written as:

AV = (v, - v,)v, IC 3
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When v, = v, then[)oppler effects are eliminated. For an example of

Doppler free MPI refer to Sansonetti and Lorenzen (1984).

RESONANT 2-PHOTON IONISATION.

The simplest MPI process involves the absorption of a single
photon of 1light into a resonant intermediate state, with subsequent
ionisation by a second photon of the same wavelength. Experimentally,
resonant two photon ionisation (R2PI) often proves more attractive than
resonance enhanced MPI (REMPI). This is mainly because intensity
required to produce R2PI 1is considerably 1less than for REMPI, since
REMPI, unlike R2PI, must wundergo transitions through virtual states.
Often strong focussing of the laser light is necessary to produce REMPI.
Focussing produces a very small interaction volume, and so for low
density samples very small ion counts may result. Also intensity
variations and saturation effects in focussed beams can  make
quantitative analysis of atoms and molecules by REMPI very difficult.
R2PI on the other hand often needs no focussing at all, allowing greater
interaction volumes and well defined Beam profiles for quantitative
analysis.

Many molecules havé ionisation potentials of around 10eV,
therefore UV lasers are generally required for molecular R2PI. A second
requirement is that the intermediate state of the system has an energy
of greater than half of its ionisation potential.

The first step in a R2PI process is precisely that of a single
photon absorption process. R2PI along with an ion or electron detection
system can prove a very much more sensitive alternative to absorption
and fluorescence techniques, especially if sample concentrations are
very low or fluorescence and absorption efficiendes are very poor. The

reason for this is that ion/electron collection efficiencies can
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approach 100% but photon collection is only about 5% efficient.

Since the first step in the R2PI process is the same as a one
photon absorption process, it would be resonable to suppose that R2PI
spectra and one photon electronic absorption spectra would look similar.

For this to be the case three conditions would have to be met.

1) Saturation of the first step must be avoided since this would

tend to flatten out resonant structure.

2) - The cross-section of the intermediate to continuum state

transition should be wavelength independent over the region of interest.

3) The intermediate state should not decay faster to lower levels

than the transition rate into the continuum.

Antonov et al (1977) produced an R2PI spectrum for nitrogen
dioxide. Resonances at visible wavelengths were first excited and
subsequently ionised by the 7.7eV output of a hydrogen laser. The
nitrogen dioxide ionisation potential was exceeded by 0.8eV in this
scheme. Figure 1-17 shows the R2PI and electronic absorption spectra
for nitrogen dioxide. Atv least to first order they resemble one
another. The same characteristic was observed for toluene (Murakami et
al (1981)) and aniline (Brophy and Rettner (1979)).

Molecular systems are free to undergo vibrational and vibronic

transitions. Figure 1-18 shows three simple mechanisms for 2-photon

ionisation of molecules:

A. Is 2-photon ionisation through excited vibrational states of

the molecule in its ground, S,, electronic state.
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Figure: 1-17 2-photon ionisation of nitrogen dioxide.
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Figure: 1-18 2-photon ionisation of molecules.
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B. The first photon excites the molecule into excited vibrational
states of the first intermediate electronic level. The molecule then
relaxes to the ground vibrational state before subsequent ionisation by

a second photon.
c. This is direct ionisation through an excited vibronic level.

D. This process involves a radiationless transition between the S
state and a neighbouring triplet, T, state.

Typigal excited state lifetimes are 10—‘o - 1dqzsecs for
vibrational levels, and 10’esecs for electronic levels (Collisional
processes may shorten these lifetimes). JTonisation by schemes B and D
are much more likely than schemes A and C because the intermediate
level is much longer lived than the vibrationally excited states.

Absorption coefficients for molecules are commonly given by the

molar extinction coefficients,f%ﬁ the cross-section in cml is:
21
Ce= 3.8x10~ Cm,

The lifetimes of the states‘are given by:

1 = (0.5-1.0)x10% €1

£wis the extinction coefficient at the maximum of the band considered.
Typical values for molecular cross-sections are d‘=5x1641m? |

In appendix 1, a population rate equation (PRE) model 1is used to
describe a two photon ionisation process with monochromatic 1light.
Boesl et al (1981), using a similar model, obtained ionisation cross-

sectional data for benzene, thiophene, napthalene, toluene and aniline.
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MPT MASS SPECTROMETRY.
Mass spectrometers offer mass selectivity in a sample of ions
produced by MPI and also they can detect very low ion yields. These
properties have made them very attractive for the study of
photofragmentation processes in molecules and for the analysis of
samples by resonant or non resonant MPI combined with mass separation.

Most MPI mass spectrometry is carried out using time of flight
systems (TOF). These allow complete mass spectra to be recorded on a
pulse to pulse basis, making data collection very efficient.

Other types of mass spectrometer are used, such as singly focussed
magnetic and quadrupole mass spectrometers (Agnosti et al (1971),
Zacharius et al (1981) and Reilly et al (1980)).

Mass spectrometers have been used to study multilaser experiments,
fragmentation patterns in molecules, intensity effects, photoelectron
spectroscopy and van der Waals effects in low temperature molecular
beams. A review of work carried out with mass spectrometers has been
given by Gobeli et al (1985), summarising experiments on molecular

systems and metallic clusters in molecular beams.

ISOTOPTIC MASS ANALYSIS

All atomic species in the periodic table can be resonantly ionised
by multi-photon absorption of laser light. All, except helium and neon,
can be ionised by one of five laser ionisation schemes proposed by Hurst

et al (1979). Figure 1-19 shows the five MPI schemes.

SCHEME 1
This involves the absorption of two monochromatic photons through

a resonant intermediate state.

33



SCHEME 2
Scheme 2 is the resonant absorption of a frequency doubled photon

with subsequent ionisation by a photon of the fundamental light.

SCHEME 3
This is a two-laser scheme, involving resonant absorption between
three levels with ionisation by the absorption of a further photon from

one or other of the lasers.

SCHEME 4
Scheme Y4 is another three-photon scheme but this time using

frequency doubled light to excite the first level.

SCHEME 5
Scheme five has a two-photon absorption through a virtual
intermediate state with subsequent ionisation by the absorption of a

third photon.

Each atomic species in the periodic table has characteristic
energy levels associated with their wavefunctions. Atoms can therefore
be preferentially ionised by tuning the ionising lasers onto resonances
specific to them.

Resonant MPI of this type in conjunction with mass spectroscopy
allows very sensitive measurement of isotope ratios in bulk solids
containing many atomic species. Resonant MPI with mass spectrocopy
(RIMS) is being developed as a sensitive analytical tool for

quantitative determination of trace impurities in bulk material.
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Figure: 1-19 The five MPI schemes.
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SECTION 1-6: CONCLUSTIONS.

Resonant and non-resonant MPI processes in simple systems have
been modelled successfully using perturbation theory. For many electron
and polyatomic systems, perturbation theory becomes more qualitative
since approximations to the wavefunctions of the systems have to be
made. A fundamgntal result for all unsaturated N photon MPI processes,
involving ionisation is that the ionisation rate is given by

A~ N
ngzofll

where Gzis the generalised cross-section for ionisation process and I is
the flux of the laser beam. The same flux dependence will also hold
for a resonant N-photon MPI process as long as saturation and Stark
effects are avoided.

All s%stems can be ionised by multi-photon processes with
any laser of sufficient intensity, although in chemical analysis,
resonant MPI of atoms is generally more desirable since it offers
atomic selectivity. Photoionisation of atoms is a common MPI scheme,
but others are available, such as multiphoton autoionisation and
excitation to a state just below the continuum followed by collisional
excitation. Molecular systems, with their added degrees of freedon,
have many excitation and decay channels available to them. Formation
of a polyatomic molecular ion with high flux lasers 1is often
accompanied with fragmentation of the molecule. The process of
fragmentation in molecules is studied by MPI in mass spectrometers.
Experimental work in Multiphoton absorption and ionisation was reviewed
by Baggott (1985).

MPI resonant spectroscopy has several properties that have made it

attractive to spectroscopists:
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a) Ton and photoelectron detection techniques can be very
efficient and therefore sample concentrations need not be very large.

b) Resonances in the far UV can be studied by multi-photon
absorption between states.

c) Doppler free spectra can be produced for samples at room
temperature by resonant absorption of two photons travelling in opposing
directions.

d) Single photon forbidden transitions can be studied by multi
phoﬁon absorption.

. Resonant two photon ionisation spectra are analogous to single
photon spectra under certain conditions. R2PI's main advantage over
absorption spectroscopy is its greater sensitivity.

A description of multi~photon ionisation of caesium is given in
appendix 4, Chapter Qq gives a short description of a TOF mass
spectrometer to be built at Glasgow, for the analysis of isotopic
samples. MPI has found an application in high energy particle physics.
Ion tracks produced by laser ilonisation have been used for the
calibration of gas filled multi-wire proportional counters. Chapter two
gives a brief review of laser calibration work carried out in connection
with the ALEPH experiment at CERN and a list of problems that were still
to be solved before laser calibration could be put to full use.

A description of the ALEPH TPC (a type of gas filled multi-wire

proportional chamber) is given in appendix 2.
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CHAPTER 2

APPLICATIONS TO HIGH ENERGY PHYSICS.

SECTION 2-1: INTRODUCTION.

Laser induced ionisation of low ionisation potential molecules in
gases has found practical uses in the simulation of particle tracks in
large multiwire proportional counters (MWPC's).

~MWPC's were initially conceived between 1967-1968 (Charpak et al
1968) for the study of elementary particle interactions in high energy
physics (HEP). Their wuse has now spread into the field of applied
physies, such as nuclear medicine and vacuum UV 1light detection in
astronomy.

MWPC's are of'ten purpose built for a particular experiment. They
may have fundamentally difflerent geometries. Although the following
chapter concentrates on the laser calibration of time projection
chambers (a type of MWPC), laser calibration can be used for any type of
MWPC.

Comprehensive studies of MWPC's have been given by Sauli (1977)
and Sadoulet (1980). In principle MWPC's detect ion tracks produced by
the interaction of high energy particles and light, with a neutral gas
medium. Electrons from the ion tracks drift towards an array of
proportional wires. The points of origin of electrons in an ion track
may be determined by the time of arrival and the magnitudes of signals
induced by the electrons on small metallic plates (called pads) placed
close to proportional wires.

The drift velocities of electrons, through commonly used MWPC gas
mixtures, are well documented (Sauli (1977)). The distance, =z,

travelled by the electron in a direction normal to the pads can be
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calculated from their drift velocity and time of arrival at the pads.
For some MWPC's z may be calculated from the time between the passage of
a high energy particle of interest and the arrival, at the sense wires,
of the first electron from the track. Alternatively z may be estimated
from the position in time of the centroid of the induced signal on the
pads. This method requires the use of fast analogue to digital
converters and data storage, where the induced signal on a pad is
recorded at fixed time intervals (see figure 2-1).

The x and y coordinates of the ion track (lying in the pad plane)
are determined from the positions of the sense wires and pads, on which
the signals are induced. Greater positional accuracy is obtained by the
calculation of the centroid of signals induced on adjacent pads.

A short description of the ALEPH TPC is given in appendix 2,
showing the pad geometry and the orientation of the laser calibration
tracks.

In section 2-2 the fundamental principles behind ion track
production are discussed. Track production by high energy charged
particles, high energy photons and lasers are all treated separately.

Calibration of the MWPC's has always been a non-trivial task
involving time consuming statistical analysis of many tracks produced
by cosmic rays and charged particles. Calibration with ionisation
tracks produced by ultra violet (UV) lasers has been shown to have
several advantages over statistical methods. Laser tracks have good
resolution over several metres, with none of the multi-scattering events
sometimes observed with charged particles. The position of the track is
very clearly defined in space and time with no curvature in a magnetic
or electric field (imitating tracks produced by particles with infinite
momentum) . Electron drift velocity and angle can be calculated as
functions of gas constituents, pressure and temperature. The effects of

varying the electric and magnetic field strengths, the distance from the
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Figure: 2-1 Centroid determination of induced signals on pads.
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sense wires and the ionisation density aloﬁg the track, can also be
measured. Accurate corrections can be made for geometric effects, such
as wire displacements due to gravitational and electrostatic forces and
construction tolerances.

In addition, probably the most important benefit of using laser
calibration is that the instabilities in the system, both electrical
and mechanical, can be monitored on line during an experiment. One
firing of the laser should produce significant data for the calibration
of the MWPC, although it is relatively simple to fire the laser more
than once and by statistical analysis calculate the position of the
track to greater accuracy. Previous calibration methods involved
lengthy statistical analysis of many events, making on line calibration
almost impossible.

Space charge effects, diffusion of electrons and the speed of the
MWPC electronics limits the resolution of the MWPC, that is the minimum
distance for which two nearby tracks can be separated. Two track
studies, with low density particle beams would need very long data
acquisition times to build up sufficient data to be statistically
significant. With high density particle beams, corrections to the
calculation of their positions are required due to difficulties in
localising the tracks, and from interference from unwanted tracks. The
ease of directing laser tracks makes them particularly useful for two-
track studies. Only one firing of the laser should be necessary to
produce sufficent two-track separation data.

Variation of the laser intensity allows the study of pulse height
effects, but as yet the control over the intensity of the ionisation is
not sufficient to allow the calibration of the counter for dE/dX
measurements.

It should be pointed out that the laser calibration is not a test

of the capability of an MWPC to detect particles but of its capability
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in reconstructing the original position in the MWPC of a charge track.
Improvements in MWPC's are continually being made by, for instance, the
incorporation of electronics capable of very fast analysis and data
transfer. These improvements are very expensive, so it is very
important to ensure a good understanding of the system at the prototype
stage. Laser calibration is an ideal tool for this job.

A Dbrief historical review relating to the calibration of time

projection chambers (TPC's) is given in section 2-3.

40



SECTION 2-2: ION TRACKS PRODUCED BY PARTICLES AND LASERS.

The two processes of ionisation by particle track interactions
and laser interactions, are fundamentally different, although in many
respects the resulting tracks are very similar. Track formation by
particles is summarised below.

The detection of high energy charged particles in MWPC's is based
on the electromagnetic interaction between the particle and the atoms
and molecules of the counter gas. The interactions take the form of
Coulomb, Bremsstrahlung, Eerenkov and transition radiations, although in

gas filled MWPC's only Coulomb interactions play a significant role.

Béthe and Bloch obtained an expression for the differential energy
loss per unit 1length (dE/dX) for a particle, which is written as

follows:

=- 2.-|

2R2
E o P e )
dx Ap2 Pa-p

where k:23T.N.z%é§m.c?‘ Zz is the particle charge, A is the atomic mass
number of the medium, [ is the density of the medium, e is the charge on
an electron, P is the velocity of the particle (in units of the velocity
of light, e), m 1is the mass of an electron and I 1is the effective
jonisation potential of the medium. En represents the maximum energy
transferable to the system, in a single interaction, and is found from

two-body kinemalissto be:
E, =2mc?B? 1 (1-B?) 2-2

Equation 2-| shows that the energy loss 1is related only to the incoming
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particle velocity, not to its mass. Figure 2-2 shows the energy loss
for various charged particles. After an initial sharp drop the energy
loss reaches a constant value at around P=0.97 ¢, and slowly increases
again as B —p 1 (relativistic rise). The region of constant loss is
defined as the minimum ijonising region, which is & common
situation in HEP.

The interaction often results in the ejection of an electron from
the atom or molecule. These ejected electrons are called 6;rays. They
can assume any energy E up to Ej,. The approximate expression for the

probability of an electron receiving an energy E is (Sauli (1977));

P(E) = KZpx | AB2E? (E,<<E,) 2-3

where X is the thickness of the detector. From this the expression for
the number of electrons produced between an energy Eo and Em is

calculated to bej;
€

%(E)dE = W(UE,-I/E_ )~ WIE,

Eeo

N(E) = S
where
W =K2pxf B2A

Figure 2-3 shows the calculations for the number of J;electrons ejected
with energies ) E  as a function of E, up to the maximum E, for 1 GeV/c
protons.

Consideration of the kinemuﬁtiof the interaction also leads to

the result:
cos?0=E/ E_ 2-4

where 6 is the angle that o electrons are ejected from the direction of
travel of the ionising particle. From this it is seen that &;rays with

E/Eqg 0.001 will be emitted perpendicular to the incident track. d-
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Figure: 2-2 Energy loss of charged particles.
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Figure: 2-3 Ejection energies of §-electrons.

Number of electrons ejected with energies > Eyg » As
calculated from equation 2-2. The

collisions are 29/cm. (Sauli (1977)).
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electrons produced by interactions with charged particles will travel,
through the gas medium, a distance which is dependent on the d-electrons
starting energy. For energies up to a few hundred KeV the range Ro, is

to a good approximation;

R, = 0.71E'7 gcm

(Kobetich and Katz 1968)

(where E is in MeV).

Figure 2-14 gives the range of d-electrons in argon at standard

‘temperature and pressure, as a function of energy. From these results

it is seen that, for a 1GeV proton, only 1 in 3x103 é—electrons ejected
have an energy of greater than 3KeV. d-electrons around this energy
have a range of approximately 100pm. They are ejected perpendicular to
the track and produce a cluster of secondary electrons whose centre of
gravity is displaced to the side of the track. This limits the accuracy
of the MWPC to somewhere between 20 and 30pm.

The absorption of a high energy particle therefore leaves a trail
of d;electrons, which in turn undergo interactions with the surrounding
atoms and molecules. The ejection of secondary electrons from these
atoms and molecules can occur if the energy of the d-electron is greater
than the ionisation potential of the medium. The total number of

electrons produced by the absorption of a particle can be written as:

= AE/ Wi

where AE is the total energy loss of the particle in the gas volume
considered and W;is the effective average energy to produce one ion
pair. Production of a é—electron and an ion is called a primary
ionisation of the gas and npis the number of electrons produced in the
primary ionisation. For example a minimum ionising particle in 70-30%

argon/methane produces a total of 124 ion pairs/cm although the number
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Figure: 2-4 Range of S—electrons in argon.

Range R.of electrons in argon as a function of energy (Kobetich and Katz
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of primary ion pairs produced per centimetre is only 34. Thus the
average distance between primary ion pairs is about 300pm and each
primary electron produces an average of A~~ secondary electrons.
Therefore tracks produced by charged particles do not form a continuous
line of ion pairs but a series of clusters of differing size.

The spatial distibution of the ion pairs puts a limit on the time
resolution of MWPC's. For a typical case where the electron drift
velocity is 5cm/sec the FWHM of the time distribution of the ion track

is about 5nsec.

ABSORPTION OF PHOTONS.

MWPC's will detect photons ranging in energy from a few eV up to
hundreds of KeV. Again, as for charged particles, it 1is the
electomagnetic interaction of the photons with the atoms and molecules
of the gas that forms the basis for their detection. Instead of
producing an ion trail 1like charged particles, the photon is usually
involved in only a single interaction. The type of interaction is
dependent on the energy of the photon. For energies up to a few KeV the
dominant process is photoelectric conversion. For energies of a few
hundred KeV Compton scattering takes over, and for higher energies
electron-positron pair production is dominant. No more shall be said
about the detection of photons in this respect, except that the
absorption of x-ray photons from an Iron 55 source was used as the basis
for the calibration of the proportional counters in the experiments
described later. Photoelectric conversion of the 5.9KeV Mn 55 x-rays
produces an electron with approximately the same energy. This can be
treated as a d-electron which produces a total number of secondary

electrons given by;
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where DE is the energy of the photon (= energy of the photoelectron) and
n_ for Iron 55 is approximately 227ion pairs in 90-10% argon/methane

gas, using w; =26eV for P10 gas (Melton et al (1954)).

Electrons ejected from atoms and molecules in an MPI process

usually will have energies less than the energy of the photon in the

trom MO\

beam. Typical energies®are about 3 eV. Ejected electrons rapidly lose
this energy to the medium through collisions, leaving them in thermal
equilibrium with the medium. A consequence of this is that any prefered
angular distribution of the electrons ejected from the atoms or
molecules (through polarisation effects described in chapter 1-4) is
rapidly eliminated by collisions. Also, unlike charged particles, laser
ionisation does not produce high energy é—rays, so that clustering
effects are not expected.

For calibration purposes it would be preferable to have narrow
laser induced ion tracks with constant ion densities of around 5x
minimum ionising density (i.e. 500 ion pairs/cm).

Particle tracks are around 30pm wide. Laser tracks as narrow as
this cannot be sustained for more than a few centimetres due to
diffraction effects. Fortunately laser induced ion tracks a few
millimetres wide are adequate for laser calibration. Diffraction
limited laser beams, of around 1mm in diameter, can be maintained over

many metres (Sadoulet (1981)). The divergence of a diffraction limited

laser beam is given by the equation:

() =(0) [ 1+ (Ax /me(@Py 12

* where r(0) is the radius of the beam waist, x is the distance travelled
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by the beam and A is its wavelength. From this it can be seen that the
divergence of the laser beam increases with increasing wavelength.

An example of the effect that this may have on the ion density
distribution along a laser induced track, is given below. Assume that
two diffraction limited laser beams, with wavelengths of 250nm and
1000nm respectively, are used to ionise molecules with an ionisation
potential of 9eV. This would require 2 photons at 250nm and 8 photons
at 1000nm. From equation 1-27 the dependence of the ionisation on the
fluence of the 250nm and 1000mm laser beams would be F2 and F°
respeptively.

Laser beams of 250nm and 1000nm wavelength with radii both of
which have a radius at r(0) of 1Tmm would diverge over 10m to radii of
1.3mm and 3.3mm respectively. This would produce a drop in ionisation

density by factors of about 1.7 and 2x1d1 respectively.

If the MPI process is resonant, the ionisation may also be
affected by attenuation of the beam due to absorption in the gas.
For instance, in a two photon ionisation process, the absorption

of light per unit length is given by:
I=%€dk

where o~ is the single photon absorption cross-secteon , (with typical
values of around 5x1d_@m2 for molecules (UV Atlas of Organic Molecules
(1966))), N is the number of absorbing molecules per unit volume and x
is the distance of travel through the medium. In MWPC's the ionisation
detected with lasers of around 300nm wavelength was thought to be
caused by the two photon ionisation of low concentrations of impurities

in the gas. The concentration of the absorbing molecules was thought to
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be <1ppm. Using this value, the intensity of the beam after travelling
10m would be reduced by 2%. In a non-saturation 2-photon process this

would constitute a drop in jonisation of U4%.

DIVERGENCE AND ABSORPTION: A SUMMARY.

Divergence and absorption of laser beams used for calibration of
MWPC's is not a problem provided the laser induced ionisation remains
well within the dynamic range of the detector electronies. The problem
of divergence would be minimised by using diffraction limited short
wavelength, single mode lasers.

To minimise absorption effects the concentration of molecules,

capable of absorbing the laser light, must be kept low (say <1ippm).
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SECTION 2-3: LASER CALTIBRATION.

At the European Organisation for Nuclear Research (CERN) a large
electron-positron (LEP) collider is being constructed. At the centre of
the detector, built for the ALEPH experiment, is a Time Projection
Chamber (TPC). A TPC is a form of gas filled MWPC and is to have a
laser calibration system incorporated into it. This section contains a
brief history of laser calibration studies in connection with ALEPH, and
a review of work carried out in the TPC 90 (a prototype for the ALEPH

TPC).' A description of the ALEPH TPC is given in appendix 2.

HISTORY OF LASER CALIBRATION.

The following is a brief history of laser calibration studies in
connection with ALEPH, DELPHI, OPAL, L3, UA1 and SLAC. In 1979, laser
ionisation tracks were produced in counter gas mixed with a small
concentration of Nickelocene. The Nickelocene, (a low ionisation
potential molecule with absorption resonances around 337nm ) was
ionised by focussing the output of a N, laser with a pulse length of
0.5ns and a wavelength of 337nm (Anderhub et al (1979, 1980)).

In 1980 Bourotte and Sadoulet observed laser ionisation with and
without a low ionisation potential additive (this time diethylaniline,
DEA). They used the 0.5ns pulse length, 337nm wavelength output of a
focussed N, laser and the 15ns pulse length, 266nm wavelength unfocussed
output of a quadrupled Nd:YAG laser. The mechanism for the ionisation
of the gas, when no additive was present, was attributed to the two-
photon ionisation of low ionisation potential hydrocarbon impurities in
the gas. Rockwood et al (1979) had already observed that organic
impurities were responsible for background ionisation in some MPI

studies.
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Hilke (1980) discussed the formation and applications of laser
induced ion tracks in counter gases.

From 1982 onwards, work continued on the calibration of MWPC's
with lasers and on laser construction. In 1982 Desalvo and Desalvo made
measurements of the laser induced ionisation in argon/ethane counter
gas. Gushechin et al (1983) carried out work on the simulation of
particle tracks with N, lasers by the addition of low ionisation
potential vapours to the counter gas. In 1982 Brozzi et al published
work on the calibration of the pp UA-1 collaboration central detector.
Tracks were produced by low divergence N, lasers. They indicated,
through the dependence of ionisation on laser fluence, that the
ionisation was most 1likely to be due to the double-step (2-photon)
ionisation of low ionisation potential impurities. Cochet et al (1982)
came to the same conclusion later in the year. Double track and
saturation effects were reported by Va'vra (1982) using an N, laser.
However he reported periodic downtimes in his electronics systems due to
radio frequency noise generated across the spark gap of the N, laser.
He concluded, that N, lasers may not be suitable for 1long term
monitoring of large experiments.

In 1983 Desalvo used both a slightly focussed and strongly
focussed N, laser for the measurement of electron drift velocity, gain,
charge diffusion and single electron diffusion in MWPC's. Using a two-
stage 1low divergence focussed N, laser, small, 1localised electron
clusters were produced (Guo et al 1982). Timing properties and dead
region effects in a MWPC were studied on a submillimetre scale utilising
these electron clusters.

Raine et al (1983) reported on ionisation in a proportional
counter induced by a variety of lasers. In 1983 Konijn and Hartjes
measured the straightness of a N, laser induced track to an accuracy of

o‘~ﬂ10Fm. 60ppm DEA was added to the counter gas. Drift angles and
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drift velocities of electrons were measured experimentally, from tracks
produced by a UV laser, by Becker et al (1983). The results compared
well with theory. Markieviecz et al (1983) reported on laser induced
ionisation tests in the UA-1 MWPC. Using a prototype N, laser they
observed variations in the levels of ionisation in the gas for a set
laser fluence. Over two days the ionisation decreased by a factor of %4.
The straightess of the laser tracks were measured to better than EOOFm

In 1984 Haissinski et al reported on the determination of
long itudinal .. and transverse diffusion of a single -electron.
Single electrons were produced at a pin hole in a metal sheet by
photAionisation with a N, laser. Marrocchesi and Ragusa (1984) reported
experimental results from a small prototype of the PISA time projection
chamber. They used NZ laser tracks to study detector pad geometry,
pad response functions and the resolution of the detector for straight
or nearly straight tracks (stiff tracks).

Some further work, reported at the 1986 Wire Chamber Conference,
was the measurement of the straightness of a laser track to an accuracy
of 35um over 1.6m. This work was carried out wusing a quadrupled NA:YAG
with a 266nm output. Biagi and Booth (1986) carried out point scans
using a sharply focussed N, laser in a streamer tube. They measured
electron drift velocities close to the sense wires.

Much of the laser calibration work carried out up to 1986 was
reviewed in a paper presented by Hilke at the 1986 Wire Chamber

Conference (Hilke (1986)).
LASER CALIBRATION IN THE TPC 90 AND THE ALEPH TPC.
The TPC 90 was built as a test model for the ALEPH TPC. During
its lifetime the TPC 90 has had several changes of design. A cutaway

view of one version of the TPC 90 is shown in figure 2-5
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Figure: 2-5 Cutaway view of the TPC 90.

Figure: 2-6 Beam alignment for the TPC 90.
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The TPC 90 has a drift length of 1.5m and a Aiameter of 0.8m. A
high voltage is placed at one end of the chamber to form an electron
drift region. The detector plane is hexagonal in shape with diameter of
0.75m. The sense wires are arranged similarly to those in the ALEPH TPC
and it has 8 rows of pads each 8x8mm~in size. It can be operated
continuously with magnetic fields up to 7 kGauss or up to 12 kGuwuss in a
pulsed mode. The counter gas is at atmospheric pressure.

Figure 2-6 shows the beam alignment for the TPC 90 laser
calibration system. Lasers used for the laser calibration experiments
were of_three types, N1 , Krypton Flyéride excimer and quadrupled Nd:YAG
lase;s.

A short review of the work carried out to date on the laser
calibration of the TPC 90 is given below.

In 1984 Price used laser induced ion tracks to study electric
field distortions in the TPC 90. He measured the deviation from
straightness of tracks passing over 8 pad rows, parallel to the pad
plane. The deviations were explained by distortions in the drift field
due to a gating grid voltage 'mismatch'.

Further work on field inhomogeneities was carried out by May et al
(1984) who reported on the analysis of laser runs in the TPC, and in
particular on the systematic displacements of the measured coordinates
of the laser tracks. Benetta et al (1985) measured magnetic and
electric field inhomogeneities in the TPC 90 using a N, laser and
compared actual track displacements with calculated displacements for a
given magnetic field. Amendolia et al (1986a) reported on wire gain and
track distortions near the ALEPH TPC sector edges. A large reduction in
the distortions was achieved by the addition of two field correcting
strips.

In 1984 the Glasgow group reported on laser studies undertaken

with an excimer laser. An Oxford KX2 excimer laser filled with krypton
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and fl,crine produced a beam with a power of 650pJ/cm1 at 249nm
wavelength output. They analysed crossed tracks, and variations in the
ionisation on beam intensity and brought attention to the problem of
beam reflections off the quartz windows in the TPC90 field cage.
Reflected beams colliding with the TPC walls produced large
photoelectric signals.

Rolandi (1984) measured the statistical density of ionisation
along a particle track in the TPC 90 by two separate methods, by pad
response function measurements and by the comparison of peak heights for
two neighbouring sense wires. He observed a discrepancy between the
statistical number of electrons and the average number of electrons
detected on the wires, The results indicated that some kind of
clustering of the ionisation along the track was occuming. Later, work
carried out by Blum et al (1986) suggested that laser induced ion tracks
produced little or no clustering. In this work E X B effects close to
the detector sense wires were studied. By varying the angle \{C the
effective drift angle, a reduction in the E X B effect of particle ion
tracks was observed, although no change was brought about for the laser
induced tracks. Declustering of the tracks by diffusion of electrons in
the gas was thought to be responsible. Laser ion tracks did not show
this behaviour. A MOPA A400 N, laser was used in the experiment.

Richstein and Rolandi (1984) measured the diffusion coefficient
and mean free path of electrons, in 90-10% argon/methane gas (P10 gas).
They did this by studying the behaviour of the pad response function
(PRF), with a varying magnetic field. The expected decrease in
diffusion with an increased magnetic field was observed. Richstein
(1986) measured the transverse drift diffusion coefficients and mean
collision times of electrons in different gases. Ion tracks were
produced by a quadrupled Nd:YAG. He also calculated the drift

velocities of the electrons in the various gases.
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Peisert (1985) reported on two-track resolution of the TPC using 2
crossed laser tracks. Tracks in the xz plane could be resolved if their
time separation exceeded 300ns (1.5 cm) whilst tracks 9mm apart in the
Xy plane could be resolved.

Amendolia et al (1986b) reviewed work carried out in the TPC 90.

Experiments have been carried out in the TPC 90 in connection with
seeding of low concentrations of low ionisation potential vapours into
the counter gas. An enhancement in the ionisation over backgound was
expected and it was hoped to achieve some control of the ionisation.
Seeding work was initiated after encountering problems like those
obser&ed in the UA-1 central detector, where Markievicz et al (1983)
observed variations in the levels of ionisation from day to day for a
set laser fluence. A discussion of the seeding experiments carried out

in the TPC 90 is left untill chapter 5.
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SECTION 2-4: CONLUSIONS

Laser induced ion tracks can be used for the accurate calibration
of MWPC's. Tracks produced by lasers are not a test of the capability
of the MWPC to detect particles but rather of its capability to
reconstruct the point of origin‘of formation of an ion track.

To this end, ionisation along the track should not be strongly
variant and should be well defined in space and time. These conditions
can best be met by a diffraction limited laser pulse of short wavelength
(about 250nm) and pulse duration (< 25ns). (Reasons prohibiting the use
of much shorter wavelength 1lasers are given in chapter 1). Many
calibration experiments have been carried out, most of these with short
wavelength lasers, (<337nm). A problem commonly encountered was a lack
of control and reproducibility of the laser ionisation levels. This
lead to the demand for a method of ionisation control and for a clearer
understanding of the underlying processes involved in the ionisation
observed in MWPC's. JIonisation control could be approached in two ways:
by changing the laser fluence to maintain a constant ionisation level or
by the addition of low ionisation potential vapours to the counter gas.

Results from the study of several low ionisation vapours are given

in chapter 5.
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CHAPTER 3.

SECTION 3-1: INTRODUCTION.

Summarised below are the optical and electronic arrangements used
in the analysis of the P10 counter gas by laser ionisation and in the
use of additives as a method of ionisation control.

An excimer pumped dye 1laser provides continuous wavelength
coverage between 520nm and 680nm. This 1light was frequency doubled, to
cover the wavelength range of 260nm to 335mm. Doubled light was
separated from the fundamental light by one of two methods, dispersion
through a quartz prism or absorption of the fundamental in quartz
filters. Before passing into the counters the beam was collimated to
1x1mm% After passing through the counter, the beam intensity was
monitored by a joulemeter,

Signals from the joulemeter and proportional counter were both
amplified and delayed so that their peak positions were coincident, with
magnitudes well within the dynamic range of the analogue to digital
converter (ADC). The ADC was used to digitise the signals. A data
acquisition system recorded simultaneously onto a floppy disk digitised
signals from the joulemeter and counter. Normalisation and statistical
analysis of the data was carried out by an IBM computer. Figure 3-~1
shows the experimental apparatus.

The following sections describe individual pieces of apparatus in
more detail. Table 3-4 gives a list of the lasers used in experiments

described in chapter 4. The quadrupole mass spectrometer in decribed in

section 3-6
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Figure: 3-1 Apparatus for seeding and R2PI experiments.
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SECTION 3-2: THE LASERS AND OPTICS.

THE NEODYMIUM LASER.

The Neodymium laser is termed a "solid state laser®. Its active
medium consists of an isotropic crystal of Y,Alg O, (Yttrium-Aluminium
Garnet:YAG) with Neodymium (Nd) replacing about 1% of the Yttrium.

The Neodymium:Yttrium-Aluminium Garnet (Nd:YAG) laser is a 'four
level! laser (refer to figure 3-2). Level 1 lies well above the ground
state and is essentially unpopulated when in thermal equilibrium with
its surroundings (N, =0, where N is the population of level 1).
Population inversion is forced between levels 2 and 1 by optical pumping
with a flash 1lamp. Laser action occurs between these levels, at a
wavelength of 1060nm.

A property of the crystal structure is the removal of degeneracy
in the upper states of the Nd3+ion, called crystal field splitting.
Also there is a homogeneous broadening of these states due to vibrations
in the crystal lattice. As a result, the absorption spectrum for Nd is
diffused, giving it a broad absorption band. Flash-lamps such as
krypton filled arc-lamps have output wavelengths overlapping the Nd:YAG
absorption band and as a result are an efficient means of optiecal
pumping for the Nd:YAG.

There follows a description of the general characteristics of the
Nd:YAG laser used in experiments described later.

The diagram in figure 3-3 shows the basic layout of the Spectron
Laser type SL2Q+SL3A. It consists of a flash-lamp pumped oscillator
region, followed by a flash-lamp pumped amplifier region. The
fundamental light is quadrupled from 1060nm to 266nm by passing through

two successive KDP doubling crystals (see second harmonic generation, in
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Figure: 3-2 Four level diagram for the Nd:YAG laser.

GROUND STATE




Figure: 3-3 Basie layout of the Spectron Nd:YAG laser.
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this section).

The laser repetition rate was optimally 10Hz. The output power of
the laser was maximally 50mJ at 266nm with a beam cross-section of
, 2
approximately 25mm. The laser beam was linearly polarised and multi-

mode with a pulse duration of 15ns.

THE NITROGEN LASER.

The nitrogen (N, ) laser has a pulsed output, with a duration of
<5ns and a wavelength output of 337nm. Lasing action occurs between an
upper‘state C (figure 3-4) of short lifetime (~40ns), and a lower state
B, of 1long lifetime (ﬂf10ps). As a consequence of the lifetimes, the
laser action cannot be maintained for longer than the excited state
lifetime. During the lasing process there is a rapid increase 1in the
population of the lower states. These can then reabsorb stimulated
light, causing rapid drop in optical gain and eventual termination of
the laser action.

A Lumonics TE-860-3 laser was used in experiments described later.
The Lumonies laser excites the N,with a very rapid discharge from a
thyratron, Low divergence unstable resonator optics are used,
allowing laser light to escape from the optical cavity after only a very
few passes through the laser medium. The use of unstable optiecs
minimises reabsorption losses. Specifications of the N, laser are given
in table 3-1

Some earlier experiments were carried out using a Model LN 100 PRA
(Photochemical Research Associates Inc.) Nitromite nitrogen laser with a

pulse duration of 300ps and peak output of 60pJ/pulse.
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Energy level diagram for the Nz;aser.
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THE EXCIMER LASER.

Excimer lasers are capable of producing powerful pulses of laser
light at UV wavelengths. This quality makes them particularly useful
for pumping dye laser systems.

Excimer lasers operate by the production of excited diatomic
molecules by an electrical discharge through a gas medium containing a
mixture of noble gases and halogens. The excited molecule (Excimer)
remains bound as a result of an attractive potential minimum. Figure
3-5 shows the potential energy curve for the excited molecular state of
XeCl'(curve B). In its ground state the molecular potential is mainly
repulsive (curve A) with a very shallow van der Waals minimum of depth
less than the thermal energy, kT, of the molecule at room temperature.
Ground state molecules are therefore unstable and rapidly dissociate
(10%108).

The population inversion required for laser action is between the
upper bound state and the lower dissociating state.

The Lumonics TE-860-3 excimer laser was filled with a Xenon and
Chlorike gas mix, with a lasing wavelength of 308nm.

The cavity of the excimer laser had unstable resonator optics (see
figure 3-6). Normally a laser has stable optics where the light makes
many passes through the lasing medium before passing out of the optical
cavity. However the optical gain of the XeCl laser is very large, so
that only a very few passes are necessary, allowing unstable resonator
optics to be used. They also have very low divergence and can handle
very high powers. Some experiments were carried out with unstable
resonator optics in place, but, when used to pump the dye laser a
slightly divergent beam is preferable and so the stable opties were

installed.

The specifications for the XeCl laser are given in table 3-2.
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Figure: 3-5 ‘Energy level diagram for the XeCl laser.
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THE DYE LASER.

Dye lasers are popular because of their broad spectral tunability
in the visible and near-visible spectral region.

Dye molecules are dissolved in transparent solvents. Radiation
from near UV lasers is used to excite molecules from their ground
vibronic state, S,, to higher lying vibronic levels of the first excited
state, S, (see figure 3-7). Through collisions these rapidly fall
(10ﬂHO;3 by radiationless transitions into the lowest vibrational level,
Vs of the excited state. Sufficient irradiation causes a population
inveréion between v, in S, and the higher lying vibrational levels, Ve
of S,. The states v, have negligible population at room temperature due
to their very small Boltzmann factors (exp{-E(vg)/kT}). The vo (Sg)
levels are rapidly depopulated by collisional decay. The laser action
proceeds when the optical gain of the transition v (S, ) e v, (Sg)
exceeds the overall losses of the system.

Losses in the system are a combination of resonator losses
(absorption, diffraction and scattering of the 1light in the windows,
mirrors etc) and absorption losses in the dye medium. Predissociation,
thermal decay and intersystem crossing to neighbouring triplet states
are all loss processes,. Losses are reduced by rapid removal of dye
molecules from the interaction region by flowing.

The EPD-330 Lumonics laser consists of an oscillator region and an
amplifier stage with appropriate beam steering optics for the excimer
pump laser. (see figure 3-8).

A solution containing the dye is circulated through an aeillator
cell, over a knife edge. The ‘'rectangular' excimer laser pulse 1is
focussed through a cylindrical lens into the oscillator cell. Maximum

population occurs close to the pump entrance window along the focal line

of the lens (see figure 3-9).
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vel diagram for the dye laser.
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Figure: 3-8 Diagram of the EPD Lumonics dye laser.
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Figure: 3-9 Diagram of the oscillator cell.
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Wavelength tuning is provided by a grazing incidence grating and a
reflecting mirror, MG’ which has fine angular control. The grating has
2400 lines per millimetre and the light is incident at a grazing angle
of 85°to the normal of the grating. Using a fixed angle grating means
that the illumination of the grating is over a fixed number of grooves.
This results in only a very small variation of the linewidth for
different wavelengths. At best the linewidth is 0.003nm. An output
coupler, M5’ with a 1o wedge forms the rest of the oscillator cavity.

A percentage of the 1light from the excimer laser is used to
optically pump the dye in the amplifier cell. Laser light from the
oscillator then passes through the optically excited dye. By stimulated
emission the oscillator beam is amplified. Amplification of the laser
light outside the oscillator region reduces ablation damage to the
delicate grating.

The output of the dye laser has, in general, a resolution of
0.03nm or better and a temporal intensity profile which, because of the
high pumping rate, follows the temporal profile of the excimer laser

(see figure 3-10). The specifications of the laser are given in table

3-3.
THE DYES.

Coumarin 5404, Rhodamine 590 and DCM dyes were used to cover the
spectral range between 520nm and 680nm. PBD covered the range between
358nm and 386nm. The table below gives more information on the dyes.

For the full names of these dyes refer to Maeda (198%4).
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Figure: 3-11
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LASER | LASING WAVELENGTH * SOLVENT CONCENTRATION
DYE MAXIMUM RANGE (molar x 10°)
(nm) (nm)
PBD 367 358-386 ETHANOL/ y
TOLUENE

C540A | 550 521-605 METHANOL 2

R590 585 566-610 METHANOL 15

DCM 637 602-686 METHANOL 10

Figure 3-11 shows the tuning curves for the dyes
THE DOUBLING CRYSTALS.

Interaction between the electric field of a light wave and a dense
medium, such as glass or crystal, induces dipoles within the material.

The induced dipole per unit volume, P, is given by:
3-/
P=XE

Where X is the polarisability, and is a property of the material. E is
the electric field strength of the 1light. Induced dipoles oscillate
with the same frequency as the original wave, but not necessarily with
the same phase. The dipoles themselves induce radiation at their
oscillation frequencies. As 1light travels through a medium it will
interfere with the dipole induced light. The effect of the interference
is an apparent reduction in the velocity of the wave front by a factor
n, the refractive index of the medium. The magnitude of the velocity
reduction is a function of the original wave frequency.

Equation 3-1 above, is true for most cases, but in very intense

electric fields (produced in laser beams), P is no longer proportional
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to E. The induced dipole moment per unit volume must then be written in

the form:

P-XE+XE+XF+ .. 3L

where X, and X,are called the non-linear polarisabilities. For an
incident field of the form E=Asinwt, using coswt=1—231n1 wt and

3sinwt-usin3wt= sin3wt equation 3-3 is obtained:

P = X Asina + 42 XA - 12 X, A%cos 200 - 114 X A sin 3t + .......

Non-linear polarisabilities are dependent on the polarisation of
the electric field and the optical axis of the crystal. The 2wt and
3wt terms represent dipole moments per unit volume induced in the medium
with oscillation frequencies two and three times the original wave

frequency.
SECOND HARMONIC GENERATION (FREQUENCY DOUBLING).

Figure 3-12 gives a schematic diagram of second harmonic
generation in a medium. The direction of propagation is in the =z
direction and the initial length of the material is 1. The second
harmonic radiation, dE , generated in a slab of material of width dz at

a position z is given by:
dEPNz) o« PEXNz)dz 34

Pu%z) is the dipole moment per unit volume produced at a frequency 2w.

From equation 3-2 it can be seen that Pu%z) is proportional to the

square of the intensity of the electric field, so:

dEPNz) o e2(IyZ-Wt)y, 3-5
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Figure: 3-12 Schematic of second harmonic generation.
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Figure: 3-13 Ray velocity diagram for KDP crystal.
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The second harmonic polarisation has a wavenumber 2k, and a
frequency 2w associated with it. Second-harmonic radiation induced by
the dipole oscillations will not have a wavenumber of 2k, Dbecause of
dispersion, since g:zw n/A . The second harmonic radiation will
propagate with a wavenumber k,#2k, . The value of dEﬂ%l) (x=1), for
radiation initially produced at a slab located at z is given by:

. 3-6
dE21) « dEC)(z). elkx(l-Z)dz

where exp(ikljl-z)) is a phase factor. Combining equations 3-5 and 3-6

gives:
dER1) o el (2 -1y ) o (Jpl -200)g; -7

This then integrates to give:

dECX]) o sin 2RAnIA) f 2RADAR) 3-8

where )\ is the vacuum wavelength of the incident radiation and An:nl—nn
n, and n, are the respective refractive indices of the second harmonic
and incident radiation. When the argument of the sine is equal to 11/2
or l=)\/4An then Emil) is maximised. 1 is sometimes called the coherence
length of the second harmonic radiation and for ordinary materials is
generally less than a few micrometres.

In crystals such as potassium dihydrogen phosphate (KDP) 1 can be
quite large. For a KDP crystal the velocity of the incident ray is not
a function of the crystal orientation (represented by a sphere in figure
3-13). The second harmonic radiation, on the other hand, does have an
orientation dependent velocity of propagation. The second harmonic rays

are called extraordinary rays (represented as a wave ellipsoid in figure
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3-13).

At certain orientations, the wave ellipsoid and wave sphere
intersect (©,). At these orientations the propagation velocities, and
therefore the refractive indices of the original and second harmonic
rays are almost the same. In this orientation the rays are said to be
phase matched. Phase matched rays can have quite large coherence
lengths (a few centimetres), since An=n,-n,~$0.

Using the principle of phase matching, the production of secoﬁd
harmonic radiation can become very efficient, say 15%-20% conversion for
incident radiation at a power density of 1OOMW/cm%

' KDP doubling crystals were used to cover the wavelength range from
260nm to 335mm. The crystals, crystal mountings and automatic frequency
tracking apparatus were supplied by Interactive Radiation Inc. (INRAD).
At the time the experiments reported in this thesis were carried out,
the automatic tracking facility in the INRAD system was inoperative. As

a result the orientation of the KDP crystal was adjusted manually.

THE MEASUREMENT AND CONTROL OF THE LASER INTENSTTY.

The pulse to pulse fluence of the laser was monitored with a
Molectron J3 pyroelectric joulemeter. The molectron J3 is a calibrated
fast response detector. Over the spectral range of 200mm to 700nm it
has a voltage response of 2.47mV per FJ' The joulemeter is capable of
measurement rates of 4KHz.

Where necessary the laser intensity was controlled by a NRC
(Newport corporation) Model 935-5 variable attenuator (see figure 3-114).
With this, the light could be attenuated by between 20% and 99.9%.

In principle its operation is very simple. The laser beam is
passed through four inclined quartz plates. Part of the light is

reflected and part transmitted. The amount of light transmitted is a
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Figure: 3-14 The variable attenuator.
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function of the angle of inclination of the plates to the laser beam.
The transmission is controlled by varying the angle of the quartz
plates. The relative positions of the plates removes displacements of

the beam caused by refractive effects.

LASER SAFETY.

Light emitted by lasers is generally very intense and as a result
can be hazardous in a number of ways. Care must always be taken to
avoid looking directly into a laser beam. Different laser wavelengths
can cause eye damage in different ways. UV 1light below 300nm can
'sunburn' the cornea and the skin. At longer wavelengths the light will
be partially transmitted through the cornea where it will be absorbed in
the lens. This can cause cataract or opacity of the lens. Visible and
near-infrared radiation, up to 1400mm, is transmitted to the retina
where it is focussed to a spot which can cause photochemical or thermal
damage. Between 1400nm and 3000nm the radiation will penetrate the lens
and may cause cataracts.

The lasers described in section 3-2 were all class IV, which
produce dangerous levels of radiation even from diffuse reflections.
Intense radiation from a class IV laser can also cause thermal damage to
any solids in the beam path. This problem was observed for the
fundamental 1060mm output of the Nd:YAG laser described earlier.

Persomel operating class IV lasers must wear appropriate safety
goggles to filter out stray radiation. Class IV lasers must also be
interlocked to avoid accidental exposure to unauthsrised personﬂ&t

entering a laser facility.
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SECTION 3~3: THE ELECTRONIC ARRANGEMENT.

The signals from the joulemeter and proportional counter were
measured simultaneously using a voltage sensitive analogue to digital
convertor (ADC). The ADC had 7 channels with 11 bit resolution over a 2
volt dynamic range. A timing reference signal for gating the ADC was
provided by directing a portion of the laser pulse down an optical fiber
onto a photodiode.

The digitised signals were stored event by event on floppy disk
and displayed on 1line in bidimensional and one dimensional histograms.
Figuré 3-15 shows the electronic arrangement used to produce the timing
gate for the ADC. The gate generation i1s summarised below, with

reference to figure 3-16.

1) The LSI-11 computer signifies readiness to accept data by switching

on the gate generator with a NIM pulse from the output register.

2) The photodiode reference signal is passed through an octal

discriminator.
3) 1 and 2 are fed into a coincidence unit. When both are ON a NIM
pulse is generated. This stops the gate generator (1) and after

adaption becomes the gate pulse.

4) Signal 3 is delayed about Udps to coincide with the peak positions of

the input signals to the ADC (6).

5) The gate is only 10ns wide after delaying. A gate generator extends

this to 600ns, the operating width of the ADC.
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Figure: 3-15

Electronic arrangement.
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Figure: 3-16 Summary of gate generation.
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6) Input signals from the joulemeter and the proportional counter.

The output from 5 is also used to signify the end of an event.
This pulse is delayed by more than 80ps to allow the ADC to make its
conversion. Also 5 is passed through an octal discriminator to make
it compatible with a NIM/TTL convertor. A TTL signal is needed to

interrupt the LSI-11.
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SECTION 3-4: THE PROPORTIONAL COUNTERS.

Many of the studies into laser ionisation of counter gases wdr€
carried out in single wire proportional counters filled with 10% methane
90% argon (P10) counter gas at T760torr.

A proportional counter gives a direct means of detecting electrons
ejected by the laser ionisation of atoms or molecules. The basic
properties of proportional counters are the same as those for MWPC's.
A review of their operation was given by Sauli (1977).

‘ Throughout experimentation the counter design was modified. This
was to provide easier access for cleaning, or to cut down on the
quantity of plastics, rubbers and resins incorporated in their

construction. The modifications resulted in three types of counter.

THE TYPE 1 COUNTER (SEE FIGURE 3-17).

The type 1 counter was used in early seeding experiments (see
chapter 5) and for the first Dbackground laser ionisation spectra. It
consists of an outer stainless steel casing 24em 1long and 10cm in
diameter. Stainless steel end plates were made vacuum tight by clamping
them onto indium o-rings. - The end plates provided support for the
field correcting tubes, anode wire and electrical <feedthroughs. These
were insulated from the end plates and from each other by glass or
ceramic insulators and were held rigidly in place with torr seal epoxy
resin.

Wires carrying the high voltages were connected to the field tubes
with soft solder joints. A 3cm gap between the field tubes in the
centre of the counter provided the active collection region of the

counter.

3cm diameter quartz windows allowed laser 1light at wavelengths
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between 260nm and 670mm to pass parallel to the anode wire
approximately 3cm above the active region. The windows absorbed <5% of
the laser light at wavelengths between 260nm and 670nm.

A thin aluminium window directly above the active region allowed
the transmission of soft x-rays into the counter. These were used to
calibrate the counter.

Metallic surfaces 1in the counter were smoothed by rubbing them
with fine emery paper. This reduced the surface area in contact with
the counter gas reducing the amount of impurities desorbed from the
surfgces into the counter gas. Gas inlets sealed with vacuum valves
were placed at each end of the counter.

Operating volts were supplied by two high voltage power supplies.
The anode wire was made earthy and the inner earth tubes were earthed.
The optimum ratio for the volts on the casing and the field tubes were

found to be 1.7:1.0. This gave the best resolution for Feb5 x-rays.

THE TYPE 2 COUNTER (SEE FIGURE 3-18).

The body of the type 2 counter consisted of a Dural T-piece.
Stainless steel end plates sealed by viton o-rings were clamped onto the
T-piece. The clamps were gquick release, providing easy access into the
counter. The T-piece acted only as a vacuum tight container for the
counter proper.

The counter itself consisted of a 5cm diameter stainless steel
field tube insulated from the T-piece by nylon screws. Inner field
tubes were held at the centre of the outer field tube by teflon spacers.
Further teflon spacers were used to hold the sense wire. High voltage
feedthroughs supplied high volts to the counter. Electrical connections
inside were made with teflon coated stainless steel wires clamped in

place.

69



HHLHINOD TYNOLLUOJOUd

ot

SMOONIM ® W00 %
218vn0 JHIMIIILS SSIINIVLS
NS 24, ¢ m SHOLVINSNI
: M s \\\wzo::
/ Z e
U { b
Z ‘ Wvid
-— - - —————— - -
L yasv

WY3IE H3ISVT

o= o
s T
e a——
06 0L & 0 N0 S¥H g h N svo
AH I AT \ H v
w»iﬁq IAWISOd 7 0
INTVA dWYRd 0L INWA

+asqunod 2 adA3 eyl glL=f :8an8td



A small hole bored through the inner field tube gave passage to
Feb5 x-rays, .. were used to calibrate the counter. A larger
rectangular cut out of the inner field tube provided an active
collection length of 2cm.

Gas and high volts were passed through the upper end plate of the
T-piece. 3cm diameter quartz windows allowed the passage of laser light
parallel to the wire axis. Care was taken that the laser beam did not
strike insulator and field tube surfaces.

This counter, in contrast to the type 1 counter, had high volts
on the sense wire, supplied through the bias of a preamplifier. The
inner‘field tube was earthed and negative volts were placed on the

outer tube.

THE TYPE 3 COUNTER (SEE FIGURE 3-19).

The type 3 counter was designed for the study of the resonant MPI
of alkali metal vapours. Alkali metals react rapidly with many of the
impurities present in counter gases, such as oxygen, water and large
organic molecules. To reduce this 1loss of alkali atoms the type 3
counter was constructed of high vacuum components only. These were
composed of stainless steel, ceramics, glass, copper and viton. Viton
was used as a seal in an Edwards valve. A cold trap was placed between
the Edwards valve and the counter to avoid contamination of the alkali
metal by any organic molecules the seal may have desorbed.

The vacuum tight chamber was built around a stainless steel 6-way
piece. On two legs, vacuum tight quartz windows were placed, on the
other legs, a sample holder, a linear drive and electrical feedthroughs.

The proportional counter