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A diffraction limited nitrogen laser for detector calibration
in high energy physics

door

Fred Hartjes

Een optische detector met groot plaatsoplossend vermogen kan worden gemaakt van een Csl
foto-kathode en een glasplaat waarop een patroon van zeer dunne geleidende banen is
aangebracht, de zogenaamde gasgevulde microstripdetector.
Ret: B. Guerard, S. Tavenier, TMAE vapour & Csl layer as UV-converters in a MWPC. poster on the 2nd

London Conference on Position-Sensitive Detectors (1990).

F. Hartjes et at., NIKHEF internal report NH 90-13.

Het optreden van instabiliteit in de versterking van gasgevulde microstripdetectoren kan

worden vermeden door het gebruik van borosilicaatglas met 8% Na2O.

De diffusie van vrije electronen in een driftkamergas kan alleen op betrouwbare wijze

worden bepaald uit het verloop van de breedte van de drifttijdverdeling als functie van de

driftafstand voor electronen die afzonderlijk in het gas worden vrijgemaakt.

Systematische afwijkingen in de meting van de kromming van de baan van een geladen hoog-
energetisch elementair deeltje met behulp van drie driftkamers en leading-edge
discriminatoren kunnen alleen worden vermeden door driftkamers met gelijk electrisch
gedrag te gebruiken. Deze beperking is bij de bouw van de muonkamers voor het L3
experiment onderschat.
Ret: Nucl. Instr. and Melh. in Phys. Res. A252 (1986) 304.



Een betrouwbare werking van een systeem van vloeistof-ionisatiedetectoren gebaseerd op

het transport van ongebonden eiectronen, kan alleen met een continu werkend zuiverings-

systeem worden verkregen.

Belangrijke besparingen op de bedrijfskosten van grote gasgevulde detectoren in de hoge-
energiefysica kunnen worden verkregen door niet alleen verontreinigingen van zuurstof en
water maar ook die van stikstof te verwijderen.
Ret: W.H. Dijkman. Nucl. Instr. and Meth. in Phys. Res. A274 (1989) 171.

7 De gebruikersvriendelijkheid van de CAVIAR microcomputer voor het uitlezen van CAMAC
modules in een kleinschalige opstelling is nog niet door latere microcomputersystemen
geëvenaard.
Rel: CERN Preprint 78-095 'CAVIAR:

Het gebruik van plastic fibers als lichtgeleider voor het bestralen van longtumoren met

laserlicht in de fotodynamische therapie heeft wat betreft hanteerbaarheid en kostprijs

grote voordelen boven de tot nu gebruikte glasfibers.
Rel: T. Hirano et al. Lasers in the Life Science 3(2), (1989) 99.

9 Het presenteren van een poster op een wetenschappelijke conferentie is als
communicatiemiddel tenminste gelijkwaardig aan het geven van een korte voordracht.

1 0 Ook in een wetenschappelijk instituut dient de autonome groei van de bestuurlijke overhead
met kracht te worden bestreden.

1 1 Het gebruik van replica's van Richter's Anker-Stenen doet geen enkele afbreuk aan de

waarde van de verzameling.

Ret: P. A. Zwijnenberg, De geschiedenis van Richter's Anker-Steenbouwdozen, PAZ Mediakontakten. Alphen

a/d Rijn (1982).
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Part 1

The development of a diffraction
limited nitrogen laser

Chapter 1.1

Introduction

1.1.1 The need for detector calibration in high energy
physics

Over the last two decades, the energy of the particle collisions in most high energy

physics experiments has grown steadily and is expected to increase by another order of

magnitude at the end of this century. Moreover, the event rate has increased to the 100 kHz

level nowadays and will be in the GHz region for the newly designed machines like Ihe SSC and

LHC.

Because higher energies imply larger particle multiplicities, more tracks have to be

disentangled in the indiviojal reactions. Moreover, the higher energies lead to a smaller

curvature in the magnetic field. Therefore, the experimental requirements for track

reconstruction and momentum measurement are becoming more and more difficult to satisfy.

This development has had a strong influence on the techniques used for position sensitive

detectors. In devices I <e bubble chambers and streamer chambers, operating rates were only at

the level of few Hz and tracks were measured over distances of at most a few metres. The

measuring accuracy was of the order of 1 mm.

Gradually, new techniques were developed for position sensitive detectors. !n particular

1
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wire chambers play an important role in today's experiments. They have rate capabilities in the

MHz region and allow tracks to be measured over distances of 10 m or more. The accuracy has

improved to a few tens of micrometres. With such accuracies there is an obvious need for

accurate calibration tools, both to measure the detector properties in the laboratory and to

check continuously the detector parameters in a running experiment.

The calibration of a detector that makes use of the ionization by charged particles can only

be done using ionizalion sources like a radioactive source, cosmic rays or charged particle

beams from an accelerator.

- Radioactive sources have the disadvantage that the particles have low energy and thus are

easily scattered and have a limited penetration depth.

- Cosmic rays have a low rate and suffer from a large background of unwanted low-energy

tracks.

- Test beams are only available in particle accelerator laboratories and are subject to

scheduling limitations.

All three methods, moreover, have the drawback that they cannot produce ionization within a

confined volume.

There was accordingly a strong motivation to develop a small scale calibration tool with

the potential to ionize the detector medium in a well defined spatial volume and on a well defined

moment. Such a device was found at the end of the seventies in the form of a pulsed UV

laser[1.1.1]. It opened the way of producing straight and reproducible ionization tracks over an

area which is only limited by the aperture of the entrance window. Not only could such a device

be used for calibration purposes, but it could also be used to measure detector properties. For

drift chambers for instance, it made drift velocity measurements possible with an accuracy of

10"4. Also drift paths could be experimentally determined and possible space charge effects

under high rate conditions could be studied. A very short pulse length laser like the nitrogen

laser can also be used to test other detectors. As an example we describe a test with

scintillating fibres.

For on-line calibration at a running experiment UV lasers are a valuable tool since they can

produce straight ionization tracks, undisturbed by a magnetic field, thus simulating infinite

momentum particles. This technique is among others presently applied for the alignment of two

detectors at LEP: the DELPHI TPC and the muon detector of L3. For the latter detector an

alignment of the three drift chambers in each of the octants with an accuracy better than 30 \am

was needed to meet the desired momentum resolution of 2% for a 45 GeV muon. The UV laser

produces an ionization track which shows itself in the data reconstruction as a straight line (see

section 2.2.2). Knowledge of the precise locus and direction of the laser induced track is here of

no relevance.
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1.1.2 History of detector ca l ib ra t ion in high
energy physics.

In 1979 pulsed UV lasers were introduced for the calibration of detectors in high energy

physics[1.1.1]. Various types of lasers can produce the short pulses in the UV region required

for calibration purposes. The lasers used in high energy physics are at present the quadrupled

YAG laser emitting at 265 nm, various types of eximer lasers and the nitrogen laser emitting at

337 nm. The nitrogen laser has the advantage of producing a light r.ulse of very short duration

(= 1 ns) which Is sufficiently short compared with e.g. the drift time in a drift chamber. It

appeared that its light pulse is able for a moderate pulse erergy to produce a track with

sufficient ionization in the chamber gas. The nitrogen laser it also attractive because it is the

only one which has the potential of moderate production costs and a compact housing.

For many applications a laser beam with the lowest possible divergence, i.e. diffraction

limited, is required. It has been shown [1.1.2] that with a nitrogen laser such a beam can be

obtained by a two stage set-up, working according to the so called master p_scillator-p_ower

amplifier (MOPA) principle. In 1981 such a two stage nitrogen laser was constructed at NIKHEF

following a designt from [1.1.2], Unfortunately, this device had various drawbacks, like the

emission of a strong high frequency noise, the extended dimensions, and the multiple breakdown

of the spark gap and the high voltage insulation.

Therefore, when several tens of these lasers were needed for the on-line calibration of

the muon detector in the L3 experiment at the LEP collider, the NIKHEF type IA laser was

developed. In this type of two stage nitrogen laser the high frequency noise is nearly completely

eliminated by an almost hermetic housing while the size is significantly reduced without making

any sacrifices on the beam energy. The plastic insulating material is replaced by glass which

results in a very long life time. A second, still more compact version in which also the beam

optics is incorporated, the so called type II laser, was later developed for the calibration of the

DELPHI inner detector and TPC.

t Obtained from Multilasers, Grand Saconnex, Geneva, Switserland. This design is not comparable with later

designs of Multilasers.
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1.1.3 Short description of the two stage nitrogen
laser

The nitrogen laser is in general characterized by a poor beam quality since an optical

resonator is absent and the divergence is therefore only determined by the geometry of the

cavity. The small beam diameter, which is required to simulate a high energetic particle track,

can therefore only be obtained by focussing the beam, which restricts the useful distance to at

most a few centimetres. Such a laser has therefore only a limited use in high energy physics.

For alignment and calibration of particle detectors, the laser beam should have a

divergence close to the diffraction limit while in the case of a long (= 10 m) parallel beam, the

output power of the laser should be at least 100 p.J so that a track with sufficient ionization

density can be created.

In order to achieve these goals, a double stage nitrogen laser is used, as described first by

Bergmann[1.1.2].

The NIKHEF version essentially consists of two identical lasers, the 'oscillator' and the

'amplifier'. Fig. 1.1.1 shows the electrical and optical set-up. Each section consists of two thick

metal plates P1; P2 and P3; P4 respectively which are charged to 18 kV. The cavities that

generate the laser light are the gaps between the plates of each section. They are filled with

nitrogen at atmospheric pressure. The plates P1 and P3 are connected by a metal strip to a

triggered spark gap acting as a fast switch.

Once the spark gap has fired, the voltage on PI and P3 drops rapidly while the voltages on

P2 and P4 remain unaffected because of the relatively high impedance of the connections to the

high voltage supply. This leads to a fast rising electrical field in both cavities. Immediately, a

gas discharge starts to develop over the full length of the cavity ending in the formation of a

nighly conductive plasma. The collisions of the electrons with the gas molecules result at the end

of the discharge in a population inversion.

There exists no optical resonator, so the light, which is generated within the cavity, is

emitted over a fairly large angle and is only limited by the exit window. This phenomenon is

generally called 'amplified spontaneous emission'.

Since the time for the development of the discharge depends on the magnitude of the

electrical field, the oscillator cavity, which has the smallest width, lasers first. The light

emitted at the start of the light pulse is reflected against the mirror M1 and passes the cavity

again where it is amplified. Since the duration of the light pulse is limited to 1 ns, there is no use

for a second, semi-transparent mirror to form an optical resonator.

The oscillator beam is directed by the three-mirror-assembly M2 into the amplifier

cavity. The difference in width between the oscillator and amplifier cavities is adjusted in such

a way that the resulting time difference just compensates for the path length between the two
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cavities. As a result the incoming light is strongly amplified.

7 f / Artists view ot the optical set-up of the NIKHEF IA laser Note the rotation oi the beam axis by 90"

by the mirror system M2.

By means of a telescope formed by the positive lenses L1 and L2, the beam in front of the

amplifier is expanded by a factor of 20. As a consequence, the divergence is reduced by the

same factor and a nicely parallel beam is obtained. The expansion of the beam also implies an

important reduction in the intensity of the incoming light. However, since the light gain in the

amplifier cavity is largely saturated, the energy reduction of the exiting beam amounts only to a

factor of 2.

The cross section of the gas discharge and accordingly the population inversion is rather

elongated in the y direction. It has therefore a much broader diffraction pattern in the z than in

the y direction. Cylindrical lenses were added to eliminate the difference.

The final laser beam has a divergence which is close to the diffraction limit and has a

fairly good isotropy. The energy per pulse amounts to about 100 JJJ, which in combination with

the pulse duration of 1 ns results in a peak power of the order of 100 kW at a wavelength of 337

nm.
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To achieve optimal characteristics of the laser, in terms of optical quality, luminous

power, short pulse duration and size, a complete understanding of the electrical properties of

the laser and the physical processes involved in the light emission is required, and has

subsequently to be translated into specific design prescriptions. In our case this has eventually

led to a laser with the required characteristics for both calibration and test applications.

In this thesis the basic physical properties of the nitrogen laser, the design and

performance characteristics as well as a few examples of its application in high energy physics

are described.

The theory of light emission and amplification as relevant for the nitrogen laser is given in

chapter 1 2 and illustrated by the properties of the type IA laser. A more detailed description of

the electrical characteristics of the nitrogen laser, and the implications for the laser design, is

given in chapter 1.3 In chapter 1.4 the development of the discharge is discussed. The

mechanical construction and the beam optics are described in chapter 1.5. and 1.6.

In part 2 finally, the physics process relevant for the application of the nitrogen laser for

the calibration and test of drift chambers is discussed. Some publications are appended to

illustrate the use of the laser in practical applications.



Chapter 1.2

Light emission and amplification

1.2.1 Creation of the population inversion

In this chapter we discuss the physics involved in the UV emitting nitrogen laser. The laser

action in this case involves three levels: two different excited states between which the lasing

transition takes place, and the ground state. Excitation of the nitrogen molecules into either of

the two excited stales is the result of electron impact, initiated by a fast electron discharge in

the laser cavity. An initial population inversion takes place if the excitation rate to the highest

excited state is higher than to the lowest excited state. This situation wili lead to a lasing

action.

Let us consider the case of a medium for which a lasing transition takes place from a

higher to a lower excited state. According to the general theory of stimulated emission [1.2.1],

for a three level system the number of photons dnPh emitted over a distance dx can be written

as

dnph/dx = A21 N2 + B21 nph N2 - B12 riphN, (1-2.1)

where A21, B21 and B12 are the Einstein coefficients of spontaneous emission, stimulated

emission and absorption respectively and N2, N, are the concentrations of the molecules in the

higher and lower excited state respectively. Light amplification can take place in the situation

that the second term is bigger than the third. This situation is called population inversion.

A photon with a frequency corresponding to the transition energy can experience three

different effects when passing another nitrogen molecule.

1. The photon passes unchanged if the molecule is in the ground state.

2. The photon is absorbed if the molecule is in the lower excited state,

3. A second photon with the same wavelength, phase and direction is created by stimulated

emission if the molecule is in the higher excited state.

Sometimes, it is not possible to maintain a continuous population inversion. This is the

case for the nitrogen laser, where for the UV transitions the life time of the low excited B3FIg
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state (6 us) is much longer than that of the high excited C 3 r i u state (= 40 ns) (see fig. 1.2.1).

Since for a molecule in the low state the probability to return to the high state by electron

collision is very small, the population inversion, and thus the emission of laser light is short

lived. As a consequence only pulsed operation of the UV nitrogen laser is possible.

Second positive
band O.33u

v i 1 - - 1 -cx05 lO 15 20 25
Internucleor separation (A)

fig. 1.2.1 Energy levels of the triplet states of nitrogen from [1.2.2].

It is generally assumed that the creation of population inversion within the discharge cloud

of a nitrogen laser is caused by direct electron impact. The electrons drift under the influence of

the electrical field and loose their energy in the cavity by elastic collisions, ionization and

dissociation processes, and by the excitation of a multitude of electronic, vibrational and

rotational levels. Part of the excitation levels is depicted in fig. 1.2.1. The excitation leads to

emission lines from various electronic transitions, mostly in the near IR and UV region.

Stimulated emission was at first observed [1.2.3] for the transition B 3 n g —> A 3 ^ * (the first

positive system). Measurements by Takahiro and Lide [1.2.4] showed 7 bands of laser lines,

ranging from 771 - 1054 nm due to a multitude of vibrational transitions. The width of the bands

is broadened to a few nm by an additional fine structure of rotational states.

Stimulated emission has also been observed [1.2.5] in the UV region for the transition

-> B 3 n g ( the second positive system) at 358 nm in combination with a vibrational
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transition (v = 0 > 1). More important however, is the (v = 0 » 0) transition for the same

system which is broadened to a band extending from 336.5 - 337.1 nm by rotational transitions

of which at least 62 have been observed. The energy however, is mainly emitted in the following

3 lines

>.(nm) rotational transition

33/ 08 P,(9); P', (10); P, (1 1 )

33 7 11 P'L>(8): P'3(12): P'2(10)

337.14 P3(9); P':,(8).

Laser operation at IR wavelenglns from the first positive system was not observed for

the lasprs described in this thesis, probably due 1o the lack of an optical resonator. The emission

at 358 nm from the (v = 0 > 1) band is estimated to be at least two orders of magnitude lower

than on 337 nm [1.2.6],

1.2.2 The excitation rate

The formation of the laser pulse for the second positive system has been calculated by

several authors. We mention here first the rather elementary calculation by Gerry[1.2.7] as

well as the more detailed calculation by AN et al. [1.2.9].

For the whole B3IJg state the excitational cross section is several times larger than for

the C 3 i l u state. Gerry however, postulated that when taking into account the Frank Condon

factor for the transition from the ground state to the specific vibrational level of each of the

states, the excitation rate to the C3 I IU (v = 0) state is a factor of 10 higher than to the B3llg (v

= 0) state. Gerry also stated that the laser transition would be saturated: the over-population of

the C311 u state due to collisions is immediately counteracted by stimulated emission so that only

a minor (Jpnroo of population inversion results. The pulse length predicted by Gerry was about

the double of the value measured by Leonard [1.2.8].

The calculation by Ali et al. also took into account the deexcitation of the laser levels by

electron impact, leading to a faster decay of the population inversion. The saturation of the

transition was also not an ab initio assumption and therefore their calculation showed a narrow

peak at the beginning of the light pulse due to the unsaturated laser transition. The calculation by

All et al. of the deexcitation by electron impact showed that this rate equals the rate of

spontaneous emission at an electron density of 6 x 1O2Oe7m3. According to table 1.4.1, for the

type II laser an electron density of 2 x 1021 e' /m3 is obtained in the last phase of the

development of the discharge. Because of this additional deexcitation mechanism, the decay time

for the non-stimulated processes is reduced from 40 to 10 ns. Since for the lasers described in

this thesis deexcitation by stimulated emission takes place in about 1 ns, the non-stimulated
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processes do not play an important role.

In the following we have tried to do a more specific calculation of the pulse formation

using the calculation by Fitzsimmons et al.[1.2.10] as a basis. To determine the general

behaviour of the emission rate, equation (1.2.1) is rewritten for the nitrogen laser in the form

of a rate equation. The number of relevant excitation levels is reduced to three by taking the

metastable A 3 ! ^ level, to which the B 3 n g state decays, equal to the ground level. The emission

of the laser medium in the cavity is converted into the photonic rate by writing

dnph/dt = c (dnpri/dx) where c is the velocity of light. The Einstein coefficients for stimulated

emission and absorption respectively are assumed to be equal and are written as astim = B21 =

B12. The rate for spontaneous emission is given by c A2 i = 1/TC which has to be multiplied by a

geometrical factor 0 to account for ihe fact that the aperture of the cavity only covers a

fraction of the solid angle. A term nph/Tph correcting for the average stay of the laser light in

the cavity has been added. This term represents the rate of light emission from the cavity.

Under these assumptions, the general rate equations of the nitrogen laser for a transition

in the second positive system of nitrogen can be written as

dnpb/dt = ost jmnph c(Nc - NB) - nph/xph + ON C / T C (1.2.2)

dNc/dt = neNg a s7C(E)-as t i mnp hc(Nc - NB) - N C /T C - neNc a^ (1.2.3)

dNB/dt = neNgas 7B(E) + Ostimnph c(Nc - NB) + Nc/xc - N B / T B (1.2.4)

where

Kb population density of the C3nu(v = 0) state

NB population density of the B3ng(v = 0) state

Ngas ground state density

ne electron density in the cavity

YC.B excitation rate coefficient into the C 3 n u ( v = 0) state and the B3FIg(v = 0)

state respectively

t time

nph number of photons within the cavity

i c spontaneous decay time of the C 3 n u (v = 0) state (A21)

Cec cross section for deexcitation by electron impact

zB spontaneous decay time of the B 3ng (v = 0) state

tph average stay of the photons in the cavity

0 geometrical factor for spontaneous photons emitted in forward direction

Einstein coefficient for both stimulated emission and absorption.
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Note that in contrast to lasers that make use of an optical resonator, the nitrogen laser

has no distinct lower limit on the cavity current. Because of the rate difference between the C

state and the B state, a sudden current in the cavity at the proper field strength will always

lead to an initial population inversion.

The population inversion will be maintained as long as the excitation rate to the C state can

compete with the non-stimulated deexcitation rate. The population of the C state is given by the

time integral of the excitation rate and is under the assumption of a constant cavity current

continuously growing as long as Nc is not so large that the terms representing non-stimulated

emission become important. This situation occurs after a few tens of ns. Because the discharge

and therefore the light emission is limited to about 1 ns, the non-stimulated deexcitation does

not play a role for the lasers described in this thesis.

To obtain a qualitative understanding of the laser operation, the following approximations

will be used. The decay of the B state and the non-stimulated decay of the C state are neglected.

By doing this, the rate equations (1.2.2 - 4) are simplified to

dnph/dt = as l l f rnp h c(Nc - NB) - nph/xph (1.2.5)

dNc/dt = neNgas yc(E) - as t imnph c(Nc - NB) (1 2.6)

d N B / d t = n e N g a s y B ( E ) + o s l l n , n p h c ( N c - N B ) . (1.2.7)

If the laser transition is saturated, which is generally the case for the nitrogen laser, the

excess rate of the C level is immediately converted into stimulated emission, hence dNB =dN c .

Subtracting (1.2.7) from (1.2.6) and substituting into (1.2.5) leads to

neNg a s (YC(E) - VB(E)} - dnph/dt.

When we let for simplicity Tph approach to zero then nph becomes small as well (the cavity

becomes very short) and we may neglect dnph/dt. The luminous power of the nitrogen laser thus

becomes

cai = (1/2) neNg a s {Yc(E) • yB(E)}. (1 .2.8)
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10 '51

10'1

8 1 02 4 6

E (MV/m)

fig. 1.2.2 Excitation rate y to the lull C3flu state as a function of the electrical field E.

Fig. 1.2.2 shows the excitation rate yc | 0 tn© C state summed over all vibrational levels as

a function of the electrical field as given by Newman and DeTemple[1.2.11]. The figure shows a

strong increase of the rate for increasing field strengths. Using this curve and neglecting yg

which is quite small for the electrical fields used in our laser, the shape of the laser pulse can be

predicted from equation 1.2.8, using for ne and E the values given in section 1.4.9.

Fig. 1.2.3 shows the shape of the laser pulse Pucai ar)d PL meas representing the calculated

and measured luminous power respectively for a single laser cavity, for amplified spontaneous

emission. The measurement was done with a photodetector having 100 ps rise time and a

sampling oscilloscope having = 200 ps rise time.

The duration of the measured light emission is somewhat longer than calculated. This is

caused by the fact that for the simple approximation in expression (1.2.8) the average stay of

the light (tPh) in the cavity is assumed to approach to zero, and the after-current, which is due

to the decay time of the polarization of the insulating material, is not taken into account.

Very interesting is the difference in rise time between the measured and calculated P|_. For

the value plotted by the oscilloscope the rise time amounts to - 300 ps. This approaches the rise

time of the measuring equipment. The real rise time therefore, is probably shorter than 150 ps.

The very fast rise which is observed, is in contradiction with the calculated number of 600 ps.

The explanation is probably that in the beginning of the pulse the transition is not yet saturated.

This may be a confirmation of the occurrence of the picosecond peak in the calculations of Ali.
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tig. 1.2.3 Curves of the calculated and measured luminous power PL cal and PL mgas respectively, as a function

of the lime t elapsed since the tiring of the spark gap. No external laser light was used. The

multiplication factor of the vertical scale is not necessarily equal for both curves. The zero point of

the horizontal scale tor PL meas is estimated.

From these general considerations and the measurement described before, we may

conclude thai the duration o( the light emission in a single cavity is determined by at least four

parameters.

1. The speed by which the discharge develops, which gives the time dependence of ne in

formula 1.2.8. Since the speed is proportional to the gas pressure, a pulse duration of the

order of 1 ns can only be expected for lasers having a cavity pressure of 1 bar or higher.

2. The propagation time (<, of the electrical signal across the laser plates. The calculations of

section 1.4.7 however, will show that for the t,, values encountered in our laser, the pulse

duration is only slightly increased. In the case of an infinitely long laser plate however,

the light output is lengthened by several ns.

3. lhe propagation time of the light along the cavity. In the case of a synchronous discharge

development along the cavity, the increase amounts to 300 ps. However, if the cavity is

tapered then the timing differences of the development of the discharge along the cavity

will lead to an increase or a decrease of the pulse width, depending on the sign of the



pago !4 Part 1 Chapter 1 2 Lighi -i-iiosson ar.ci ampiiiica'io

tapering angle

4. A possible after-current This well known phenomenon for high voltage condensers may

arise from the micro discharges along the insulation (see section 1 4.11) and from the

finite decay time of the charge siored in the laser plale insulation.

1.2.3 The pulse duration of the two cavity laser

oscillator cavity

Mirror

fig. 1.2.4 Schematic representation of the direct and reflected light from the oscillator cavity. The black point

P indicates the virtual origin of the observed light. The distances are in mm.

With the same measuring equipment as used for the measurement of the luminous power in

the previous section, the pulse from the oscillator cavity was measured. A mirror was put at

150 mm from the centre of the cavity (see fig. 1.2.4) to reduce the divergence of the exiting

beam. The photodetector having a sensitive area with a diameter of 18 mm, was centered on

this beam at a distance of 92 cm from the laser cavity. The signal from the detector (fig. 1.2.5)

starts with a small peak from the diffuse beam followed by a second peak from the amplified

reflected light. The signal from the reflected light is much bigger since it is, in contrast to the

diffuse beam, almost completely collected by the photodetector. The delay between the two

peaks amounts to 0.84 ns which corresponds to 25 cm. From this number we can localize the

virtual source of the laser light at a point 25 mm from the centre of the laser plates (see fig.

1.2.4).
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tig. 1.2.5 Measured curve ol the oscillator light as a function of the time t elapsed since the firing of the spark

gap. The reflected light gives rise to a second peak with a large amplitude.

Using the oscillator light to stimulate the emission of the amplifier cavity, the shape of the

final exiting laser pulse was measured. Three different measurements wore done.

In the first, the set-up was the standard one. The oscillator was equipped with a mirror

and the two lenses of the beam expander between oscillator and amplifier were installed. The

pulse in this case (fig. 1.2.6a) is rather broad (1.2 ns FWHM) since the light intensity is large

and therefore saturation occurs. There is a slight reflection of the two peak structure of the

oscillator pulse visible in this measurement.

In the second measurement, the oscillator mirror is removed (fig. 1.2.6b). Since now the

intensity of the light pulse initiating the emission of the amplifier cavity is much smaller, the

measured amount of luminous energy is somewhat reduced. The width of the pulse has not

changed.
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fig. 1 2.6 Measured curve of the amplifier light as a function of the time t. using the standard beam expander

between oscillator and amplifier. The measurement was done with the oscillator mirror (a), without

the oscillator mirror (b). and without the oscillator mirror but using a strong absorber (c).
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tig 1.2.7 Measured luminous energy as a function of the amplifier cavity width D while the oscillator tuning is

not changed. The energy E indicated by the solid curve shows the curve measured under normal

operating conditions including the oscillator mirror. The energy Esman Slgnai indicated by the dashed

curve is measured using a strong attenuation filter for the oscillator light while the oscillator

mirror is omitted. As a reference the corresponding time scale is also plotted using dO/Jf = 0.19

mm/ns.

It is also interesting to see in what way the duration of the population inversion

determines Ihe required synchronization accuracy of the laser cavities. Fig. 1.2.7 shows the

luminous energy measured as a function of the amplifier cavity w»Jth while the oscillator width

is not changed. As a reference, the lower axis also shows the corresponding moment of the

amplifier cavity discharge, where the t = 0 point is chosen at a cavity width of 3.0 mm. The

scale factor AD/AI = 0.19 mm/ns is obtained from the calculation of phase 1 and 2 of the cavity
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discharge in sections 1.4.5 and 1.4.6 for various cavity widths.

The dashed curve shows the response for small signals where the laser gain is not

saturated and is measured without the oscillator mirror. The measured FWHM amounts to 0.65

ns. The width is a convolution of the width of the light pulse from the oscillator and the life time

of the population inversion in the amplifier cavity. The curve has been broadened by the finite

distance between the measured points (0.034 mm or 0.132 ns) and by synchronization jitter

between both cavities.

The solid curve which is measured under normal operating conditions, - i.e. using the

oscillator mirror - shows a much broader response because of the saturated gain in the

amplifier cavity. We conclude from this measurement, that the required adjustment accuracy

amounts to +/- 0.1 mm.

1.2.4 Calculation of the optical gain

In this section we derive the relation between the light emission of the amplifier cavity

and the light input by the oscillator. Since the number of molecules in the C state is only

determined by the gas discharge process, for a given energy deposit in the cavity always the

same total amount of light will be emitted by the cavity gas. However, since the amplified

spontaneous emission has a very high divergence, only the amplified oscillator light contributes

to the narrow exiling laser beam.

For the calculation, a rod shaped laser cavity with length I and cross section S is

considered. It is filled with a gas which has the capacity to emit by stimulated emission a

maximum number of M(0) photons per m3. The non-stimulated emission is neglected. A short

pulse of coherent light of the proper wavelength with a homogeneous intensity distribution,

passes the cavity lengthwise.

Let N(x) be the number of photons passing the cavity through the cross section S at a

distance x from the beginning of the cavity, then for small values of N the increase of the

number of photons dN over the distance dx can be approximated by

dN(x) = os , lm M(0) N(x) dx (1.2.9)

where ostjm is the molecular cross section for stimulated emission.

For large values of N(x) however, a non-negligible part of the molecules in the C state is

converted into the B state, which substantially reduces the initial emission capacity number

M(0) during the passage of the light. The simple formula (1.2.9) is thus no longer valid.
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fig. 1.2.8 Schematic representation of a laser cavity. The number of photons dn which is passing the cavity

through cross section S at position x over a path length O'A, :S increased by o^n.

To derive the expression of the light gain over a distance dx in this case, we first assume

that n photons pass through the cavity cross section at point x, leading to a new value M(n) of

the emission capacity number. A small additional number of dn photons passing afterwards

through the cavity cross section at point x experiences a gain of d2n photons (fig. 1.2.8). We

then have to transform expression (1.2.9) into a double differential

d2n = ostim M(n) dn dx. (1.2.10)

On the other hand, the production of d2n additional photons leads to a reduction of the

emission capacity according to

2

dM(n)= - - l i L (1.2.11)
Sdx

Substituting expression (1.2.10) for d2n into (1.2.11) gives the relative decrease of M(n)

dM (n)
M(n(

2 12)

Integrating (1.2.12) over the total number of N(x) photons passing the cavity at position x

results in an expression for the reduction of M at position x due to the transit of N(x) photons

M{N|x)}-M(0)exp/.g" in |N<x) l. (1.2.13)
\ S /
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On the other hand, integrating (1.2.11) over N(x) photons gives now the reduction of M at

position x due to the production of dN(x) photons

M(o)- M{N(x)} = = - ^ I ( 1 2 14)
Sdx

Substituting the formula for M(N) (1.2.13) into this expression and integrating over the

full cavity length gives the implicit relation between the number of photons N(0) which are

entering the cavity and the number of photons N((L) at its exit

I" icstm \ i r ( a , , a i
In exp _!l^Nit)} - 1 I- In e; j j s NO j - 1 = p0 «• (1.2.15)

I \ s 7 J L \ s / J

where the conversion probability p0 is defined as p0 = asam M(0).

On the basis of equation (1.2.15) we may approximate the behaviour of the cavity gain for

three extreme cases:

1. a value of N(0) which is sufficiently low so that amplification is linear: i.e. the

situation represented by equation (1.2.9);

2. a moderate value of N(0) at which the amplification is only partly saturated;

3 a large value of N(0) so that the amplification is completely saturated.

1. In this case N(l) « S/os,,m. Relation (1.2.15) reduces to

N(t) = N(0). epot. (1.2.16)

The gain proceeds exponentially along the cavity. P0.l is defined as the small-signal gain

constant, \G = 1/PQ as the small-signal gain length.

2 In this case the gain is linear over the first few centimetres of the cavity. The number of

photons rises exponentially, followed by an area where saturation sets in. When full

saturation is reached, all available emission capacity has been used after the passage of

the amplified light pulse. Therefore, a linear increase of the number of photons occurs. For

the two stage nitrogen laser this situation describes the normal working condition.
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Since N(0) « S/osnm and N(£) » S/0s,lm, relation (1.2.15) reduces to

i= ln fN(o) s - " - m - ( + Po t . (1.2.17)
S \ S j

3. In this case we have N(0) » S/oslim and relation (1.2.15) reduces to

N(l) = N(0) + M(0) I S. (1.2.18)

Saturation sets in immediately and a constant number of photons is added to the number of

photons at the entrance of the cavity.

Equation (1.2.15) was experimentally verified for the type IA laser. Because the cloud of

light emitting gas has soft boundaries, the cavity cross section S is not well defined and the

initial conversion probability is not equal over S. Therefore, the numbers that are obtained from

this measurement can only be considered to be an average over the cross section.

The measurement was done by putting calibrated neutral density filters in front of the

entrance window of the amplifier cavity. Since the beam profile in the Z direction has a Gaussian

shape unlike the rectangular shape for the Y direction (see section 1.6.2), the value of the

cavity cross section S cannot be precisely determined. Rather arbitrarily, S was approximated

as S = 3.9 by oz = 4.23 mm2, where bY is the width of the rectangular profile in the Y direction

(the cavity width) and oz the width of the Gaussian profile in the Z direction (see section 1.6.2).

To send a more intense light pulse into the amplifier cavity than in normal operating

conditions, the magnification of the beam expander (see section 1.6.5) was reduced from a value

of 20 to 4. In this way a homogeneous beam with a maximum energy of .231 (iJ could be

directed onto the cross section S of the amplifier cavity.

Fig. 1.2.9 shows the output energy as a function of the input energy, measured with a

pyrometer placed in the beam emerging from the amplifier cavity. Despite the fact that

background light due to amplified spontaneous emission was shielded with a slit in front of the

pyrometer, background light began to contribute to the measured output energy at very low light

levels. The data points were corrected for this. The oscillator light intensity was varied over

more than 6 decades. The figure shows for low input levels the expected exponential rise,

followed by a flattening off when saturation sets in. The arrow marks the normal operation point

of the type IA laser.

The calculated curve (drawn line) was obtained by replacing in formula (1.2.15) the

number of photons N by the corresponding luminous energy E. The calculated curve fits well,

except for very low light levels where the difficulty to distinguish the amplified oscillator light
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from the background due to spontaneous amplified emission spoils the measurement. In the fit,

the ratio ast im/S was left as a free parameter. The fitted value was hv/(11.2x106) which

results in a s t i m = 2.17 x 10 1 9 m2. In the same way po<L was determined to be 14.8 which

results in a small-signal gain of 712 dB/m or a small signal gain length of 6.1 mm. Note that the

small-signal gain is almost a factor of 10 larger than the value found by Leonard[1.2.8]

operating at a much lower cavity pressure. The high gain per unit of length justifies the

assumption of a short transition region between the zones of exponential- and linear increase.

Indeed this area is only a few centimetres long.

1 0 * 1 0 7 1 0 * 1 0 ' 5 1 0 ' 1 0 ' 1 1 0 * 1 0 ' 10°

fig. 1.2.9 Measurement of the output energy (Eou!) versus input energy (E/n) of the amplifier cavity of a type

IA laser. The drawn line shows the fitted calculation. The normal operating point of the laser is

indicated by the arrow.

The total emitted energy of the amplifier cavity can now also be calculated. Substituting

the values found above into equation (1.2.18) brings the total luminous gain for a high input

intensity at 2.82 x 1014 photons or 166 jiJ.

The electrical energy dissipated into the amplifier cavity at a width of 3.0 mm is found to

be 62 mJ from table 1.3.1, resulting in a light conversion efficiency of 0.27%. The total

electrical energy stored in the four plates amounts to 0.87 J. This brings the total efficiency of

the conversion on 1.9 x 10'4. Since the efficiency depends strongly on the excitation rate to the

upper laser level, and thus on the electrical field (see section 1.2.2), ii is not well possible to
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substantially increase the efficiency at atmospheric cavity pressure because of the minimal

required inductance of the plate connection strips (see section 1.3.2).

However, some increase of the efficiency occurs when reducing the cavity width, since

this shortens the formation time-lag of the discharge and thus increases the electrical field at

the moment of light emission (see section 1.4.4).

100

0
2.0 4 . 0

fig. 1.2.10 Measured laser energy as a function of the amplifier cavity width. For every point the oscillator

was carefully tuned for optimum synchronization. As a reference the curve of a quadratic function is

piotted.

This effect is illustrated in fig. 1.2.10 where the measured values of the output energy

are plotted as a function of lhe amplifier cavity width. For reference an arbitrary quadratic

function is plotted as well. The oscillator was carefully tuned for every setting of the amplifier

cavity. Although the electrical energy which is deposited depends almost quadratically on the

cavity width, for large cavity widths the luminous energy rises less fast. Here the formation

time-lag is longer and as a consequence the electrical field is smaller during the formation of the

population inversion (see table 1.4.1 in section 1.4.9). Because the excitation rate to the C state

falls rapidly for lower fields, a reduction of the laser energy will occur because of this effect

for larger cavity widths.

The maximum output energy is reached for a cavity width of 3.5 mm. Around this value,

th6 pulse to pulse stability is deteriorated because of the long development time of the cavity

discharge and the relatively low cavity voltage. In practice the laser is therefore operated at a

cavity width between 3.0 and 3.3 mm.

On the basis of the considerations and measurements described in this chapter, we may
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draw the following conclusions for the operation of the NIKHEF lasers:

1. A substantial population inversion can be created in a nitrogen laser cavity which is

almost instantaneously depleted by stimulated emission, resulting in a picosecond light

pulse.

2. Under normal operating conditions, the laser transition is completely saturated. As a

result, the emission rate of the laser light follows the excitation rate to the C level.

3. In contrast to lasers operating at a low cavity pressure, the width of the light pulse is

completely determined by the electrical circuit characteristics and not by the decay time

for spontaneous emission of the C level.

4. For the adjustment of the relative widths of oscillator and amplifier cavities, an accuracy

of 0.1 mm is required to obtain the correct synchronization.

5. Under normal operating conditions, the luminous gain in the amplifier cavity is partly

saturated. As a result the luminous power of the amplifier cavity is only slightly

dependent on the incident energy. More than half of the laser light from the amplifier

cavity is emitted as amplified oscillator light.
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Electrical operation

1.3.1 Electrical circuit

The population inversion within the cavity of a nitrogen laser is induced by the sudden

creation of a high electrical field. The field is generated between two electrodes which are

connected to a high voltage pulse generator. For the first nitrogen lasers, the high voltage pulse

generator consisted of a low-inductance condenser, charged to a high voltage, and a fast switch,

for instance a spark gap. Fig. 1.3.1 shows the electrical circuit in which both the spark gap and

the electrodes of the cavity are represented by a switch and a resistor. The inductance of the

connection between the spark gap and the cavity is represented by the induction L The whole

circuit is charged to a high voltage by means of the high-ohmic resistors R3 and R4. The firing

of the spark gap is followed by a fast rising electrical field in the cavity which subsequently

induces the discharge in the gas.

spark
gap

tig. 1.3.1 Simple high voltage pulse generator for a nitrogen laser.

For an efficiently working nitrogen laser the energy deposit in the cavity has to occur

very fast. Since it is not possible to get below a certain minimum value of L, the energy deposit

takes - with the circuit of fig. 1.3.1 - at least several tens of nanoseconds. This problem can be

overcome by connecting a second condenser to the other side of the cavity. In such a Blumlein

circuit (fig. 1.3.2) the impedance of the high voltage pulse generator is significantly reduced and

most of the stored electrical energy is deposited in a very -short time interval in the cavity,

provided that the inductance between the condensers and the cavity is sufficiently low.

25



page 26 Part 1 Chapter 1.3 Electrical operation

spark
gap

cavity

L S2 R2

C1

tig. 1.3.2 Blumlein high voltage pulse generator lor a nitrogen laser. For simplicity the connection to the high

voltage supply has been omitted in the drawing.

The double stage nitrogen laser described in this thesis consists of two equal Blumlein

circuits which are connected to the same spark gap so as to provide a tight synchronization (fig.

1.3.3). In the figure the condensers C1 to C4 represent the capacities of the laser plates P1 to

P4 respectively in fig. 1.1.1. C1 and C3 also include the capacity of the strips connecting P1

and P3 to the spark gap, L2 and L3 represent the inductance of these strips and switch S2 and

S3 the oscillator and amplifier cavity respectively. For completeness, also the equivalent

resistance of the gas discharge in the two laser sections is included in the circuit by the two

resistors R2 and R3. Since the cavity electrodes are essentially the edges of the laser plates,

the inductance between the cavity and the condensers can be neglected. In principle the return

loop via the laser housing also forms a part of the electrical circuit and contributes to its

inductance. Since for the lasers described in this thesis the inductance of the housing is very

low, it can be neglected and is therefore not included in the circuit.

LI

'—^QQQQr-

amplifier
section

oscillator
section

fig. 1.3.3 Electrical model of the NIKHEF nitrogen lasers, constructed from two Blumlein circuits. For

simplicity the connection to the high voltage supply has been omitted in the drawing.

To describe the time dependence of a fast process like the last phase of the cavity
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discharge, one has to take into account the propagation time of the electrical signal along the

plates For this purpose the condensers will be represented by transmission lines with a certain

ohmic impedance.

1.3.2 Measurement of the spark gap current

To spark
gap cathode

parallel
resistance: 0.797

attenuator

-22dB

;#!*-

Digital
I oscilloscope

500 MHz

laser
housing

fig. 1.3.4 Circuit used to measure the current through the spark gap. The values of the resistances are in

ohms.

For the type IA laser the value of the components in the electrical circuit was determined,

and thus the behaviour of the cavity voltage, by measuring the time dependence of the spark gap

current with a test set-up shown in fig. 1.3.4. The measurement was done by registering the

voltage across a low inductance resistor, which was included in the ground connection of the

cathode using a digital sampling oscilloscope with a bandwidth of 500 MHz. The low inductance

resistor of 0.797 12 was made from a parallel circuit of 20 thin resistive wires with a length of

1 cm which were directly attached to the spark gap housing. The attenuation factor of 11 from

the potentiometer circuit formed by the 47 12 and the 4.7 12 resistor, and the additional factor

of 22 dB from the attenuator were necessarily to avoid damage by over-voltage to the

oscilloscope. The total resistance of the circuit amounts to 0.785 12. Simultaneously, the light

emission of the amplifier cavity was registered by measuring the voltage from a fast light

sensitive diode. The cable length to the diode was chosen in such a way that the light signal from

the middle of the amplifier cavity and the electrical signal from the spark gap had equal

propagation time to the oscilloscope. The propagation delay of the electrical signal between the

spark gap anode and both cavities was estimated at 1 ns.

Fig. 1.3.5 shows the result of a measurement of the spark gap current (ISG) as well as the signal

from the light sensitive diode (Vdjode). In both cases the oscilloscope has averaged the signal
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over 64 laser shots to smooth out the noise due to the strongly ringing HF field from the spark

gap. The widths of the oscillator and amplifier cavity were adjusted lo 2.4 and 3.0 mm

respectively resulting in a timing difference of 3 ns for the required synchronization.
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fig. 1.3.5 Spark gap current (ISG) and light output (VdlBdg) for a type IA nitrogen laser. The voltage difference

across the laser cavity (Vcav) is calculated by the oscilloscope by integration of ISG. Vcav is

normalised using the calculated value of Edischlrom section 1.4.9.

From this measurement the electrical process in the laser can be deduced. After the firing

of the spark gap at t = 0, the behaviour of ISG for the first 20 ns can be described by a sinus.

Then, a few ns before the light pulse on Vd jode starts, a new damped oscillation sets in. On the

basis of the electrical circuit of fig. 1.3.3 the behaviour of ISG will be explained for two cases:

1. S2 and S3 are open and 2. S2 and S3 are closed.

1. In this case no discharge has yet occurred in the cavities. The laser can than be

represented by a simple damped LC circuit with L2 = L3 and C1 = C3. The behaviour of ISG

is thus given by

Vo

t o L '
cot (1.3.1)

where

Vo laser supply voltage

w angular frequency
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L total inductance between the spark gap and C1 and C3*\ = L1 + I — + —

o damping constant

t time elapsed since the spark gap discharge.

The characteristic frequency of the system is reduced by the presence of a
L(C1 + C3)

damping term according to

to2 = 1 a 2 . (1.3.2)
L(C1 + C3)

The damping is caused by the series resistor R1, with the relation between R1, L and a

given by

R1 = -2L a . (1-3.3)

As long as the cavity current is small, the voltage difference across the cavity is

given by the integral of ISG according to

After substitution of (1.3.1) and (1.3.2), and performing of the integration this becomes

- s i n cot- cos cot +1 i
/

d-3.5)

In the experiment, the integration was done by the digital oscilloscope yielding the

curve plotted as Vc a v . The curve is terminated at the bend in ISG, i.e. the moment where

switch S2 is closing. The dashed line indicates the continuation of Vcav assuming a simple

linear extrapolation.

2. The second case corresponds to the situation where a conductive plasma has been

formed in the two cavities and accordingly in our electrical circuit S2 and S3 are closed.

(Note that S3 has been closed 3 ns later than S2, see section 1.4.9). As a result of the

closure of S2 and S3, the voltage at C1 and C3 has suddenly increased leading to two
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bunds in the curve of ISC1 In practice. these are no! separated due lo Ihe remaining HI

noise The dashed line in fig 13 5 indicates Ihe assumed continuation o( i^G ;! S? ana S3

had noi been closed. Note that the laser pulse occurs al the moment oi closing S3

The assumption that Ihe cavity discharge corresponds with the bends in the curve of

I so is confirmed by measurements done with two different cavity widths. With a smalier

cavity width the bend in the curve is advanced and for a larger width it is delayed, as

expected.

From the (act that the bend in ISG is relatively sharp, one may conclude thai the

cavity current occurs almost instantaneously. This will be confirmed by the calculation o!

the last phase of the cavity discharge as discussed in section 1.4.7.

We will now determine the value of co and o from our oscilloscope measurements. The

angular frequency co = 2K USG before the firing of the cavities (case 1.) is determined from the

duration of the first quarter period of ISG, resulting in co = 2it 1 7.8 MHz.

The behaviour of w after the firing of the cavities is more complicated. Immediately after

the end of the discharge, we might conclude that to is reduced to 2n 13.6 MHz because of the

increased circuit capacity, due to the initial high conductivity in the cavities. However, the

conductivity decreases rapidly due to recombination (see section 1.4.5) and this leads again to

an increase of o>.

This phenomenon was illustrated by another measurement of ISG, done with a magnified

vertical scale, where 3 oscillations were visible. According to this measurement, the circuit

frequency co increases to 2K 15.6 MHz at t = 25 ns and 2K 20.4 MHz at t = 65 ns, showing that

indeed the conductivity of the cavity gas decreases rapidly. The final frequency of 2rc 20.4 MHz

is even higher than the initial value of 2K 1 7.8 MHz. This is probably due to the fact that the

micro-discharges around the insulation of the high voltage plates, which contribute to the

capacity of the laser plates (see section 1.4.11), are no longer present at the low voltages of

the laser plate after 65 ns.

The value of the damping constant o before the cavity discharge cannot easily be

determined from the measured time dependence of IS G . After the cavity discharge, a

determination of o is also not completely trivial since a depends on the conductivity of the gas in

the cavities which is not a constant. From the ratio of the first maximum and first minimum of

ISG after the cavity discharge, a value of o = 0.042 ns'1 was obtained. This value agrees within

5% with the value obtained from the ratio of the first and second minimum. Apparently the value

of a depends not strongly on the conductivity of the gas in the cavities.

From the expressions given above, the value of several other electrical parameters will

now be calculated for case 1. Using the calculated values of <o and o, we find the time dependent

behaviour of Vcav from (1.3.5). Comparing Vcav, calculated in this way with |lSG(t) as plotted by
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the oscilloscope yields, using (1.3.4), the value of C1 + C3. The values of C2 and C4 can now be

determined by scaling the active condenser surface. Finally, using expressions (1.3.2) and

(1.3.3), the values of L and R1 are obtained.

The dielectncal constant eR of the insulation was obtained by using the general expression

of the condenser capacity

~ i o f R °
C = — - - (1.3.6)

d

where C are the relevant capacities, O the surfaces and d the thickness of the insulating plates.

In practice one has to take into account the voltages across the free space on both sides of the

insulating plates, as described in section 1.4.11. The value of the dielectrical constant rR of the

glass high voltage insulating plates depends on the frequency w. For the relatively high frequency

of 17.8 Mhz in our circuit the calculated value is about half the value given for static voltages in

the literature [1.3.1].

Since th" cavity current rises very fast during the last phase of the development of the

discharge, the propagation time of the electrical signal over the laser plates has to be taken into

account. Therefore, in this case, which is described in section 1.4.7, the laser plates are no

longer represented by condensers but by transmission lines with a certain impedance Z. Since

the ends of the high voltage plates are not terminated with the characteristic impedance, the

electrical signal oscillates with a frequency of 570 MHz, leading to an oscillating cavity current.

In table 1.3.1, the electrical parameters of the type IA laser are listed. Note that the

magnitude of the spark gap resistance R1 calculated from the damping parameter o, is for a part

due to the energy lost in the micro-discharges around the laser plates and in the insulation.
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Table 1.3.1

Electrical parameters type IA laser

Quantity Symbol Oscillator

supply voltage

total active cap. surface

cavity width

damping constant

inductance SG circuit

frequency SG circuit

resistance SG circuit

capacity P1 resp. P3

capacity P2 resp. P4

total capacity

dielectncal constant

impedance P1 - P4

velocity along laser plate

frequency @ cav. disch.

discharge voltage

discharge time

deposited charge

peak value l c a v

deposited energytt

O

o

L

R1

C1 resp. C3

C2 resp. C4

C

Z
v
U..

'discfi

Qd,sch

'cavp

W

2.4

20.6

20

7.4

1 7

52

Amplifier

3.0

22.4

23

8.1

18

62

Both cavities

18

6.33 x 10'2

- 0.0418

40.7

17.8

2.6t

0.86

0.62

2.96

2.6

0.61

2.1 x 108

570

Unit
kV

m2

mm

ns"1

nH

MHz

£2

nF

nF

nF

-

LI

m/s

Mhz

kV

ns

nc
kA

mJ

The rather long rise time of Vcav in fig. 1.3.5 makes it possible to fire the laser with the

required time difference of 3 ns to compensate for the propagation time of the laser light

between oscillator and amplifier. The time difference might result in a disturbance of the voltage

across ihe amplifier cavity due to charge flow along the connection strips to the oscillator. To

avoid this effect, the mutual induction 12 + L3 between the cavities has to be sufficiently large.

If for example we require that for the amplifier Vcav does not drop more than 1 kV due to charge

leakage to the oscillator during the 3 ns long synchronization interval, then L2 + L3 should be

larger than 45 nH Indeed, tests have shown that the output power is reduced by a factor of 2 if

the inductance of 12 and L3 is too low

t Corrected lor the resistance of the measuring circuit.

tt Using the plate capacity lor situation 3 from table 1.3.1.
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Concluding we can state that the time dependent behaviour of the spark gap current can be

completely explained by the electrical model of the laser. The rather slow response of the

Blumlein circuit enables synchronization of the two sections of the laser. The inductance

between spark gap and laser plates should not exceed a certain limit. This constraint is in

practice easy to fulfil.



Chapter 1.4

Electrical discharges

1.4.1 Introduction

Electrical discharges occur at various places in the laser and either are essential for or

affect its performance The most important is of course the cavity discharge which leads to

population inversion. This process is extensively discussed in sections 1.4.4 • 1.4.9. The

discharge in the spark gap is another crucial element in the functioning of the laser. In addition

micro-discharges around the insulation plates take place which affect the capacity of the laser

plates and thus the energy of the laser pulse. They are also responsible for the preionization in

the cavity These phenomena are described in section 1.4.10 and 1.4.11

The spark gap discharge and a certain part of the micro-discharges occur for (almost)

constant rather small electrical fields. In this case the discharge takes a rather long time to

develop The discharges in the cavity and another part of the micro-discharges are

characterized by a fast developmenl due to a rapidly growing field which reaches much higher

values

Free electrons can initiate a multiplication process leading to an avalanche when drifting in

a high electrical field between two electrodes. For small electron concentrations, the

multiplication of free electrons as a function of path length proceeds exponentially with a certain

consiant u. the first Townsend coefficient. This coefficient quantifies the lonization from

electron-to-molecule collisions (u process), as well as from photo-ionization in the gas ([ip

process). The contribution to u from metastable molecules ([5m process or Penning effect) does

not take place as long as pure nitrogen is used. The ionization by ionic collisions ((J, process) can

be neglected because of the very low ionic drift velocity.

In addition, free electrons can be produced by interactions of photons with the cathode (yp

process) This phenomenon is supposed to be responsible for the preionization m the laser cavity

(see section 1.4.5).

An electron which is drifting with velocity vd. will on the average liberate one additional

electron in 1/(U vd) seconds. As a result, the increase in the electron density dne(t) at time t

for the cavity electron density ne(t) during an interval dl amounts to

dne(t) = ne(t) a v0 dt.

35
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as long as the electrical field is not reduced by the build up of a space charge. The multiplication

factor G(t) of the initial charge density ne(0) at time x = 0 is thus given by

ne(t) | a

G(t) = - l L j L = e J . (1.4.1)
ne(0)

Because of the exponential increase of the electron density, the electrical field within the

avalanche appears to be suddenly cancelled by the fast build up of a space charge, as described

in section 1.4.2. This effect leads to an increased field at the head as well as the tail of the

avalanche, and thus to an accelerated growth of the streamer (o process). Finally, the discharge

may end in a spark: a streak of plasma that connects the two electrodes and thus short circuits

the whole electrical field. Because only electrons and photons contribute, the process occurs

fast, within less than a micro second and within one pass of the charge cloud between the

electrodes.

Also ions can contribute to the formation of a discharge by means of collisions against the

cathode resulting in the liberation of free electrons (y, process). Because of the very low drift

velocity of the ions (4 orders of magnitude less than for electrons), this secondary emission

only plays a role for slow discharges in a constant electrical field. In this case, an ion cloud

moving in opposite direction is produced due to the impact of the electron cloud on the anode,

which leads via the yt process to a second pass of an electron cloud and so on. The multiplication

is thus stretched out over several passes of electron and ion clouds respectively between the

electrodes and may result in a streamer for a much lower electrical field than for the fast

multiplication process described above. The conditions for the occurrence of a discharge in a

constant electrical field are discussed in section 1.4.3. For the laser cavity a discharge to which

ions contribute ends in a spark because of the long formation time.

1.4.2 The reverse field within the avalanche

We consider a volume between two electrodes in which Na electrons and the same number

of positive ions are homogeneously distributed. Initially, the field strength is exclusively given

by the voltage difference of the electrodes. Rapidly however, since the electrons are moving

towards the anode while the ions are left behind, a reverse field dER is created which is equal to

Oe
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where dN e is the number of electrons removed at the anode, O is the cross section of the space

perpendicular to the drift direction and c is the electrical permittivity. The cloud of Ne electrons

has moved under the influence of the electrical field over a distance dX. The number of ions left

behind over a distance dX near tne cathode is given by dNe = Ne dX/d^y . Since dX = vd(t) dt, the

reverse field dEp thus becomes

d E R = (1/E) e ne vd(l) dt

where the electron density ne is given by ne =
Ne

Ocav dcav

In !he case of a charge gain G(t), the electron density ne has to be replaced by G{t) ne(0).

Accordingly we get for the total reverse field the expression

R = 0/e) e ne(0) J G(t) vd(t) dt. (1.4.2)E

The build up of the reverse field eventually leads to a termination of the multiplication process,

which because of the rapid increase of G(t) occurs quite suddenly.

For the expressions given in this section, the charge is supposed to be distributed over an

infinitely large plane. This assumption is of course not completely true for the discharges in the

laser. However, because of the rapid growth of the reverse field, the inaccuracy in the

calculated value of the reverse field has only a small effect on the moment that the internal

multiplication process is terminated.

1.4.3 Breakdown for static electrical fields

The breakdown voltage Vb for a static electrical field as a function of the electrode

distance has been measured by various authors. The process leading to a breakdown has been

extensively described [1.4.1] and does not have to be repeated here.

For gas pressures P under a certain limit PQ. Vb depends only on the product P.d, where d

is the electrode distance, and of course on the shape of the electrodes and the kind of gas used

[1.4.2], For nitrogen and using flat electrodes, Po amounts to 16 bar, far above the operating

pressures of our lasers. Measurements show that there exists no simple linear relation between

Vb and P.d. For a smaller electrode distance, the field strength required for breakdown is higher

because of the smaller distance available for the streamer to develop.
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In fig 1.4.1 results are presented of measurements of Vb as a function of P.d in air and in

nitrogen and osmg flat electrodes. The measurements show that Vb is somewhat smaller for

nitrogen (until 20%). Since the behaviour of Vb in nitrogen under static conditions is only known

up till P.d = 40 bar (im, for simplicity it has been assumed that above this value the

measurement for air is also valid for nitrogen. The measurement by Frey[1.4.3] shows that Vb

has a minimum of 270 V at P.d = 8 bar urn while for lower values of P.d a quick increase of Vb is

visible However, for these small distances the currents in the gap are dominated by amplified

spontaneous cathode emission and not by streamer discharges.

Around the insulating plates where micro-discharges occur we have P.d * 0.05 bar mm

and accordingly Vb - 600 V.

For the spark gap of the NIKHEF lasers we have a voltage of 18 kV which would give a

spontaneous breakdown at P.d = 4.5 mm.bar. This is in agreement with the value measured for

our lasers. To avoid spontaneous breakdown, the spark gap is operated at values of P.d in the

range 5 - 7 mm.bar. The controlled breakdown is induced by a plasma which is produced by the

UV light from a small discharge on the trigger pin.

1.4.4 The cavity discharge

From the moment the spark gap fires, a transverse electrical field builds up in the laser
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cavity. The cavity cathode is formed by the laser plates P1 and P3 respectively (see fig. 1.1.1)

which are connected to the spark gap. The anode is formed by the plates P2 and P4. Fig. 1.4.2

shows the cross section of the cavity. The discharge occurs only in a small region in the middle

of the cavity. Within the discharge, energy is transferred to the nitrogen molecules through

collisions with the electrons, which leads to a population inversion.

fig. 1.4.2 Cross section of a cavity of a NIKHEF nitrogen laser perpendicular to the beam. A strong transverse

electrical field is created between the cathode plate (A) (PI and P3 in tig. 1.1.1) and the anode plate

(B) (P2 and P4 respectively). The plates are insulated from the grounded housing (C) by thin glass

plates (D). The suddenly occurring electrical field induces an electrical discharge (E) in the middle of

the cavity.

Unlike discharges in most other cases, no isolated streamers are normally observed in the

cavity discharge of the lasers described in this thesis since there is sufficient preionization

available (see section 1.4.5) and the discharge is growing fast. Also the Pp process contributes

to a homogeneous distribution of the discharge over the full length of the cavity.

As will be shown in the following sections, the cavity discharge proceeds in four different

phases which are introduced hereafter. The behaviour of the electron density n e in each of the

phases is schematically given in fig. 1.4.3. The duration of the phases is shown in fig. 1.4.4.

Phase 1

During this phase which is described in section 1.4.5. preionization is induced on the

cavity cathode. This is probably due to UV light from micro-discharges on the insulator surface.

The resulting ionization cloud is drifting slowly towards the anode. Since the field is still low, no

substantial multiplication takes place.

Phase 2

The ionization cloud continues drifting towards the anode. Because of the increased
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electrical field, the ionization within the cloud grows exponentially until the moment where the

ions left behind by the drifting electron cloud induce a reverse field which becomes comparable

to the externally applied field.

Phase 3

In this phase the reverse field inside the electron cloud is equal to the external field. In the

wake and the bow of the cloud however, the field strength is correspondingly higher. As a

result, the multiplication proceeds rapidly over the full cavity distance until a homogeneous

charge density is obtained between the cavity electrodes. The field strength in the cavity is now

back to its original value.

Phase 4

The charge multiplication continues until the conductivity of the plasma has grown so much

that the cavity current starts to significantly reduce the cavity voltage. At this moment a

population inversion is created leading to the emission of a short laser pulse.

n# (»• In?)

10

« 1
y (mm]

n, (•' / m3)

o 3
¥ (mm)

B. (•" / m )

tio21

0 3
V (mm)

phase 1 phase 2 phase 3

fig. 1.4.3 Schematic representation of the four phases of the cavity discharge.

n. (•' / n? )

phase 4
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D phase 1

• phase 2

• phase 3

• phase 4

osc

amp

tig. 1.4.4 Duration ot the tour discharge phases tor the amplifier and oscillator cavity. The shorter formation

time-lag of the oscillator discharge is due to the smaller cavity width.

1.4.5 Phase 1 (preionization)

In this section, the processes are described which lead to the preionization, necessary to

initiate the cavity discharge. After the previous laser shot, the concentration of ions and

electrons in the cavity falls rapidly, mainly because of recombination. The initial concentration

n(0) of positive and negative charge carriers in the ionization cloud, will reduce to the value n(t)

at a time t according to

1 1
n(t) n(0)

+ u t ( 1 . 4 . 3 )

where u represents the recombination coefficient. The formula shows that n(t) is independent of

n(0) if n(t) « n(0). For air at atmospheric pressure a amounts to 2.4 x 10"12 m3/s [1.4.5]. In

nitrogen we use the same value of a as an approximation.

Fitzsimmons et al. (1.4.6] assumed that the remains of the previous discharge would

provide the preionization in the cavity. However, electrical fields which are generated when

recharging the laser could remove all such remaining free electrons. In the following we will

demonstrate that these remains indeed cannot be the explanation for the preionization in our

lasers.
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While recharging the laser, the voltage drop across the resistive cables to the high voltage

power supply will generate a minor field with a strength of the order of 3 x 103 V/m over the

cavity. A transverse field in the cavity will be established as well since the surface of the

insulating plates bordering the cavity has to be recharged. The magnitude of the last field is

unknown, but it is probably higher than the field due to the resistive cables.

Initially these fields will be cancelled by a reverse field which is created due to the

remaining ionization.

However, after about 8 ms the charge density in our laser has been reduced by

recombination to the level where the field from the resistive cables is no longer cancelled. For

the transverse field this may occur even earlier. Since the time interval between two laser

shots amounts to at least 100 ms, all remaining free electrons from the previous laser shot will

therefore be removed during the recharging of the laser.

As a consequence, the preionization in the cavity has to originate from other sources. This

is not a trivial conclusion. The ionization caused by cosmic particles and by thermal emission of

the cathode will not be sufficient for a homogeneous discharge over the full cavity width, in

particular taking into account the short lifetime of the electrons in the cavity. Various methods

are reported in the literature to generate the required preionization, for instance by using sharp

cavity edges or by incorporating a strong radioactive source. For the NIKHEF lasers, however,

no special measures had to be taken. UV light is assumed to produce the required preionization

levels by photo-emission along the surface of the cavity cathode. This light is emitted by micro-

discharges along the glass insulation during the rapid discharge of the plates P1 and P3 (see

section 1.4.11).

It is not easy to give a good estimate of the amount of these preionization electrons. A

lower limit however, can be given on the basis of the following considerations. Due to

transverse diffusion, the discharge initiated by a single electron has a width of a few tenth of a

mm. We estimate that for a homogeneously distributed discharge a density of at least 5 free

electrons per mm length is required along the cavity. These electrons have to be liberated from

the cathode during the first 10 ns after the firing of the spark gap (see section 1.4.4, phase 1).

Since a total drift distance of 1.1 mm will be covered during this time interval, the charge

density of the preionization has to amount to at least 4.6 x 109 electrons/m3 or 7.3 x 10'1 0

C/m3.

A considerably higher value cannot be excluded. The curves in fig. 1.4.6 in the next

section show however that the progress of the cavity discharge will hardly be affected if the

preionization level is several orders of magnitude higher than the calculated minimum value.

Phase 1 is assumed to end when the charge density within the electron cloud has increased

by multiplication to the level where the further contribution from preionization to the cloud can
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be neglected. We rather arbitrarily assume that this corresponds to a multiplication factor of 3.

The positive ions have a drift velocity which is more than 4 orders of magnitude lower

than that of the electrons. Accordingly only a fraction of them will be removed during the laser

recharge time of 50 ms. However, no pile up of this ionic charge will occur during subsequent

laser shots because of the fast recombination process which will smooth out charge

inhomogeneities.

1.4.6 Phase 2 and 3 (exponential growth and charge
smoothing)

The cloud of free electrons which has been produced in phase 1, drifts towards the anode.

Due to the increased electrical field, charge multiplication takes place resulting in an

exponentially increasing charge density. Tne electrons produced meanwhile by photo-emission at

the cathode are following in the wake of the cloud. As mentioned before, the multiplication

process is governed by a constant u, the first Townsend coefficient.

The dependence of a on the electrical field E has been measured for nitrogen by various

groups [1.4.7], [1.4.8], [1.4.9]. Since a is proportional to the pressure p, it is common to

present these measurements as a curve of a/p versus E/p. Unfortunately, the results of the

afore mentioned authors do not completely agrea. This may partly be due to the presence of

minor quantities of contaminants which are responsible for the Penning effect, which will

increase the value of a. A lower value for a might in the contrary be caused by the attachment

of free electrons to traces of electronegative gases like oxygen. Therefore, the actual values of

a may deviate by several tens of per cents from the measured values.

Two well known measurements of a/p are shown in fig. 1.4.5. The curve given by

Knoll[1.4.11] is better for high electrical fields. It will be used in section 1.4.10 for the

calculation of micro-discharges. In this section the measurement of Heylen[1.4.10] will be used

which is more reliable for lower fields. This curve can be approximated by the following

equation

10log a = -222.54 + 63.295 1°log E - 4.4026 (1olog E)2 (1.4.4)

where a is the number of primary electrons per metre, E is the field strength in Volts per metre

and lies within the range 2.3 x 106 V/m < E < 7.6 x 106 V/m. Since the cavities of the lasers

presented in this thesis always operate at a pressure of 1 bar, the quantity p could be omitted

from (1.4.4).
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fig. 1.4.5 First Townsend ionisalion coefficient afp for nitrogen as a function of the applied electrical field E/p

from curves given by Heylen[1.4.10] and Knoll[1.4.11].

For electrical fields in the range 7.60 x 10s V/m < E < 1.1 x 107 V/m the drift velocity vd

in metres per second of free electrons in nitrogen can be approximated by

vd = 0.84 E'0.802 (1.4.5)

which is obtained from a fit through the curve measured by Christophorou [1.4.12].

Using the approximations (1.4.4) and (1.4.5) for a(E) and Vd(E), the gain G as a function of t was

calculated from expression (1.4.1) by numeric integration of the exponent and using E =

V c a v /d c a v . Vcav was obtained from (1.3.5). For the electron density of the preionization the

minimum value of ne(0) = 4.6 x 109 e'/m3 was taken. The width of the amplifier cavity d c a v was

fixed at 3.0 mm. Using (1.4.2) also the reverse field ER was calculated as a function of time.

Fig. 1.4.6 shows G as a function of t for both the amplifier and oscillator cavity. Both

curves are plotted up to the point where the very fast growing reverse field has reached the

value of En = 2 MV/m. At this value the actual field inside the ionization cloud has been reduced

to the level where no further electron multiplication takes place.
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fig. 1.4.6 Gain G of the initial charge density nBo in the oscillator and amplifier cavity ('osc' and 'amp'

respectively) as a function of the time t which is elapsed since the firing of the spark gap. The curve

is plotted until the end of phase 2.

Phase 3 describes the situation where the gain within the electron cloud has been

terminated. As a consequence, the electrical field outside the cloud is significantly increased.

Therefore, a very fast charge multiplication takes place in the wake of the cloud, followed again

by saturation of the gain. This process proceeds rapidly until a homogeneous charge density is

obtained over the full cavity width. From the steepness of the slope of a in fig. 1.4.5, phase 3 is

estimated to last for 1 ns.

1.4.7 Phase 4 (stimulated emission)

In this section the time dependence of the electrical power and the intensity of the emitted

light is calculated. Since in phase 4 the ionization is homogeneously distributed over the cavity,

no reverse field is present. During this phase the cavity voltage decreases as a result of the

cavity current. Since this current rises rapidly, the propagation time of the electrical signal

along the laser plates can no longer be neglected. The laser plates are therefore represented by

a transmission line with a certain impedance Z. For Z we take the value Z = 0.70 £1 for situation

3 from table 1.4.2 in section 1.4.11.

To derive an expression for the voltage on a laser plate, we consider first the situation

where for times x < 0 the potential of the plate is 0 V and at time T = 0 a sudden increase occurs
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of a current I in the cavity. The propagation time along the plate amounts to t0. Initially, the

voltage on the cavity side of the plate is given by V = I Z. At x = to the electrical signal bounces

back at the end of the plate and is reflected for the second time at the cavity at x = 2 t0. At this

moment the plate voltage in the cavity suddenly increases to the value 3 I Z. The voltage at the

cavity side of the laser plate is thus given by

V(i) = Z{l + 2k(i) 1} (1.4.6)

where

k(i) = int ( i / 2to). (1-4.7)

the number of double passes along the plate.

If I depends on x, then (1.4.6) has to be written as

V(x) = Z ( I(T) + 2 V I(T - 2nt0) v, . (1.4.8)

n = 1

To derive the expression for the actual voltage V(t) across the cavity as a function of the

time t elapsed since the firing of the spark gap, we start with the value of Vcav(t) from (1.3.5)

and subtract from this value the voltage due to the cavity current for the two laser plates. The

propagation time along each of the plates is assumed to be equal to to. This leads to

' Ux) + 2 > I(T - 2ntnl VV(t) = Vcav(t) - 2Z ( I(T) + 2 ^ l ( t - 2nto) } (1.4.9)

n=1

where x is the time starting at the beginning of phase 4 and l(t) is the cavity current. Since

during phase 4 the electrical field E is homogeneously distributed over the cavity width, it

follows that

(1.4.10)

Since the external field has been restored the multiplication proceeds again exponentk V

with slope a, the first Townsend coefficient. As a is known, l(t) can be determined on the basis
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of the following considerations.

The increase of the cavity ioni2ation is given by

dN. = ne«(E) vd(E) S dcav dt (1.4.11)

where ne represents the electron density and S the cross section through the cavity discharge in

the X - Z plane (see fig. 1.1.1). Here the E dependence of u and vd has to be taken into account.

The number of electrons decreases due to the capture by the anode according to

dN. = ne vd(E) S dt. (1.4.12)

The change of the lonization density is given by

dN. - dN.
dne = , (1.4.13)

S dcav

and the transferred charge by

dQ = edN.

The cavity current is given by

. dQ dN
l = — = e (1.4.14)

dt d!

and the electrical power deposited into the cavity by

P E = V I . (1.4.15)
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5
z

0.0

fig 14 7

2 5

Calculated electrical power PE and luminous power PL cal as a function of the time t elapsed since the

firing of the spark gap

The development of !he discharge during phase 4 was calculated numerically using (1.4.9)

to (1.4 15) Fig 1 4 7 shows the calculated curve of the electrical power PE deposited in the

laser cavity as a function of time The luminous power PL ca, shown in the same figure, is

assumed to be proportional to the excitation rate to the C level. The calculation of P(. Cai ' s done

us.ng the curve of the excitation rate given in fig. 1.2.2.

To get an impression of the effect of the finite propagation time along the laser plates on

the pulse shape, the curve of PL ca! was also calculated for to -» 0 while %,/Z was kept constant

to keep the same plate capacity. The pulse in this case is only slightly narrower which leads to

the conclusion that the duration of PL IS mainly caused by the formation velocity of the

discharge As long as no other effects start to play a role, ihe emitted power could be increased

by lengthening the plates

For the amplifier cavity, it was found that the discharge field Edl5Ch at the end of phase 4

amounts to 7 25 MV/m However, Fitzstmmons et al. stated that the highest efficiency will be

obtained when Ed,sch is in the range of 9 1 - 10.6 MV/m [1.4.3]. For our lasers, this would

require the inductance between spark gap and laser plates to be reduced by at least a factor of

20. which is difficult to realize and conflicts with the synchronization requirements between

oscillator and ampMier. Fitzstmmons et al. could easily reach these values of Edisch si*106 'n l n e ' r

single stage nitrogen laser gas pressures of the order of 0.1 bar were used which lead to a

slower development of the discharge For the NIKHEF lasers such a low pressure was not

feasible, because the long duration of the light pulse (- S ns) in that case would be inconsistent

with that required to simulate the fast process of the interaction of high energetic panicles with
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matter

Since the cavity discharge starts with a small amount of preionization. the development of

the discharge has shot to shot variations, which also lead to variations of the total luminous

cutput energy For the two stage nitrogen laser, this distribution is even broader since also

variations in the development time of the cavity discharges piay a role here. Fig. 1.4.8 shows

for a well tuned laser an example of the energy distribution. It has a Gaussian shape with a width

corresponding to a spread in the energy of 7.23%. In general the variations are of the order of

6% to 10%. At start up the energy is generally somewhat lower(10%) than the stabilized value

which is reached after a few minutes of running. Apart from the short term pulse-to-pulse

variation there is also a daily change of the averaged energy of the order of 10 - 20%.

400

300

2 0 0

100

1 6 0 2 0 0 2 4 0

amplitude (arb.unita)

Fig 1 4 8 Measured energy distribution of the pulses from a well tuned two step nitrogen laser. The RMS

width of the distribution amounts to 72% of the averaged energy.

1.4.8 Sparking in the cavity

At a certain moment, the cavity current has reduced the eiectrica! field to the level where the

population inversion can no longer be maintained. This moment may be advanced by the

occurrence of a shon circuit from a spark. A spark therefore will result in a reduction of the

luminous energy of the laser, and thus should be avoided.

The appearance of a spark can have several causes:
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1. A too high charge flux. This may due to the tapering of the cavity along the x-direction.

Since inhomogeneities in the charge flux have the tendency to be amplified during the

development of the discharge, a spark may occur. Another reason for a too high charge

flux could be a too high capacity of the high voltage plates.

2. The path length between the electrodes is not sufficiently long to allow the development of

the discharge. This happens when the cavity width exceeds a certain upper limit. The

development of the discharge requires in this case the contribution of y processes,

resulting in a considerable delay and sparking.

3. Not enough preionization is available to initialize the discharge over the full cavity length.

This will also cause inhomogeneities in the charge distribution and thus lead to sparking for

the same reason as under 1.

Concluding we can state that because of point 1 there is an upper limit on the charge flux

and thus also on the luminous power generated per unit of length. Experience learns that for the

laser types described in this thesis the charge flux generated in the amplifier cavity is not far

from this limit.

A calculation shows (see table 1.4.1 in section 1.4.9) that also the path length required for

the development of the discharge is close to the gap distance and therefore the condition for

point 2 is just satisfied

The actual preionization level is not well known. However, since under normal operating

conditions no sparking occu.s, the requirement of sufficient preionization as mentioned under

point 3 appears to be fulfilled.

1.4.9 Summary cavity discharges

The calculated values of the various parameters relevant for the cavity discharge, as

found in sections 1.4.5 - 1.4.7, are listed in table 1.4.1. For the amplifier cavity a total duration

of the discharge process of 23 ns was obtained from the oscilloscope measurement shown in fig.

1.3.5. The calculation of the discharge process in the amplifier cavity was done for various

supply voltages at a cavity width of 3.0 mm. A voltage 3% lower than the nominal supply

voltage of 16 kV gave the correct duration of the discharge. This difference falls within the

tolerances of the measured value of the high voltage and the development time of the discharge.

Subsequently, the calculation was repeated for the oscillator cavity using the same supply

voltage, but various widths. For a width of 2.44 mm in the formation of the discharge the lime-

lag was 3 ns less than for the amplifier cavity which is in agreement with the experimentally
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determined width of the oscillator cavity. From this we obtain the synchronization dependence

on the cavity width .\D..\t

Table 1.4.1 Parameters cavity discharge type IA laser

Quantity
preion charge

preion charge density

gam term reverse field

supply field Vo 'dCJV

discharge field

synchr dependence

prop time laser plaies

symbol

Ne(0)

ne(0)

ER

Eo

AD/AI

osci l lator

7 26

8 29

amplifier

5 82

7 25

both cavities
> 450

> 4 6 x 109

2 x 10G

0 19

0 35

unit
e

e /m3

V / m

MV/m

MV/m

mrrwns

ns

duration phase 1

av gam during phase 1

pk gam during phase 1

drift distance in phase 1

charge @ end phase 1

A t , 11.7

0 9

13.4

1 1

1.3

3

> 580

ns

mm

e

duration phase 2 Atj

av gain during phase 2 G^

drift distance in phase 2 xd

charge @ end phase 2 N^

5 1

1 1

6 4 ns

< 1 7 x W7

1 4 mm

10 x 1010 e

duration phase 3

av gam during phase 3

charge @ e. . phase 3

A i 3 1 0 t

2 5

25 x 1010

ns

duration phase 4

gam during phase 4

charge @ end phase 4

charge transf phase 4

At4

G

2 2

2 2 x 10*

55 x 1014

27 x 1013

ns

e

e

total duration all phases

av gain across all phases

final charge density

final lonization degree

t

G

20 23

12 x 1012

20 x 1021

1.3 x 10 *

ns

e /m 3

t estimation
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1.4.10 Micro-discharges

Micro-discharges take place in the narrow gap between the surface of the conductors and

the rigid insulating plate. The conductors around the insulation are on one side the plates P1 - P4

and on the other side the metal laser housing. Since no current can flow along the surface of the

insulator, only local discharges will occur which often develop into a spark. As shown in section

1.4.11, the micro discharges enhance the capacity of the laser plates.

Micro-discharges can be either fast or slow, depending on the rise time of the voltage on

the laser plate. If the rise time is in the millisecond range, as is the case when recharging the

laser by the high voltage supply, then slow discharges will develop for which the breakdown

voltage as described in section 1.4.3 is low.

The breakdown voltage for fast developing micro-discharges in a small gap is calculated in

this section using the formulae given in section 1.4.6. As explained in section 1.4.1, the

avalanche will develop into a streamer when inside the avalanche the reverse field cancels the

external field We assume on the basis of the strong dependence of the first Townsend

coefficient u on the electrical field, that the field has to increase by at least 10% in that part of

the gap which is not covered by the electron cloud to obtain the accelerated multiplication

required for the formation of a streamer.

To satisfy this condition, the compensating reverse field has therefore to cover at least

10% of the gap width The path length which is needed to let the avalanche develop to the level

where the reverse field compensates the external field, should therefore not exceed 90% of the

gap width

Also m the case of micro-discharges the preionization presumably originates from photo-

emission by UV light, here from neighbouring discharges. The amount of preionization is not easy

to estimate and is therefore simply set at one electron per avalanche for the calculations

presented here

For the calculation of the reverse field (see section 1.4.2) the diameter of the avalanche is

assumed to be 0 1 mm as a result of transverse diffusion. Since the electrical fields are very

high, the first Townsend coefficient a is here approximated using the curve given by Knoll (see

fig. 1.4.5).

Fast developing micro-discharges are described in this section for two different idealized

cases of the behaviour of the electrical field. 1. a fast and linearly rising and 2. a slowly rising

field
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Micro-discharges in a fast and linearly rising electrical field.

The behaviour of the field is here given as E = d E / d t ' - T n i s c a s e describes the

electrical field in the gap around the laser plate insulation during the rapid drop of the

cavity voltage at the end of phase 4 (section 1.4.4). With a gap width of 0.1 mm, an

insulation with thickness 0.5 mm and fR = 2, and a voltage change of the laser plates AV =

10 kV in 0 7 ns. we obtain dE/<jt - 2 x 107 V/(m ns) (see section 1.4.11, table 1.4.2). The

calculations show that a path length of more than 0.2 mm is then required to develop a

streamer Since for our lasers the gap is of the order of 0.1 mm, this process will in

general not take place.

Micro-discharges in a slowly rising electrical field.

We describe here the situation where the electrical field is changing less rapidly

than in case 1, but still so fast that the ionic processes contributing to the breakdown for

a continuous field do not take place. Since the formation time of a discharge over a

distance of about 0.1 mm is less than one nanosecond, one can approximate the field as

being constant. The streamer will be delayed until the field has reached a value for which

the required path length is smaller than the gap width. Before that moment avalanches

develop only partly and are thus of no consequence. In the case of the rising cavity voltage

during phase 1 - 3 (section 1.4.4), we obtain, assuming a voltage change AV = 20 kV in 20

ns and all other conditions the same as in case 1., 1 5 x 106 V/(m ns).

2

1 •

n-

• *

*

0.00 O.O5 0.10

X (mm)

0.15 0.20

tig 14 9 Calculated breakdown value tor a suddenly applied voltage Vb as a function of the gap width X.



page 54 Part 1 Chapter 1.4 Electrical discharges

Fig. 1.4.9 shows the minimum voltage a! which a streamer develops as a function of the

gap width. The voltage lies between 1.4 and 2 kV and depends only slightly on the gap dimension.

The formation time varies between 60 and 500 ps.

The calculated voltages may be somewhat over-estimated. Especially for the high

electrical fields occurring at distances below 0.1 mm, the spontaneous electron emission from

the negatively charged surface can give rise to an important increase of the preionization which

reduces the breakdown voltage It is therefore likely that for very small distances a streamer

breakdown will occur at a considerably lower voltage than indicated by fig. 1.4.9.

1.4.11 The capacity of the laser plates

In section 1 4.7 we have seen that the energy of the emitted light pulse depends on the

impedance Z of the laser plates and the propagation time to along the plates. Since for a given

laser plate surface and inductance, both Z and to only depend on the capacity, it is important to

calculate the value of this quantity. The plate capacity is influenced among other things by the

high voltage and the high frequency, so the calculation is done for various stages in the laser

operation

To derive an expression for Ihe capacity of the laser plates, at first the behaviour at low

voltages is studied For the lasers described in this thesis, the insulation of the laser plates P1 -

P4 consists of thin and fragile plates (see fig 1.5.1). To avoid mechanical stresses after the

assembly, a thin gap is left on both sides of these plates as a mechanical tolerance. The gap is

part of the same gas envelope as the laser cavity and thus filled with nitrogen.

While charging the laser plates, an electrical field Elns will be created within the insulating

material as well as a field Es within Ihe tolerance gap Let t i ns be the dielectrical constant of the

insulator and rs be the dielectrical constant within the gap, then, assuming that initially no

charge is present and that the laser plates are grounded, the relation between the field within

the insulator and the field within the tolerance gap is given by

E s ' s = Ems »<ns (1.4.16)
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^ ^ ^ ^ ^ ^ T ? ? ^ ^ - - -

• " " »

tig 1.4. W Electrical model of a laser plate.

It is convenient to represent the laser plate by the electrical model shown in fig. 1.4.10. It

consists of two condensers in series C ins with a plate distance dm s and filled with insulation

material, and a second condenser Cs with a plate distance ds and the same plate surface, which

represents the capacity of the tolerance gaps on both sides of the insulation. Using (1.4.16), the

voltage V5 across condenser Cs as a function of the total voltage V lol across the circuit in fig.

14 10 is given by

V s = - • •

Vio i f , , l s d s

Fsd,ns+ t"ms

( 1 . 4 . 1 7 )

while the total capacity C lol of the circuit is given by

Clol = .. J

C r*
tns ^s

(1.4.18)

The dielectrical constant of the insulating material (borosilicate glass) is estimated to be

rins - 5 [1.3.1]. We further take d i ns = 0.5 mm and the total active condenser surface O = 6.33 x

1 0 2 m2. Using these values gives C jns = 5.6 nF for the type IA laser.

The total capacity Clo, was measured for the type II laser using a low voltage (30 V) and a

low frequency (7 kHz). Subsequently, this measured value was scaled in proportion to the active

condenser surfaces to a value of C)ol for the type IA laser, giving C lot = 3.6 nF.

We see thus that a minor gap around the insulator plates already leads to a reduction of the

capacity of the laser plates P1 - P4 by 36%. Using the measured data and the calculated value of

Cms gives Cs = 10 nF and ds = 56 |im. Note that ds applies to the sum of the thicknesses of the

tolerance gaps on both sides of the insulating plate.

When the laser plates are put to a high voltage, the value of C)or which was measured at a

low voltage is no longer valid. For instance, if the laser is charged to the operating voltage of 18

kV, then according to (1.4.17) a voltage of 6.5 kV would occur across the tolerance gaps with a
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summed thickness of 56 urn, which is much higher than the breakdown voltages found in sections

1.4.3 and 1.4.10. Therefore, various discharges, often in the form of micro-streamers, will

take place during charging or discharging resulting in a higher voltage across the insulation and

thus in an increased capacity. The discharges are represented in fig. 1.4.10 by the closure of the

switch S.

Taking into account such micro-discharges, we define Cs as Cs = Q/ Vs where Q represents

the charge that has passed the tolerance gaps around the insulation and Vs is the sum of the

average voltages across the gaps. Since the voltage across the insulator is given by Vlot - Vs, Q

can be calculated using Q = Clns(VIO( - Vs). Because in general we do not start at Vto| = 0, we use

instead of V tol the difference between the final voltage and the intial voltage AV. From (1.4.18)

we thus get for the total capacity of the laser plate

Ctot= C lns (1 - vs/AV)- (1.4.19)

The expression shows thit C1ol depends on the ratio V ^ A V - Therefore, AV and Vs are calculated

for three different situations which take place in the laser. Since Vs behaves as a sawtooth with

as a peak value the break down voltage Vj,, while charging the condenser we may approximate

Vs = v b /2 for each side of the insulation.

1. Recharging the laser.

Since this is a process that takes many milliseconds, the behaviour of Vb is governed

by slowly developing discharge processes which are quantified in section 1.4.3. Fig. 1.4.1

shows that Vb = 600 V for a 56 p.m wide gap and varies slowly with the thickness of the

gap. In general, one of the two sides of the insulating plate will almost touch the opposite

metal surface. Then no streamer will be formed, but amplified spontaneous cathode

emission will occur at a small gap voltage. Taking into account the low charging currents

for this case, the average voltage across a very thin gap is estimated to be about 100 V.

Therefore, the average gap voltage summed over both sides will be Vs(1) = 600/2 + 100

= 400 V for all plates P1 - P4 while recharging the laser.

Because we charge a completely discharged laser to its final voltage, we have AV =

18 kV.

2. Fast discharge of PI and P3 during phase 1 - 3.

As explained in section 1.4.10, the real discharge voltage may be somewhat lower

than the calculated value. For X = 56 fim we thus estimate from fig. 1.4.9 Vb = 1200 V

instead of 1400 V. The voltage across the very thin layer on the other side of the

insulator is estimated because of the rather high current, to be of the order of 200 V,

resulting in Vs(2) = -1200/2 - 200 = - 800 V for PI and P3. Note that in this situation
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there is already an opposite gap voltage Vs(1) due to the process described under 1. As a

consequence, initially a bigger voltage change takes place over the gaps and for the

calculation of C,o, using (1.4.19) we have to substitute Vs by Vs(1) - Vs(2).

From the calculated values of the discharge field in section 1.4.4 we obtain AV - -

21 kV.

3. Very fast voltage change of P1 and P2 or P3 and P4 during phase 4.

According to case 2 in section 1.4.10, we get for ds ~ 0.1 mm the value Vb = 1.6 kV.

We estimate that the voltage across the very thin opposite gap, where high currents are

passing which originate from spontaneous cathode emission, to be 300 V. The value of Vs

is for P1 and P3 assumed to be: Vs(3) = 1.1 kV and for P2 and P4: Vs(3) = - 1.1 kV. Since

for P1 and P3 we go from situation 2 to situation 3, Vs in (1.4.19) has to be substituted by

Vs(3) - Vs(2). For P2 and P4 Vs has to be substituted by Vs(1) - Vs(3).

Taking into account the active condenser surface we get for P1 and P3 AV = 9 kV

and for P2 and P4 AV = -12 kV.

Apart from the considerations in this section about the change of the laser plate capacity

due to micro-discharges, the capacity will also be altered by the high frequency dependence of

the dielectrical constant cins. For situation 1 and 2 the value of fms is known from the literature

[1.3.1] and from table 1.3.1 respectively. For situation 3 we estimate ems = 2. The capacity of

the laser plates as calculated by taking into account both the micro-discharges and the frequency

dependence of £ms is listed in the next table.
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Table 1.4.2 Electrical laser plate parameters

quantity plate symbol situation 1 situation 2 situation 3 unit

capacitor voltage change P1; P3 AV 18 - 21 9 kV

P2; P4 AV 18 0 - 12 kV

tol. gap potential

Cjot reduction^

plate capacity

plate impedance

dielectrical constant

P1; P3

P2; P4

P1; P3

P2; P4

P1; P3

P2, P4

P1 - P4

P1 - P4

Vs

Vs

c lo,
C IOI

£ ; „

0.4

0.4

3

3

1.6

1.1

5

- 0.8

-

6

-

.87

-

. 6 1 ¥

2.6

1.1

- 1.1

21

13

.56

.45

.70

2 §

kV

kV

%

%

nF

nF

£2

Concluding we can state that the capacity of the laser plates is considerably reduced

because of both the voltage across the tolerance gap and the frequency dependence of Eins.

However, the micro-discharges around the insulating plates significantly reduce the gap voltage

and thus give a higher capacity.

t due to the voltage across the tolerance space.
¥ trom table 1.3.1.

§ estimated.
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Mechanical construction

1.5.1 Design considerations

In the first design of the two stage nitrogen laser [1.1.2] the two Blumlein sections were

each connected to a separate high voltage power supply with opposite polarity. Both sections

were also connected to the anode and cathode respectively of a spark gap which served as a

short circuit switch to provide the required fast vo'tage change.

In the NIKHEF version the design is simplified such that only one power supply is needed.

Here, both sections are connected to the spark gap anode while the cathode is connected with a

low impedance to the grounded housing. The size of the laser could be reduced by having the

grounded house extend to both sides of the high voltage plates P1 - P4 (fig. 1.1.1) thus doubling

their capacity. A thickness of 10 mm was chosen for the high voltage plates to avoid a high

charge density on the edges and to allow a proper dimensioning of the cavity. This thickness is

also needed to provide sufficient space for the feed-through of the laser light, the high voltage

cables and the adjustment screws since stiff planar plates are used as insulating material.

The laser plates in each section P1 - P2 and P3 - PA respectively, are surrounded by an

envelope of two planar inflexible insulating plates. The edges of the envelopes are insulated from

the grounded housing by a 10 mm thick layer of silicone resin. The laser housing is a tightly

metal closed box to avoid the emission of HF noise and to lower the impedance of the return path

of the spark gap current. To improve the electrical contact between the different parts of the

housing, a copper tapet is applied as a gasket on all relevant points of contact.

The connection to the high voltage power supply is made via a manifold using resistive

automobile spark plug cable. Although in principle these cables are not designed for the current

levels they are exposed to in the laser, no problems have so far occurred. The internal cable

resistance of 15 kiUm provides a very efficient HF damping.

1.5.2 Lifetime of the high voltage insulation

When designing a nitrogen laser, the requirement hardest to fulfil is the reliability of the

high voltage insulation. A small thickness of the insulating material is required to provide

sufficient capacity at modest plate dimensions. Experiments show that for a stable operation

with sufficient luminous energy, a thickness of not more than 0.5 mm is permitted. This implies

that for the supply voltage of 18 kV the field strength in the insulator reaches a value of 36

t Scotch electrical tape type # 1245.

59
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kV/mm. For most plastics this value approaches or exceeds the breakdown limit. Only Mylar and

Kapton have breakdown values of 200 kV/mm which are sufficiently high to expect a reliable

operation of the laser.

However, in practice the operation lifetime for these insulating materials appeared to be

limited to about 10s pulses, as a consequence of the micro discharges in the free space around

the insulation plates as described in section 1.4.10. These discharges which occur at every laser

shot, will degrade the insulating properties of the materials due to the emitted UV light, the local

heat and the radicals produced in the nitrogen atmosphere. The deterioration of the materials

leads to the emergence of intricate conductive paths in the insulator. After a certain number of

laser shots this process inevitably will lead to a breakdown. The ageing effects are worst when

dWdt reaches it highest value i.e. at the moment of the cavity discharge (see situation 3,

section 1.4.11), where the voltage changes by about 10 kV within one ns.

The more rapid degradation of the insulator for high values of dV/dt is illustrated by the

fact that for the oscillator the insulation, which experiences a lower dV/dt, has a longer life

time than for the amplifier.

1.5.3 Choice of the insulating material

The occurrence of micro discharges might be prevented by filling the free space around

the insulator plates with a substance of the same dielectrical constant. The use of oil, well

known from high voltage techniques, was not practical because of the small size of the housing

{pollution problems). It also was reported [1.5.1] not to be fully satisfactory. As an alternative,

a low viscosity silicone resin was tried which was added under vacuum to avoid entrapped air.

However, no positive effect on the life time was observed. The problem of damage by micro

discharges could also be solved by using materials, that are resistant against these phenomena,

in particular inorganic compounds like glass. Simple window glass of 0.7 mm thickness behaved

well for brief experiments in open air, but showed immediate breakdown if mounted in the real

laser housing. At first the locus of the breakdowns was confined to areas with mechanical

stress. However, after elimination of these assembly faults the failures still continued. The

problem might be caused by alkaline compounds (Na2O) within this unpurified material.

More success was obtained with borosilicate glasst of 0.5 mm thickness which is better

heat and stress resistant. Since its transformation temperature is very high [1.5.2], it is well

resistant to the effect of small discharges. Indeed an excellent behaviour was observed,

provided that mechanical stresses were rigorously eliminated. Since the glass is not expensive

and available in sufficiently large dimensions, it was chosen for the series production of the

NIKHEF lasers. So far the break down of the glass insulator could be traced down to childhood

diseases in the design and minor assembly errors. No intrinsic life time of the insulator could

Schott Duran 50.
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yet be determined. One laser recorded recently a life time of 18 millions of pulses [1.5.3], more

than one o'der of magnitude longer than obtained with plastics.

Apart from the improved reliability, the use of the glass insulator doubled the light output.

This is presumably due to the better HF properties The drawback of using thin glass plates as a

construction material is the vulnerability for mechanical shocks. It also requires a meticulous

assembly procedure to avoid mechanical stresses A high voltage of 18 kV over a layer of 0.5

mm thickness appears to be close to the maximum value. In the literature [1.5.4] numbers for

safe operation are quoted which are a factor of 2 lower. Experimentally it has been shown that

breaKdowns start to occur above 22 kV. This means that an overshoot from the high voltage

supply during the charging could be dangerous. Nevertheless, at the normal operation voltage a

reliable functioning has been observed.

1.5.4 Termination of the edges of the insulating
envelope

The use of glass is only possible a'ier solving another design problem namely: the

termination of the four edges. The Mylar anrj Kapton foils which were initially used, were

wrapped as an envelope around the two plates of each laser section An envelope of the same

shape made of glass would be very inflexible, and would thus require very tight and

unachievable tolerances for both the envelope and the laser housing The tmn planar plates have

a certain flexibility lo follow the possible unfiatness of the plates of the housing.

Instead of an enveiope one rnigh! envisage the use of glass plates which are large enough to

avoid discharges across the edges However, for a thin glass plate supported by a grounded

metal surface a big path length is required to prevent spark.,ig For Mylar and Kapton a path

length of more than 5 cm was needed , for giass even 8 cm was not sufficient. We therefore

tried to terminate the glass insulation by PVC bars, g!ued onto the glass with araldite. However,

already after 105 pulses a breakdown occurred, caused by micro-paths formed within the

araldite After various tests, (he best material for the insulation of the edges proved to be a

siiicone moulding resm§, provided that the glass had been treated with a special primer* .Even

after many miflions of pulses, no trace of micro-paths ccuid be observed in the siiicone resin.

* Dow Corning Sylgard 184

t Dow Corning * 92-023
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tig 15 1 Cross section ot a plate ID) ot one ot the laser sections, surrounded by an insulating envelope made

of tv.o Qiass plates (B) and a layer ot silicone resin (A) The envelope is embedded within the

grounded melal housing ;Cj. The clearance ot 0.2 mm between the glass and the housing could not

been shown

The assembly of the insuia'or is shown by the cross section for one of the laser sections

in fig 15 1 The laser plate which is a! a high voitage is insuiated from the grounded laser

housing by she insulating envelope made from glass and siticone resin.

Dunr.g assembly the uncured resm. which behaves as a viscous oil. is poured inio the

vertically placed laser housing which is Kept at a temperature of 35° C. This procedure is

repeated for the three other posssb'e orientations of the iaser It takes one day So cure the

resin, so the full assembly procedure can be dorse within one week In thss way reliable lasers

have been manufactured The rejection rate is about 10%. provided that the assembly is done by

a skilled technician, observing the assemb'y instruction in a meticulous way.

1.5.5 Choice of the remaining construction materials

Most parts of She nitrogen laser are dunng operation exposed to a gaseous atmosphere

containing aggressive ni!rogen radicals which are produced during the discharge in the cavities.

Therefore, a'though the choice of the construction material tor the remaining components is less

difficult than for the high vo'.iage insu'ation. only a dm:ted number of materials can be used. As

for the metals there is a wide choice since the ohmic resistance does not pose a severe

constraint Brass and tron suffer from corrosion probierns; aluminum. stainless steel and copper

are more suited as long as the oxygen concentration of the gas in the laser is kept to a low

value Aluminum is fight m weight, cheap, easy to machine and n can be obtained in plates with

tight tolerances on the thickness and flatness. It ES thus used for mosi of the conductive parts of

the housing However, a thin insulating cx;de layer is rapidly formed on the metal, resulting in a

loss of laser energy and increased HF nosse when used at critical places of the housing. This
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problem has been solved by coppering all critical aluminum parts. The coppered high voltage

plates were covered with chromium to improve the corrosion resistance. Small conductive

components were mostly made of copper

The presence of radicals also restricts the choice of materials (or the remaining insulating

components Nylon and PVC become gradually brittle In plexiglas cracks are formed under

mechanical stress and high voltage. Another constraint is given by the requirement of

compatibility with the curing process of the silicone resin. Many plastics, but especially most

kinds of rubber prevent the hardening of the resin, sometimes even over a range of several

millimetres. Silicone tubing was used within the silicone resin as a feed-through for the laser

light, high voltage cables and adjustment screws, since it is the only known flexible material

that gives a rather good attachment !o the ressn. Non-flexible insulating components were

mostly made from polyester which is more stable than PVC and less hazardous in the case of

combustion. Polycarbonate is used for the spark gap housing and the support bars for the high

voltage plates Pi and P3. It forms a comparatively strong connection with the silicone resin and

has no tendency to form cracks like plexiglass.

1.5.6 Spark gap

-*i '•*- 2 - 3 mm

tig 15 2 Cross section of the original spark gap. built from a semi-spherical cathode (A) and anode (B).

surrounded by the polycarbonate housing (C) The discharge (D) is started by the trigger pin (E)

A! first, the spark gap was made oJ two serni-spherical electrodes of a tungsten alloyt,

mounted withm a polycarbonate housing (fig 1.5.2) The gap was externally triggered by means

of a high voltage pu!se via a sma!! trigger pin built in the cathode The spark gap was filled with

nitrogen at a pressure of 1 5 - 2 5 bar

The initially stable performance deteriorated alter about one million pulses because of

t Mattwy 7S»/. W. 25% Cu
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wear on trie electrodes An even more serious problem was the pollution of the polycarbonate

nousmg. eventually resulting after a few million pulses in the formation of a conductive path. In

the first lasers, the house was cleaned after each frequent replacement of the plastic high

voltage insulation and this phenomenon was therefore seldomly observed

However, after trie introduction of the glass/sihcone insulation this frequent replacement

of the insulation was no longer required. Since cleaning of the spark gap housing was no longer

possible without damaging the insulation, the life time of the housing became ths limiting factor

wiih a maximum life time of a few million puises

The simplest solution to overcome this problem would be the increase of the inner

diameter of the housing This, however, was not possible because of lack of space. Therefore, a

more intricate design was made which is shown in fig 1.5 3 In this design, the immediate

surroundings of the dischaige are fo'mec) by the tungsten cathode ring and the copper cathode

pipe which are both not vulnerable to the intense UV light as well as to the tungsten compounds

emitted at the discharge The improved spark gap operates undisturbed up ti!l about 2.5 x 106

pulses after which stability problems occur due to wear of the electrodes. Repair, however, is

much simpler for she improved spark gap and consists of only changing three small and

inexpensive parts the anode tip. cathode ring and trigger pin.

A F B C D

E

o

-w )•- 2 - 3 mm

'53 Cross sect/an of irre improved spark gap The discharge lakes place between the anode tip (A) and the

cathode ring (B) and is started by the trigger pin (Cj The immediate surrounding o1 the discharge is

formed by the cathode ring and the copper cathode tube (C) The distance between the polycarbonate

housing (E) and the discharge (Fj is significantly increased

This mod;fted spark gap shows in general a stable behaviour with a missing/double pulse

rate below the 1% level The operating pressure ranges from 2 5 to 4 bar at an electrode

distance c! 2 rnm However, the electrical to'd lines between cathode and anode are spread out

by the copper cathode tube This results m a iess reliable triggering 11 might explain why

without any observable cause a part (10%; of the spark gaps cannot be brought to stable
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opera!ion The probiem can only be solved by changing the anode tip. cathode ring and trigger

pi° Also the unstable operation observed in the first few thousand pulses might be due to the

special geometry Stable operation is also not guaranteed if the flush of fresh nitrogen is

considerably lower than the nominal value of 5 I h @ stp

1.5.7 Type IA laser

The type IA laser head was designed for the laser boxes which are mounted onto an octant

of the L3 muon detector and with the boundary condition of an easy production and assembly. As

shown m fig 1 5 4. the amplifier ar.d oscillator section are situated near each other. In this way

a rather thin and broad box was obtained with the exit windows and spark gap forming the

extreme ends The four sides of the glass p:ates(C52 and 53) are closed by silicone resin (not

^nd.cated). as described in section 1 5.3 Special attention is given to the lead-throughs. so as to

ma^ntam the required n;gh voltage insulation

The spark gap is constructed within a protruding tube(C6) to reduce the dimensions of the

lousing as we!! as the volume of the srficone resin The connection stnp(#65) between the high

voltage plates and the spark gap is made o1 0 3 mm thick copper foil The strip to the amplifier

plate is folded so that its length is increased by 10 cm This construction partly accounts for the

tming difference between the two laser sections and also increases the inductance.

The inductance of the strip to the oscillator p^ate was enlarged by reducing its width lo 1

cm The importance of a not too low value for the inductance to the spark gap has been shown in

sect.on 1 3 2

The cavity width can be adjusted by moving the laser plates #44 via giass-epoxy

rotisixe'6j A siiicone tube(#17) ensures the required minimum path iength of 5 cm between high

voltage and ground Four other tubes are used for the feed through of laser l;ghi to and from the

cavities via the window support blocks #43 The light is passing quartz windows, which are

mounted under the Brews'.er ang'e which leads to a minor degree of polarization. The shielded

resistive rugh voltage cabies'#25) connecting the laser plates and the external manifold can be

renewed without dismantling the laser

The location of the external opttcaf elements is indicated m fig 1 1 1 A possible lay-out

for the various opto-mechamcal elements is g;ven m fig 11 5.5 The laser head and the optical

elements are mounted on carriers wirier! can move along an optica! bench In this way the beam

parameters like the focussing, can be easily changed which is useful for experiments in the

laboratory The position of the laser head, either on a carrier on an cp'ica! bench or within the

L3 laoer box, is secured by the two reference notes in one of the mounting s!nps #37. This

enables the easy replacement of a broken head without making a new alignment necessary. Note

that since the beam angle is almost completely defined by t h * external optics, the laser head

only fixes the position o> the exsiing beam
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o

ft I? ' 5 5 General optical set up of the type I A laser The laser head and the optical elements are mounted via

carriers on an optical bench
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1.5.8 Type II laser

The type II laser has been specially designed as a device with small dimensions and a

s.mple geometry in. order to fit in the small space available within the DELPHI detector. The

internally mounted optics makes an easy installation possible but has the drawback that the

internal beam optics have to be realigned after dismantling.

Fig 1 5.6 shows the final lay-out. An intermediate plate(#44) serves as a central part.

Inside, the spark gap. the high voltage mamfold<#1) and the trigger unit (not shown) are

mounted The two insulating envelopes consisting of the glass plates(#34 and 55) and a silicone

resm layer(dotted area) are clearly visible :n the cross section F-F

The optical system is incorporated inside the housing. It is made from miniature elements

which are placed in four channels with a cross section of 10 x 12 mm2, miHed in the two side

plates #9 To make th:s compact set-up possible, four mirrors positioned under 45° near the

windows were added The quartz exit windows #14 are mounted under an angle of 10° to

prevent the reflected light from re-entering !he cavity. After assembly, all optical components

like lenses and mirrors are aligned one after each other with a special alignmen! iool adjustable

in the three coordinates and in two angular orientations. Hereafter, the eiements are fixed by a

bracket m the channel with a fast curing gluet in 'n |s way it was possible to align all miniature

optical elements within the confined space without cornp!icated adjustable supports.

The whole laser is covered by a sobered cap o! thin copper plate (not shown) which

provides a perfect Faraday cage in combination with the copper backplate #49 and a monel

shielding mesh Therefore, the laser can be placed near to sensitive electronics. The laser is

fixed onto a slabfe aiummurn backpiate. incorporating all electrical connections and the beam

exit

Mjitibond 330
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Chapter 1.6

The beam optics

1.6.1. Introduction

For most lasers, the beam is defined by the optical resonator generally consisting of two

parallel mirrors, one fully and one partly reflecting respectively, between which the population

inverted state has been created. The light produced by stimulated emission is forming standing

waves between the mirrors. The loss due to light leaving the resonator is compensated by the

gam of the laser medium.

The divergence of the exiting beam is very small since, due to diffraction, a homogeneous

wavefront has been created inside the resonator. These lasers are characterized by a moderate

gam by stimulated emission.

In contrast, the population inversion in the nitrogen laser lasts only for 1 ns. An optical

resonator therefore cannot work since the laser light has no time lo pass the cavity more than

twice Because of the very high gain, one pass is already sufficient lo produce a large amount of

laser light The exiting radiation is referred to as amplified spontaneous emission. Since in this

case the divergence of the beam is only given by the geometry of the cavity, the quality of the

beam is poor A nearly diffraction limited beam can nevertheless be obtained by means of a more

complicated optical setup

For the pulsed nitrogen laser a coherent beam is obtained by using the Master Oscillator

flower A_mplifier principle A pulsed nitrogen laser working according to this principle at

atmospheric pressure has first been described by Bergmann [1.1.2]. A set-up of two almost

simultaneously firing lasers was used, called oscillator and amplifier respectively Optically.

the oscillator, emitting amplified spontaneous radiation, serves as a light source. The emission

cone of the oscillator is subsequently entering the window of the amplifier, resulting in a huge

amplification of the light passing the laser medium. The amplifier can therefore be considered as

a diaphragm. Since the light gain in the amplifier is very high, (he divergence of the resulting

beam can easily be brought close to the diffraction limit, either by increasing the optical

distance between oscillator and amplifier or by expanding the oscillator beam.

By placing a single mirror close to the oscillator, a small fraction of the emitted light

reenters the oscillator. This results in a narrow beam centered within the broad beam of the

original amplified spontaneous emission.

71
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tig. 1.6.1 (Previous page) Detailed survey ot the external optical system of the IA laser for the standard set-

up apart from the cylindrical telescope which is shown in fig. 1.6.10. VIEW A shows the cross

section in the Z direction of the oscillator cavity and in the Y direction ot the amplifier cavity. In

VIEW B the cross sections in the Y and Z direction respectively are visible. For better visibility the

vertical scale is expanded 27 X. The pinhole is normally not present. All sizes are in mm. The sizes

tor the type II laser are in square brackets.

Fig. 1.1.1 shows the implementation of the MOPA principle for the NIKHEF IA laser.

Experimentally it was shown that one can compensate for the propagation time from oscillator

to amplifier for optical path lengths up to 1 m. This is not sufficient to obtain the required beam

quality. Therefore, a beam expander was added, which reduces the divergence proportional to

the beam expansion factor. For the IA laser an expansion factor of 20 is used, resulting in a

beam quality c'ose to the diffraction limit.

A schematic lay-out of the optical system of the type IA laser is shown in fig. 1.6.1 apart

from the cylindrical lenses downstream of the amplifier cavity which are shown in fig. 1.6.10.

For simplification, the three beam inversion mirrors have been omitted in the figure.

The set-up of the type II laser is comparable but the optical distances and focal lengths are

substantially reduced The beam properties are slightly different.

1.6.2. The apparent dimensions of the amplifier diaphragm

Since the laser medium in the amplifier cavity acts as a diaphragm, the apparent

dimensions of this diaphragm have to be known for the calculation of the beam parameters. To

measure these quantities, a nicely parallel beam was made using the standard beam optics and

directed onto the amplifier cavity. The amplified beam emerging from the amplifier cavity had a

protracted profile in the Y direction.

With a lens the cavity exit was imaged onto a laser energy meter covered by a narrow slit

with the long axis along the Z direction. Fig. 1.6.2 shows the result of a scan done with the slit

moving in the Y direction after correction for the magnification factor of the lens. The measured

beam profile has a rectangular shape with a width of 3 mm, equal to the cavity width. The same

scan was done in the Z direction at the middle of the cavity image with the long axis of the slit

along the Y direction (fig. 1.6.3). Here, the measured profile can be approximated by a Gaussian

with a width of o = 0.35 +/- 0.02 mm. A measurement done at one of the ends of the protracted

cavity image gives an almost equal (+/- 5%) result. The Gaussian shape of the curve reflects

the distribution of the current density within the cavity.

Since the beam profiles in the Y and Z directions are different, also the resulting

diffraction patterns will not be the same. In section 1.A.2 it will be shown that by using an

additional diaphragm both patterns can be made quite similar.
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tig. 1.6.2 Beam profile at the amplifier exit in Y

direction. The width ot the curve corresponds

well with the cavity width.
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fig. 1.6.3 Beam profile at the amplifier exit

in Z direction. The fitted Gaussian has a

width of a = 0.35 +/- 0.02 mm.
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1.6.3 The laser oscillator

Since for a nitrogen laser the divergence of the amplified spontaneous emission is very

large, a single mirror was used as shown in fig. 1.6.1. The path length in the laser medium of the

reflected light is much longer than for the primary amplified light, so by purely geometrical

reasons the divergence is considerably reduced. However, the distance between the mirror and

the centre of the cavity cannot exceed 20 cm because of the very short life time of the

population inverted state.

The presence of the mirror gives rise to a bright line-shaped spot in the beam cross

section, on top of the halo from the primary beam. Fig. 1.6.4 shows the measured irradiance as

a function of the exit angle in the Z direction. The measured points are fitted by a Gaussian with

a width of a = 1.45 +/- 0.05 mrad. The figure shows that the measured divergence is still far

from the diffraction limit.
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tig. 1.6.4 Measured irradiance as a function of the exit angle a in the Z direction tor the oscillator beam using

the mirror. The width of the fitted Gaussian (dotted line) amounts to o - 1.45 mnd. As a reference

the calculated profile of a diffraction limited beam is shown (solid line). The irradiance for angles

more than 2.5 mrad originates from the halo of tne not-reflected light.

To determine the locus of the virtual light source, the beam profile was observed

lengthwise along the oscillator cavity by scanning with an imaging lens. The minimum beam

dimensions were found at a point situated within +/- 2 cm from the cavity exit facing the

mirror. The point is indicated in fig. 1.6.1 as the virtual light source.

One would expect the measured dimensions of the oscillator light source to be equal to the

dimensions of the beam profile in the amplifier cavity which were found in section 1.6.2.

However, as shown in fig. 1.6.5, in the Z direction the measured width of the virtual light

source was found to be o = 0.1 mm instead of 0.35 mm. Obviously, the light emerging from the

oscillator cavity can, when using a mirror, not simply be described as amplified spontaneous

emission, but is already partly coherent.

The profile of the virtual light source in the Y direction resembles that of the beam profile

at the exit of the amplifier cavity, but is far less regular. A typical example of the profile is

shown in fig. 1.6.6. The width of the curve corresponds to the cavity width of 2.4 mm, but in

general peaks can be seen at the edges. The amplitude of the peaks and the degree of asymmetry

depend strongly on the orientation of the mirror and the parallelism of the cavity. Because of the

almost saturated gain in the amplifier cavity, the influence of these irregularities on the final
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laser beam can be neglected.
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fig. 1.6.5 Measured width in Z direction of .he

virtual light source within the oscillator cavity.

The width o of the fitted Gaussian amounts to

o= 0.10 mm. The shoulders are due to the halo.
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tig 1.6.6 Measurement of a typical luminance

distribution of the virtual oscillator light

source in the Y direction. The width of the

curve is equal to the cavity width of 2.4

mm.

1.6.4 The beam inversion system

In section 1.6.2 and 1.6.3 we have seen that both the cross section of the virtual

oscillator light source and of the amplifier beam have the shape of a short line, lying in the Y

direction. In principle, we would therefore have a fairly large geometrical divergence angle

Ogeom (see section 1.A.1) in the Y direction and a very low value of a g e o m in the Z direction. In

contrast, the divergence angle due to diffraction adi ( is small in the Y direction and large in the Z

direction. There is thus a considerable difference in optical quality Qo (=adi | /a t o t ) between the

Y and Z direction.

The difference can be almost eliminated by rotating the beam from the oscillator over 90°.

This results in values of Qo having the same order of magnitude. The rotation, as shown in fig.

1.1.1, is realized by a reflection of the beam against the two sides of a right-angled triangle in

the Y - Z plane.
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1.6.5 The beam expander

Since the divergence of a light beam is inversely proportional to its width, the divergence

of the final laser beam could be further improved by expanding the oscillator beam. Although the

expansion leads to a reduction of the input irradiance, only a moderate reduction of the intensity

of the exiting light is observed because of the partly saturated gain in the amplifier (see section

1.2.4).

For the type IA laser an expansion factor of 20 was chosen as a reasonable compromise

between a small ag e o m and an acceptable reduction of the output power. For the type II lasei a

value of 29 was chosen, somewhat smaller than actually required because of the limited choice

of lenses with a small focal length. a g e o m was calculated for both laser types by using the

numbers given in fig. 1.6.1 and by converting a Gaussian profile to a rectangular profile

according to (1.A.16). Subsequently, the value of a^jf was determined using (1.A.13).

Table 1.6.1 Calculated beam divergence at amplifier exit

unit

jirad

quantity

geometrical divergence

diffraction divergence

geometrical divergence

diffraction divergence

total divergence

total divergence

Y

Y

Z

Z

Y

Z

symbol
ageom

adil

Vom
adil

atct Y
atol Z

type IA

16.7

38.4

90

76.6

38.5

81.4

type
24.5

38.4

134

76.6

38.6

90.0

ixrad

urad

Fig. 1.A.4 shows that in spite of the rather big value of ag e o m in the Z direction, a l o t grows

only by 6% for the type IA laser and by 17% for the type II laser.

Apart from improving the beam quality, the beam expander can also be used for the

desired focussing. When choosing the lenses in the beam expander, both the ratio of the focal

lengths and the maximum usable aperture has to be taken into account. The last restriction

amounts to f/10 - 1/20 for simple spherical plano-convex lenses as explained in section 1.A.3.

Using this boundary condition, the focal lengths were fixed at 6 and 120 mm respectively for

the type IA laser.

Fig. 1.6.1 shows that only a very small fraction of the light from the oscillator is actually

used in the amplifier cavity. VIEW A shows the beam originating from the virtual light source in
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the oscillator, reflected by the mirror and with the opening angle effectively limited while

passing the laser medium. After having passed the beam expander, a very broad beam with a a

of 19.4 mm would have resulted, if the diameter of the first lens had been big enough. Finally,

the beam is limited by the D= 3.1 mm aperture of the amplifier cavity resulting in an energy

reduction by a factor of 15.7. In VIEW B the reduction factor in the beam energy amounts to 125.

The combined attenuation in the Y and Z direction for the oscillator beam would thus be 1960.

Taking also into account the transmission coefficient (80%) of the beam expander lenses made of

BK7 glass, brings the total attenuation factor of the oscillator light of the type IA laser on 3060.

For the type II laser the total attenuation amounts to 2810.

1.6.6 The divergence of the beam exiting the amplifier

To study the quality of the beam emerging from the amplifier cavity, the beam profile in

the Z direction was measured at a distance of 6.12 m. The beam was focussed on this point by

the beam expander. Thus only the far-field divergence was observed. The cylindrical telescope

was not present. Fig. 1.6.7 shows the result of a scan done with a narrow slit. The figure shows

that on the right hand side the measured points fit well with a Gaussian with o = 0.114 mrad. On

the left the light is spread over larger angles. A Gaussian fit over all measured points gives o =

0.163 mrad. This is considerably more than the calculated width of a t o l from the values of a g e o m

and adi| found in the previous section which amounts only to 0.0814 mrad.

The increase of the beam divergence in fig. 1.6.7 may be due to

1. the halo of amplified spontaneous emission around the image of the virtual oscillator light

source.

2. a possible reflection against the edges of the oscillator cavity, resulting in an apparent

lengthening of the oscillator light source.

3. turbulence in the cavity from heat dissipated in the previous laser shot. This disturbance

depends on the firing rate and becomes noticeable above 1 Hz.

4. possible fluctuations in the position and the density of the lasing gas along the cavity.

To eliminate the divergence due to points 1 and 2, one could cut the halo or the reflection

by using a pinhole in the focus of the first beam expander lens with a diameter equal to the

length of the light source image (21.5 p.m). However, it is rather difficult to keep such a small

pinhole free of dust and well centered on the beam.

A somewhat less ideal but much easier solution is found in placing a pinhole of 0 200 |xm
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85 mm upstream from the first telescope lens, as shown in fig. 1.6.1. The pinhole image has a

diameter of 15 y.m and is projected by the first beam expander lens at a distance of only ,4 mm

from the image of '.he oscillator light source. Because of the small opening angle of the light

passing the laser medium in the amplifier, the image of the pinhole has the same dimensions

when observed at the image plane of the light source. The pinhole cuts 30% of the oscillator

light, and therefore according to fig. 1.2.9 diminishes the output energy of the laser 5%.
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tig. 1.6.7 Measured irradiance as a function of the

exit angle a tor the amplifier in Z direction. As a

reference, also a Gaussian having a width of

0.114 mrad is plotted.

-0.2 0.0 0.2

fig. 1.6.8 The same measurement as in the

previous figure, but done with a pinhole. The

measured points fit well to the Gaussian

(dotted line) with a width of 0.114 mrad.

0.4

Fig. 1.6.8 shows the irradiance as a function of the exit angle measured with a pinhole. The

width of the Gaussian is 0.114 mrad. For reference also the calculated curve with a width of cetoi

= 0.0814 mrad is shown. The divergence measured with the pinhole is smaller than that without

pinhole and the curve better resembles a Gaussian. It is still 1.4 times broader however than the

calculated one, probably due to points 3 and 4.

The measurement of the irradiance as a function of the exit angle in the Y direction (fig.

1.6.9) shows a nicely Gaussian profile with a width of octo, = 0.046 mrad, only 20% broader

than the calculated width of 0.039 mrad. This result did not change by inserting the pinhole.
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fig 1.6.9 Measured irradiance as a function of the exit angle p for the amplifier in Y direction. The data points

tit with a Gaussian curve (dotted line) with a width of 0.046 mrad, which is fairly close to the

theoretical curve (solid line) having a width of 0.039 mrad.

Because of the density fluctuations and the possible turbulence mentioned under point 4 and

3 respectively, also some instability in the centre of gravity of the emerging beam can be

expected. A measurement done with a four-quadrant diode using the cylindrical lenses and the

pinhole, gave for the centre of gravity of the beam a RMS deviation of 8.2 urad in the Z

direction and of 24 urad in the Y direction. The instabilities do not change the width of the

measured beam profiles. However, when measurements use the centre of gravity of the beam

for instance in the case of drift chamber calibration, the results may be seriously affected by

this instability. The numbers given above only serve as an indication of the effect. The exact

values depend strongly on the parallelism of the cavity.
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1.6.7 The cylindrical telescope

In section 1.6.2, we have found that the beam cross section at the amplifier cavity exit is

a thin line with a length by = 3.0 mm in the Y direction and a width of oz = 0.35 mm in the Z

direction. According to table 1.6.1, the calculated ratio between the divergence a,oj in the Y and

Z direction respectively amounts to 2.1. The measured ratio has according to the previous

section a value of 3.6. In practice, due to small alignment errors, the value of a t o t in the Z

direction is often somewhat bigger than the measured value of 0.163 mrad.

view B

i

T ' t

view A
! D = 3.1

i
# 3

III
I"!
I
I

[50]

• + f = 100 cyl.

[-12. 71
• + (,= 20 cyl.

T T

Fig 1.6.10 The cylindrical telescope for the type I A laser. The value of the focal lengths is optimal tor a beam

focussed at 1 m from the exit of the amplifier cavity. All dimensions are in mm. The corresponding

distances for the type II laser are given in square brackets.
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For most applications it is practical to have equal beam parameters in the Y and Z

directions. To bring the ratio of the beam divergences ctiotz/a iotY down to 1, a telescope from

cylindrical lenses was devised which is shown in fig. 1.6.10. For the beam width in the Y

direction a reduction factor of 5 was chosen. Taking into account the maximum usable aperture

as given by section 1.A.3 and the limited choice of commercially available focal lengths,

cylindrical lenses with focal lengths of 100 and 20 mm were chosen for the type IA laser. Note

that when the pinhole is used, the conversion ratio for the type IA laser has to be reduced by a

factor of 1.5.
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1.A.1 Definition of the beam divergence

We consider here only the far field divergence of a parallel laser beam* where the

dimensions of the original beam can be neglected. This divergence not only dominates the

dimensions of the beam at large distances from the source, but also determines the dimensions

of the focal point. For the description of the optical properties of the nitrogen laser, it appeared

to be practical to distinguish between divergence due to diffraction and divergence due to

geometrical properties. The following definitions are accordingly used.

i Diffraction divergence angle.

ad i ) is defined as the rms of the angular Fraunhofer diffraction pattern. If the diffraction

pattern has multiple orders, then the rms is only calculated over the first order. We

discuss here only the diffraction of a laser beam of which the profile at the laser exit is

partly described by a Gaussian and partly by a rectangular shape. It is clear that ua\t

depends, apart from the original beam profile, only on the wavelength and the diameter.

i i Geometrical divergence angle.

tjtgeom is defined as the half angle of the divergence caused by purely geometrical effects.

This divergence contributes to the total divergence if the finite dimensions of either the

light source or the diaphragm are not negligibly small.

i i i Total divergence angle.

( i ,o , is defined as the combined divergence from «dl, and ageom

i v Optical quality.

Oo is defined as Qo = udl( /atoV

v Diffraction limited.

A light beam is called diffraction limited if Qo = 1. A calculation of u,o, as a function of

«geom(see fig. 1.A.4) shows that the diffraction limit is approached for «geom< "dit •

t 'parallel' means that the beam is focussed at infinity.
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1.A.2 Divergence from a rectangular and a Gaussian
aperture

We first consider the general form of a propagating light wave of which the luminous

electrical field E is given by the real part of

E = Eo(r) exp{ i(k.r - co.t) (1.A.1)

where

k wavelength number 2nlX

r distance between dS and P

u frequency number

t time.

Subsequently, the irradiance I is defined as

where c is the velocity of light and e0 is the electrical permittivity of the vacuum.

P(X,Y,Z)

Fig 1.A.1 Irradiance in a point P from a light emitting surface S.

For a point P which is irradiated by a small surface element dS situated on a coherent light

source with a plane surface S (see fig. 1.A.1) and a source strength density eA(S), the electrical

field becomes

- 5 ! - i e dS.

r
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The cavity of the nitrogen lasers described in this thesis can be represented, according to

section 1.6.2, by a light source with a rectangular cross section, situated at the end of the

emitting gas cloud which is radiating in the x direction. The luminance L(S) can be approximated

as being constant across the full source dimension b, which corresponds to the cavity width, in

the y direction, but follows a Gaussian distribution in the z direction

L(S) = Loexp(-zz /2a2). (1.A.3)

Defining in analogy to (1.A.1a) the luminance L as

we get for the source strength density along the surface

£A(S) = £Ao exp(-22/4a2). (1.A.5)

Integrating expression (1.A.2) over the total surface of the source in analogy with [I.A.I]

results in

i (o)t - k R ) - b / 2 j k Y y f

_ e —dy

R J- b/2 J

z
2 /
/ 2

4<J
2

 e R d 2 (1.A.6)

in which the real part gives the field at point P(X,Y,Z) at a distance R from the centre of the

surface. The integration over y, in which direction the source strength is constant, gives

- . b / 2 i k Y y

j e R d y = b ^ - ^ (1.A.7)

J b/2 '

h If V
where p y = ? - ! i - l . (1.A.8)

2R

The intensity distribution in the y direction of the out-coming beam is thus given by

. , . s i n pv

| = l 0 b L . (1.A.9)
Py /
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The second integration in (1.A.6) over z, in which direction the source strength has a Gaussian

distribution, can be simplified according to:

1 •'4cr2 dz' (1.A.10)

where p z = 2 o k Z (1.A.11)

2

and z' = z - — — . The irradiance as a function of the output angle in the z - x plane is given
R

by the square of expression (1.A.10) and becomes

2

l = l o e z /2 . (1.A.12)

The diffraction divergence angle is

We thus see that the far-field profile of a laser beam emerging from a source with soft

Gaussian boundaries, is again a Gaussian with oD = 1/(2o k). For a beam focussed at a distance f

from the origin, the relation between the width of the light source (ob) and the focal point (af) is

given by

(1.A.14,

Since in general it is practical to have the same divergence in the y and z direction, a
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comparison was made of the magnitude of the divergence in both directions. Although the

diffraction patterns are not the same for the light originating from a rectangular and from a

Gaussian source strength distribution, they still resemble each other closely. Fig. 1.A.2 shows

the irradiance of both patterns as a function of Py and pz respectively. When scaling pz according

to

Pz= 0.90 (1.A.15)

the two curves almost coincide, especially if in the y direction a diaphragm discriminates all

orders above py = +/- n. The diffraction pattern in the y direction using such a diaphragm is

shown in fig. 1.A.3. The amplitude of the higher orders is less than 0.4%. Since the ionization in

the gas of a particle detector is roughly proportional to the square of the irradiance, the

ionization due to these higher orders can therefore be neglected.

1.0

0.5

0.0

-1.5

•

— ^ ^

- 4 -3

/

-2

/

- 1

r\

0

\

\

1

\

\

2

rectangular
Gaussian

3 4

-3.0 -1.5 0.0

P.

1.S 3.0 4.5

Fig 1.A.2 Fraunhofer diffraction patterns of the light emerging from a rectangular source. The figure shows

the curve of the irradiance I as a function of py for a rectangular irradiance distribution of the

source and the curve of I as a function of P2 for a Gaussian distribution. To obtain a close

resemblance of the two curves, the scale of fiz is expanded according to the relation pz = 0.90 py.
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-0.4 -0.2 0.0

7 (mrad)

0.2 0.4

fig. 1.A.3 Calculated higher orders of the Fraunhofer diffraction pattern due to a slit. The slit is illuminated by

another diffraction pattern which is given by sirr2^ /{) z. The higher orders of this pattern are cut by

the edges of the slit at /) = +/- n. The plot shows the irradiance I as a function of the divergence

angle y in per cents of the peak irradiance at y = 0. The slit is 1 mm wide, the light is locussed and

observed on a screen on a distance of 6 m from the slit. The figure shows that the amplitude of the

higher orders of the pattern due to the slit is less than 0.4%, so the ionization in a counter gas cart

be neglected.

The ratio of the width of the rectangular and the Gaussian distribution which is required in

order that both diffraction patterns coincide, is found by substituting (1.A.8) and (1 .A.11) in

(1.A.15):

b = 4.44 ob • (1.A.16)

The dependence of the total divergence a t 0 , on the geometrical divergence ageOm w a s

studied. The geometrical divergence function which describes the dependence of the irradiance I

as a function of the exit angle a was defined as

- ageom/2 < a < a g e o m /2

a < - «geom/2 U a > - a g e o m 12

(1.A.17)
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For various values of ag e o m along the z axis the geometrical divergence function was convoluted

with the Gaussian diffraction divergence function I = lo e /2 where (5Z = 2o k a and

Fig. 1.A.4 shows the result of the calculation done for adi, = 77 urad, which is the
2 o k

diffraction divergence in the Z -direction for the type IA and II lasers. It is clear that for both

laser types the total divergence is still close to the diffraction limit.

150

•o

150 200 2 5 0

%.om (urad)

Fig 1.A.4 Plot of alot as the result of the convolution of the geometrical divergence function (1.A.17) with the

Gaussian diffraction function (1.A. 12) for various values of a f f eom . The width of the diffraction

function was set at aml = 77 firad, the value for both the type IA and type II laser. The arrows

indicate the geometrical divergence in Z direction of the two laser types. The figure shows that in

spite of a non-negligible geometrical divergence, the divergence of both laser types is still near the

diffraction limit.

1.A.3 Maximum opening angle of a plano-convex lens

We consider the case of a parallel beam passing through a well aligned spherical plano-

convex lens of which the curved side is facing the entering beam. It is well known that the

focussing of such a beam is not perfect, but is disturbed especially by the rays entering the lens
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at a large distance from the optical axis. Aberrations caused by this effect show themselves as

a halo around the bright focus which can be considered as a kind of geometrical divergence.

Since, due to diffraction, the focal point is not infinitesimally small, a certain amount of

aberration may be in practice permitted as long as it is not significantly influencing the

diffraction pattern. Rather arbitrarily, the maximum permissible angle a for this deviation is

set to a value p =1 of the diffraction function. For a uniformly illuminated lens with diameter D

and a focal length f, p is given by (1.A.8). a is thus given by

(1.A.18)

where X is the wavelength and <? = D/f the relative aperture. Since the spherical aberration

strongly increases with <p, the maximal permissible value of <p is quite independent of the focal

length of the used lens. Fig. 1.A.5 shows the calculated focal length f as a function of the

maximum permissible relative aperture <p. The calculation was done for a lens with a thickness d

= 1.55 x 10'2 f and using an index of refraction n = 1.5187, the value of the commonly used

optical glass BK7 at X = 337 nm. The figure shows that lenses with a focal length of up to 100

mm can be used under the condition that <p < 0.1 rad and that for focal lengths up to 1.8 m the

opening angle is limited to <p < 0.05 rad.

1 0 2

m i

\
\

N

— —

U.050 0.075 0.1O0

(p (rad)

0.125

Fig 1.A.5 Calculated focal length I versus the maximum permissible relative aperture q> of a spherical plano-

convex lens.



Part 2

Use of the nitrogen laser for
detector calibration

Chapter 2.1

Laser ionization in detector gases

2.1.1 Introduction

When using a nitrogen laser to generate ionization in a gaseous particle detector, it is

important to know something about the properties of the produced ionization cloud. The ionization

is only constant along the beam if there exists a linear relation between irradiance and

ionization. In all other cases, the ionization depends on the beam cross section. For most gases

used in particle detectors, the relation between irradiance and ionization is nearly quadratic

(see section 2.1.3).

The calculations in section 1 A.2. show that the beam cross section of our laser has an

intensity distribution in the Y and Z direction which approximates a Gaussian. In the following

discussion it is assumed that the reduction factor of the cylindrical telescope is chosen in such a

way that the beam has exactly the same width in both directions. In this way a round cross

section is obtained.

When using a nitrogen laser for drift chamber calibration, it has become common practice

to distinguish three different types of beams: the 'parallel' beam, the weakly focussed beam and

the strongly focussed beam.

i The 'parallel' beam is used if a long track with constant ionization has to be generated, for
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instance to simulate an infinite momentum track for drift chamber alignment. The beam

diameter lies generally between 1 and 3 mm depending on the beam length. If due to

diffraction one has a slightly diverging beam, this may be compensated over a certain

distance by introducing some focussing.

i i The 'weakly focussed' beam is the better choice if only a short ionizatior track is needed.

A rather narrow beam with a diameter of about 1-3 mm is in this case focussed over a

distance of a few decimetres. Near the focal point the ionization does not vary much, so

that a rather short (few centimetres) and narrow (•= 100 jim) track is produced in the

chamber gas, with a width close to that of the ionization profile for charged particle

trajectories.

ii i The 'strongly focussed' beam is an interesting option for applications where a localized

ionization cluster is required. Here a broad beam (0 15-20 mm) is focussed over a

distance of 100 - 300 mm. The ionization cluster has a diameter of about 5 (im at the

centre. 80% of the ionization is distributed over an area of about 0.5 mm along the beam.

Since the position of the focal point only depends en the position of the focussing lens, the

cluster can be easily displaced by moving this lens. It is an ideal way to inject a certain

charge at a well defined moment with a high accuracy to every desired position in the

detector. This option allows the study of fundamental processes in a drift chamber as well

as the measurement of the diffusion of electrons in gases. In ref [2.1.1] - [2.1.3] it is

demonstrated that the trajectories of the drifting electrons can be easily and accurately

measured by this technique.

2.1.2 Set-up of the external beam optics

To be able to produce either of the three beam types described in the previous section, a

general set-up is used as shown in fig. 2.1.1. The beam is first focussed onto a diaphragm which

removes both the spurious light from internal reflections in the various optical elements and the

higher orders of the diffraction pattern in the z direction (see section 1.A.2). The distance

between the laser and the diaphragm can have every value above 0.5 m.
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2.1.1 Set-up of the external beam optics.

Immediately behind the diaphragm a beam splitter is piaced, generally a parallel glass

plate which is put under an angle. The light is focussed onto a fast photodiode* to provide both a

reference time and a reference amplitude. Neutral density filters placed in front of the diode

with a total attenuation of the order of 104 prevent saturation of the diode.

The transmitted light passes a beam width adapter (BWA) which converts the beam

diameter to the required value and focusses the beam slightly if necessary. In the case of the

weakly or strongly focussed beam, a focussing lens F is placed behind the BWA. The distance

between F and the BWA can be chosen rather freely, especially when the beam diameter is large

and provided that the beam is parallel. In general the beam is deflected by a set of mirrors,

which are mounted on a translation stage between the BWA and F to enable accurate beam

positioning. In this way a scan perpendicular to the beam axis is possible. The focal point of the

weakly or strongly focussed beam can also be moved along the beam direction by mounting the

lens F onto another translation stage.

In most cases, simple spherical plano-convex lenses can be used taking into account the

maximum opening angle <p given by section 1.A.3. When using the strongly focussed beam

however, because of spherical aberration F has to be an aspherical laser focussing lens or an

achromatic lens or a spherical plano-convex lens in combination with a meniscus lens.

The aspherical laser focussing lens is the best solution, but expensive and difficult to

obtain. Achromatic lenses work well in general, but often show a bad transmission, depending on

the manufacture. The combination of a spherical plano-convex lens with a meniscus lens can only

be used for opening angles up to about 1.5 times the limit set by spherical aberration.

Generally optical elements made from the easily available optical glass BK7 can be used,

resulting in an additional loss in intensity of about 10% per element. Only when such losses

cannot be accepted, quartz has to be used. It is advisable to use as mirror a glass substrate with

type FND 100, EG&G.
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a special multilayer coating with a very high reflection coefficient. Aluminum appears not

suitable fro this since it easily corrodes, possibly because of traces of ozone produced by the

laser, resulting in large reflection losses.

2.1.3 Relation between irradiance and ionization

The mechanism of the laser photo-ionization in drift chamber gases has long been an

unexplained phenomenon and is in the case of the nitrogen laser still not completely understood

for the wavelength of 337 nm. For the gases which are commonly used in a drift chamber the

ionization potential is always higher than 10 eV. Photo ionization with light of 337 nm (3.67 eV)

would therefore only be possible if at least three photons are involved. Given the moderate

energy used (= 10 JJ.J/ mm2), such a process is not very likely. It was therefore suggested

[2.1.4] that impurities with a lower ionization potential might explain the observed ionization by

two photon absorption. The fact that the ionization by nitrogen laser light disappears if the gas

has been cleaned extensively proves that this is presumably the true solution [2.1.5].

What kind of impurities can be expected? lonization potentials as low as 5 eV are found for

a few molecules (alkali metals, TMAE). Since these are chemically very unstable, they are

unlikely to be present in counter gases. A few groups of organic compounds, like the amines and

analines have ionization potentials of the order of 7 eV and could be stable candidates for such a

process. For laser light of 265 nm toluene and phenol have shown [2.1.6] to be possible

candidates for the 'natural1 impurities in the drift chamber gas. However, no 'natural1 compound

active at 337 nm has yet been traced.

Evidence for the existence of a two photon process was found by measuring the relation

between the irradiance I and the number of ion pairs n produced per unit of length and unit of

surface

n = CI° (2.1.1)

where C being a parameter depending on the wavelength, the duration of the laser pulse, and the

ionizable compound. Since the photonic absorption rate is generally proportional to the luminous

flux, in the case of a two step absorption a value of 2 for a might be expected. However, a

(partial) saturation of one of the two steps will lead to a reduction of a. According to an

assumption by Bourotte and Sadoulet [2.1.4], the two step process at 337 nm would take place

via a short living (10~16 - 10 '1 7 s) intermediate level. Measurements show 1.5< a < 2,

depending on the kind of the impurity. This is an indication that indeed more than one step is

involved. Experimentally it is found that for a standard, not specially cleaned, chamber gas a
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337 nm laser beam with an energy of 10 nJ and O = 3 mm will produce about 10 ion pairs per

cm track length lor a = 1.7.

For accurate calibrations it is desirable to add suitable ionization agents to better control

the laser ionization. An increase of the ionization by a factor of 10 - 20 can be accomplished by

adding small quantities of so called seeding agents to the chamber gas. The liquids di-ethyl-

aniline (DEA), IP = 6.99 eV and di-methyl-aniline (DMA), IP = 7.14 eV [2.1.7], were often used

for this purpose. The vapour pressures of these compounds are of the order of 100 ppm. The

value of a is measured to be between 1.8 and 2 which is higher than for undoped gas and thus

results in a better confinement of the ionization. Unfortunately, these chemicals are toxic, are

absorbed by the chamber walls, and moreover affect many plastics.

An agent with less drawbacks is found in tetra-methyl-phenylene-diamine (TMPD), a solid

with a vapour pressure of the order of only 1 ppm, which is generally applied in even much

smaller concentrations. The agent is added to the chamber gas by letting the gas flow through a

bottle over a few grains of the agent. The low concentration is obtained by doing so periodically

with a low duty cycle (= 0.1 %) or with very low frequencies (of the order of once a month)

during a few hours. This concentration is comparable with what one would expect for the

concentration of impurities in a drift chamber gas. It is low enough to not create any health

problems, it does not react with the chamber materials or affect the life time of the chamber.

For a a value of 1 .f> is found which indicates partial saturation, and possibly explains the very

high efficiency in ionizing the chamber gas. The relatively low value of a is on the other hand a

drawback since it reduces the confinement of the ionization, especially in the case of the

strongly focussed beam.

2.1.4 Calculation of the beam width

Let us consider the behaviour of a coherent beam with a square cross section and

proceeding in the x direction from a point x = 0 where we have placed a focussing lens. The

intensity of the beam at x = 0 has a Gaussian distribution. As shown in section 1.6.6 and 2.1.2.

this is a good approximation for the beam profile at the external diaphragm. As long as

diffraction is not taken into account, the width of such a beam decreases linearly to zero as a

function of the distance x according to o = (f - x) ob/f, where f is the focal length of the lens and

ob the beam width at x = 0. The width of the Gaussian diffraction pattern at a position x is given

by o = x o, / f, where o, is the width at x = f.

The total beam width ox is obtained by adding these two contributions quadratically.
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This expression represents a parabola in x with a minimum, the so called 'waist', at a value

2
f o b

Xmin=— (2.1.3)

while the width of the waist is

avlXmin) = — • . (2.1.4)

ob + Of

Expression (2.1.3) shows the somewhat odd phenomenor that the minimum beam dimension

is not located at the focal point, but somewhat closer to the beam origin.

For the 'parallel1 beam the beam optics is adjusted such that o, = ob. The useful range of

the 'parallel' beam lies between x = 0 and x = f. Under these conditions and using relation

(1.A.14), the beam width is given by

where k = 2n/X. The width of the parallel beam thus grows slowly - as the square root of the

focal length - with the useful range f. As an example, a 10 m long bears has a width of ob = 0.52

mm. A 0.5 m long beam has still a width of ob = 0.12 mm. Therefore, in practice no "parallel"

beam can be made with a diameter smaller than a few tens of a mm.
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W l l l l
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fig. 2.1.2 'Parallel' laser beam focussed by a lens on x = t. At an intermediate point (the waist) the beam is

considerably narrower.

In the case of the weakly focussed beam and even more so for the strongly focussed beam

it is not necessary to consider the phenomenon of the waist. <jf is here considerably smaller than

ob so that xmin» f and ax(xmi r j = a,. As an example we consider a weakly focussed beam with ob

= 0.25 mm. If the beam is focussed with f = 200 mm we have o, = 21.5 pirn, and hence ob - 12

a f. The parameters for the waist are xmjn = 198.5 mm and ox(xmin) = 21.4 urn, indeed nearly

equal to f and a,.

The variation of the beam diameter in the vicinity of the focal point determines for a

strongly focussed beam the confinement of the ionization cluster. The width at a small distance

6f from f is given by substitution of x = f (1 + 8 ) into expression (2.1.2) and can be

approximated by

2r .-, 2/ 2 2 / \
ox [x = f (1 + 8)J = Of 1 + 28 + 8 °b / 2 . ( 2 . 1 . 6 )

The minimum width at the waist is obtained for a certain negative value of 5.

In the case of a weakly or strongly focussed beam where a, « ab , we can approximate

^(XmiJ " Of- Expression (2.1.6) shows that a x
2 starts to rise significantly for |8| > a t /ob . We

therefore can neglect the second term 2 5 over the whole range of x and obtain

[x =f (1 +8)] = a,* 1 (2.1.7)
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2.1.5 Relation between beam cross section and
ionization

If u = 1. then the lonization along ihe beam is constant. For other values of u the

depends on the cross section ol the beam We consider a round beam cross section wiifi a

Gaussian profile having a widlh o(. The beam cross section is centered in the y z pSane on (0.0)

The irradiance I is given by

2
2 JI o.

(2.1.8)

The number of ion-electron pairs n produced per unit of length at (y.z) over a small area (dy.dz)

is according to (2.1.1) given by

n dy dz = C

2 2
y . z

1 e 2 o, d y dz .
2

TI o, I

(2.1.9)

The width of the ionization track depends on a according to

o i o n = - ^ . (2.1.10)

The reduction of the track width is often an advantage.

Integration of expression (2.1.9) over y and z gives the total number N of electrons

liberated per unit of length along the beam

Clo

2 n

2a .2
(2.1.11)

where c = <2 K )' '

For a = 2 the ionization along the beam is thus inversely proportional to the cross section of Ihe

beam.
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2.1.6 The ionization density along the beam

The previous section shows thai the lonization ever; along a 'patsii&t' beam is nol co?35l

For ii = 2 and cb = a, the variation amounts to a (actor of 2 according so expression (2 1 '1J

section 2 2 2 a method is described to eliminate this drawback The beam is matte

diverging (virtual focal point at -70 m). The diaphragm D in fpg 2 11 in the aboul 3 mm

beam leads to interference patterns These patterns reduce the irradiated area along she toeam

and thus compensate for the lonization loss by the divergence

On the contrary, the strongly focussed beam is intended to confine Ihe lonization wiiftin a

small volume around the focal point. Substituting (2.1.7) into (2 1.11) gives Ihe relation to Ihe

number of ion-electron pairs N generated along the beam per unit of length al a distance 6 J tora

the focal point

N(5) = C io,-2 <"2(1 + 8 2 o b
2 / o , z ) " > \ (2.1.12)

Integrating N(5) for a = 2 and substituting the relation between ob and a, (1.A.14) gives tor the

lonization M between x = f (1- 5) and x = f (1+ 5)

| (a = 2) (2.1.13)
a,/

where the total ionization M to l produced over the full beam length is given by

2

M,oi = £ ^ - 1 . (2.1.14)
2 f

Note that M lo l does not depend on the beam width ob.

For the focussed beam it is important to know how well the ionization is confined around

the focal point. If a certain fraction x of the total ionization is located in the range

f - f 6 < x < f + f 8, then the length of this range as a function of t follows from (2.1.13) and is

given by

2

I = 2 f 8 = tg f t * / ) - ! — . (a = 2) (2.1.15)

k ob

For typical working conditions i.e. ob = 4 mm, a focussing lens with f = 200 mm and o = 2.

80% of the ionization is according to this relation confined to a range with a total length of 0.41
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the two ionization sieps

Also lor ihe 'parallel' beam the lomzatnon along the beam can now be calculated. If ab = o,

then ihe width at Ihe waist is given by

o=~. (2.1.16)

The variation of Ihe ionization density as a function of a is in this case given by

^ = 2 " * ' (2.1.17)

Nw

where No is the ionization density at x = 0 and N w the ionization density at the waist (x = f/2).
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ELECTRON DRIFT VELOCITY CLOSE TO A SENSE WIRE
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Using a focused V V nitrogen laser beam, electrons were liberated from an argon ethane gas mixture in a dnft chamber. The drift
time was measured for distances from the sense wire belween 30 mm and 30 [im. From these measurements a dnft velocity curve was
derived for electric field strengths between 1 and 15 kV cm

I. Introduction

The reconstruction of trajectories, of particles passing
close to a drift chamber sense wire is generally com-
plicated b> the in homogeneous electric field near the
wire and the cot responding deviations from a constant
drift velocity Accurate calibration measurements, how-
ever, have become possible with UV laser-induced toni-
sjtion |J.2|. In particular the cluster of electrons gener-
ated in the focus of a strongly converging UV nitrogen
laser beam [3| opens up the possibility to measure the
drift time in the immediate vicinity of the wire. In this
article we report such measurements in a drift chamber
filled with an argon/ethane mixture. In a parallel ex-
periment, the st/e of the electron cluster was determined
by measuring the pulse height as a function of the
cluster position.

2. Setup

The experimental setup is shown in fig. 1. A NIKHEF
type I nitrogen laser (4|. emitting a short light pulse at a
wavelength of 337 nm. and a beam expander were used
to produce a 2 cm wide parallel beam. The beam was
focused with a lens (achromatic to avoid imaging errors)
to a point with a lateral dimension of 3-4 u.m in a drift
chamber. The chamber had a plane of 24 sense wires of
20 urn diameter alternated with cathode wires of 50 jim
diameter (fig. 2). The beam and the lens could be
moved >n the drift direction with an accurate stage with
a readout accuracy of 1 jim. With a second stage,
moving orthogonally to the first one. the lens and thus
the focal point could be positioned along the beam
direction.

dnti
direction

Fig. 1. Optical setup of the strongly focused laser beam.

drift
direction

F S F

X

* Now al Philips. Eindhoven. The Netherlands Fig. 2. Configuration of sense wires (S) and field wires (F).
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1 lit ilnfi chamber « js filled with a dl 34 mixture of
argon ethane and an addition of a saturated \apor of
N.Ndielhvl-anahne (130 ppnil I he amplified signals
I rum a lew wires were read out h\ a discriminator with
the level set to 10't of the nominal pulse" height, fol-
lowed b\ a CAMAC" TIX' to measure the drift time
I he /,, of the I IX' was defined by the pul.se of a
lighl-sensiti\e diode in the laser beam.

A. Measurements

I ig 3 shows ihe drift time measured when moving
the focal point across the wire plane. The ionisation in
the cluster was adjusted to a level of about 200 primary
electrons. h\ means of neutral-density filters in the
beam Mainlv due to shadowing effects experienced by
the broad converging laser beam from the upstream
wires, close to the sense wire the amplitude of the signal
decreased to S.Sf of the nominal value. The data points
are corrected for the small deviation in the drift time,
caused b> this effect, according to the formula:

' J /;,„«•„. + 1.771"log(/J//Jn).

where /d is the corrected drift time. 7"d mi;aN the recorded
lime. .4 the recorded amplitude and An the nominal
amplitude at a drift distance of 3 mm. The constant
factor of 1.77 was determined by measuring the relation
hetween pulse height and drift time for a given drift
distance.

Another correction was made to compensate for the
broadening of the electron cloud by the longitudinal

04 03 0 2 0 1 0 0 01 02 03 04

Fig. .1. Dnfl limes < T) as a function of Ihe drift distance (X) in
a region close to the sense "ire.

10 ' 10° 10' 10?

X (mm)

Fig 4. Drift velocity (>'d) deduced from the drift times in fig. 3
as a function of the drift distance (X). The horizontal bars

indicate the region used for the drift velocity calculations.

diffusion. Using for the longitudinal diffusion a value of
150 [im/v/cm |5]. for the drift velocity a value of 50
(im/ns, and assuming that the discriminator fires when
10? of the charge is collected, the distance between the
firing point of the discriminator and the center of the
electron cloud was calculated. The drift lime corre-
sponding to this distance was added to the measured
drift time.

To investigate whether the result was affected by
mutual electrostatic repulsion in the electron cloud, the
measurement was repeated with only 20 primary elec-
trons. No significant difference was observed.

The drift velocity was deduced from the recorded
drift times. Figs. 4 and 5 show the result as a function
of the distance to the sense wire and as a function of the
calculated electric field strength for a given distance,
respectively. The horizontal bars in the graphs corre-
spond to the small region over which the drift velocity is
calculated. Fig. 5 shows the well-known effect that in
argon/ethane the drift velocity decreases for high elec-
tric fields. One observes that up to 10 kV/cm the drift
velocity dees not deviate more than 10% from the
asymptotic value which is already reached at about 1
kV/cm.

Of course the results presented here are only valid as
long as the biggest cluster dimension - i.e. along the
direction of the beam - is small compared to the drift
distance. The cluster length was determined by moving
the focal point of the laser along the beam direction.
The beam was focused at a point 1 mm from the wire
plane to minimize transverse diffusion. The charge col-
lected on the sense wire was recorded as a function of
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10 10 10'
E (kV/cm|

Fig. 5 Drift velocity {Va) versus the electric field ( £ ) at the
distances given in fig. 4. The horizontal bars indicate the region

used for the drift velocity calculation.

a i
E

no
Y{mm)

Fig. 6. (a) Pulse amplitude when moving the focal point along
the beam direction, (b) Differentiation of the curve in (a): 80%
of the ionisation is contained within 520 (im, and the central

10% (shaded) is confined in only 42 \im.

the position along the >'-axis. The amplitude decreases
as soon as a part of the laser-induced electron cloud is
collected by the adjacent sense wire. This effect is seen
in fig. 6a

The length of the cluster in the direction of the laser
beam can be derived from the steepness of the slope,
assuming that transverse diffusion can be neglected.
80% of the lonisation appears to originate from an area
about half a millimeter long (fig. 6b). This value justifies
our original assumption that the cluster length is rather
small and validates our measurement method.

On the other hand one might conclude from this that
the cluster dimension is too big to allow accurate mea-
surements for drift distances under 0.5 mm. However, it
can be shown that only a small central region of the
electron cloud is responsible for the drift time measure-
ment. At least the first part of the leading edge of a
drift chamber pulse is proportional to the collected
charge [6). Therefore, with the discriminator level set at
10% of the pulse height, the moment of triggering is
determined by the 10% of the charge arriving first.
Since, for short drift distances, the drift path to the
sense wire is considerably longer on the tails of the
electron distribution along the laser beam than for the
center, the first 10* of the charge originates from the
center of the electron cloud.

Fig. 6b shows that this fraction of 10% corresponds
to an area only 42 urn long. At some points this length
is increased to 70 urn because of the amplitude reduc-
tion close to the sense wire. As a consequence, the
measurements presented in fig. 3 are valid for nearly all
drift distances.
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Results are presented from a feasibilitv studv of ihi* use of IV nitrogen lasers for the alignment of a large svstem of stacked drift
chambers 1 hev prove lhat a straight line calibration is possible over j distance of X n: with deviations of less than 10 um The results
could be reproduced h\ a computer simulation

1. Introduction

Alignment of drift chamber svMctns over large dis-
tances has become a necessary requirement for obtain-
ing high accuracy in large particle detectors, lonisation
tracks produced by a IV laser beam are particularly
suited for this purpose as (he laser beam itself is unper-
turbed by magnetic fields and can be spatially con-
trolled with very high precision |1.2]-

In a previous paper [3| a 4 m long straight calibra-
tion line generated by a laser was proven to be possible.
In one of the applications, the L3 muon chamber sys-
tem, even longer beams of up to K m are necessary. A
straightforward extrapolation of the technique de-
scribed in ref. |3) turned out not to give the required
accuracy of better than 20 fim.

In this article, we first describe an alternative optical
system which enables a laser calibration within the
desired tolerances over such large distances. Secondly
we present the rcul'1' °f a simulation model which takes
into account the various aspects of the interaction of the
laser beam with a drift chamber and its electronics. A
surprisingly gcxxl agreement was found for the pulse
shapes, the variation along the beam of the lonisation
and the drift lime measurements.

2. Experimental setup

Fig. 1 shows the test setup including the laser, opti-
cal system and the drift chamber used for this investiga-
tion. The home built nitrogen laser (fig. 2) emitted 50
n) pulses of 0.8 ns at 337 nm. Perpendicular to the laser
plates (corresponding to the drift direction in the cham-

• Now at Philips. Eindhoven, The Netherlands
•• 1.3 wire amplifier NIKHF.F NH19-6U2.

her) the beam intensity had a (iaussian distribution and
the divergence was mainly limited by diffraction. The
beam width in the direction parallel lo the laser plates
increased slightly when the laser repetition rate was
changed from 1 to 5 H/.. This effect could be com-
pensated by readjusting the distance between the cylin-
drical lenses C'Ll and (1.2 in fig. 2.

In this setup the laser beam profile can be regulated
in the following ways:
(1) Adjusting the distance between the lenses ("1 and

('2 of the beam width adapter (BWA) the beam
focal point can be controlled.

(2) By changing the ratio of the focal length of the two
BWA lenses, the beam diameter can be controlled.

(3) By reducing the diaphragm opening I), interference
phenomena are invoked which appear lo be essen-
tial for the straight line calibration.

The drift chamber used was a test model for the L3
muon chambers [5| using 5.4 m long gold plated tungs-
ten (0 =20 itm) sense wires. The wires were connected
to fast preamplifiers **, followed by low slew leading
edge discriminators. The chamber was operated with an
argon-ethane mixture in a ratio of 61 :39. About 60
ppM of N.N-diethylaniline was added to provide a
stable laser ionisation. For this admixture the relation
between the number of liberated electrons per unit of
length (nc) and light intensity (/) for the wavelength of
the nitrogen laser (337 nm) is given by |6):

Most measurements were done at a voltage setting for
which the electric field in the drift region was calculated
to be 825 V/cm. The drift velocity for this electric field
value was assumed to be 51.5 pm/ns, based on previous
measurements [5].

The setup is shown in fig. 1. The section of the laser
beam observed in the chamber can be shifted over 10 m
by moving mirror assembly A along an optical bench.
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reference diode.

absorbers-
C, C

-—e—e

.r
• B * "

500 BWA 200 500-6500

Fig. 1. Optical set up for the straighlness check of the laser beam. The beam characteristics are controlled by the beam width adapter
lenses Cl and C2 and by the diaphragm D.

Measuring the laser beam edge directly from drift times
in the chamber for various positions of A requires an
optical bench of a quality that was not available. There-
fore an other method was used. Using mirror assembly
B, mounted on a precision stage, measurements of the
drift times 7", and 7\ were taken at the positions 1 and
2 respectively, each averaged over 100 laser shots. The
distance between positions 1 and 2 was reproducible to
a few micrometers. The drift time sum (7, + T2) was

then determined for various positions of A. Note that
(7*| + 7"2) is not affected by possible errors in the optical
bench. In this way positions along the 10 m long laser
beam were scanned. (7", + T2) was corrected for the
propagation time of the laser light to the drift chamber.

A linear relation between the mirror assembly A
position and the drift time sum (7*, + 7"2) implies that
laser induced events can be used to simulate straight
particle tracks in a system of drift chambers, under the

Fig. 2. The light path in the nitrogen laser. The beam is focused onto the diaphragm by the telescope lenses LI and L2. The originally
line shaped beam profile is converted into a more or less round one by the cylindrical lenses CLl and CL2.
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assumption lhat the laser beam is symmetric. The
calibration line obtained from the drift time sum mea-
surements is not necessarily parallel to the line passing
through the center of the laser beam since the beam
profile is not the same over its full length. The cor-
rectness of ihe linear relation and its dependence on the
various settings of the optical system, the threshold level
of the discnmin nor and the sense wire electronic-
parameters will be described in the next section.

J300

3. Results

The experiment started by taking measurements with
optical settings similar to the ones described in ref. |3).
In that case the beam was focused on a point 6 m away
from the diaphragm D so that a useful calibration line
of 4 m was obtained. The diameter of the beam at the
BWA was equal to the diameter at the focus. As a
consequence a waist having higher ionisation is formed
between the diaphragm and the focal point [4J. The
diaphragm did not cut off the beam for the settings
used. In order to get an 8 m long useful calibration line
the optical parameters were scaled. The results turned
out to be unsatisfactory as can be seen in fig. 3. where
the drift time sum (7", + T2) of one sense wire is plotted
as a function of the optical distance (-V) between the
sense wire and the BWA. No straight line within the the
required tolerance of 10 fim could be drawn through
the measured events.

The situation could be improved after systematic
investigation of the three parameters of the beam shap-
ing optics as described in section 2, leading to substan-

— - - - 1 too

300

2001
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555.

100

10
x(ml

Fig. 3. Variations in the drift time sum (T, + T2) and corre-
sponding drift distance (Y) for various optical distances from
the BWA (X). The zero point of Y is arbitrary. The diaphragm
is 2.2. mm, the beam is focused at 15 m, the drift distance is 15
nun, the averaged amplitude of the chamber pulse is 4.2 times

the discriminator threshold voltage.

= /0exp(-r72/2).

Fig. 4. The same as in fig. 3 for ihe new settings. The
diaphragm is 3.6 mm. the beam is focused at - 75 m. V^ / Vlit

= 10. The rms deviation from a filled straight line corresponds
to 4.5 fim (first and last point excluded).

tially different settings from the ones described in ref.
(3J. The optical setting with the best result appeared to
be:
(1) A beam width at the BWA of a = (1.04 ± 0.10) mm,

the beam profile being described by a Gaussian:

(2)

where I(r) is the light intensity at a distance r from
the centre of the beam.

(2) A focus between infinity and / = -75 m, which
means a slightly diverging beam.

(3) A diaphragm opening with a diameter of 3.6 mm.
As a result the edges of the beam were cut off at
| f |=1 .8 mm and diffraction patterns could be

observed.
In fig. 4 an example of the measurement of (71, + T2)

as a function of X is shown. Numerous measurements
of (7", + r2) as a function of .V were taken under these
optical conditions for various values of the ratio of the
voltage of the sense wire pulse (Kch) and the threshold
setting of the discriminator (V^). For all measurements
straight lines were fitted between X = 2 m and X = 10
m. The rms distance to the calibration line was used as
an indication of its straightness. In fig. S the rms
deviation is plotted as a function of the ratio ^h/Kh-
The figure shows lhat for values of VaJV±>4 the
deviation from a straight line is smaller than 10 j*m.

Several checks were made to investigate the sensitiv-
ity and reproducibility of the results. The optical
parameters were slightly varied, the measurements were
repeated several times, but the results only varied within
the expected error region.

The straightness of the calibration line was also
studied for laser beams which were not parallel to the
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oL-,
O 2 6 8 10

y,. /v... —

Fig. .V Relation between RMS deviation from a fitted straight
calibration line for ten points over S mm (nils) and relative
pulse amplitude (t'lh l',h) The diaphragm is .1.6 mm. the

bean) is fix:used at infinity, the drift distance i.s 15 mm.

sense wire plane. An angle of incidence of 4° with
respect to this plane was chosen, corresponding to a
time shift of 14 ns from one wire to another. As the
avalanche induced crosstalk was rather high (12%), the
pulse heighl in the leading edge of the sense wire pulse
is reduced. This results in an increased drift time. How-
ever, no .significant effect on the slraightness of the
calibration line could be observed.

For the la-̂ er beam energy of 8.5-10 fiJ used in these
measurements, the ionisalion in the chamber was found
to be of the order of 150 ion pairs per cm. In fig. 7 the
ionisation measured as a function of X is shown. A
slight decrease for high values of X can be observed for
a diaphragm opening of 3.6 mm and a focus at / = — 75
m. This is in contradiction with the rapid decrease
expected due to the beam divergence. Apparently the
decrease is compensated by enhancement from the di-
aphragm induced interference patterns.

4. Model calculation

A computer program was written to simulate the
response of the drift chamber to the laser beam. The
simulation includes the calculation of the laser beam
profile, the generation of the ion clouds, the influence of
the drift path differences near the sense wire on the
pulse shape, the broadening by diffusion of the electron
cloud and the effect of the electrical wire characteristics.

The beam profile, which is influenced by the di-
aphragm cutoff, can be described by the Fresnel diffrac-
tion theory [8J. For its computation the Huygens-
Fresnel principle of imaginary oscillators was used. A
numerical approach was chosen as the analytical solu-
tion was difficult to evaluate. The calculation started
from a rectangular grid of light sources on a circular
area (the diaphragm), the intensity distribution was

given by a (iaussian (2): (he experimental parameters
for the beam shaping optics were used The curved wave
from of a focused beam was simulated by introducing
phase shifts depending on r. The profile along the beam
was found by adding for each point the contributions of
the light sources on the diaphragm surface. Using rela-
tion (1) the lonisation distribution was obtained.

The sense wire signal was assumed to be propor-
tional to the flux of primary electrons. Kach electron
was supposed to yield a Ciaussian shaped pulse with a o
of 10 ns This is certainly a good approximation for the
first part of the rising edge of the sense wire pulse where
the influence of the ion space charge is still small, ll is
this part that triggers the leading edge discriminator.
The time dependence of the signal was found by in-
tegrating slices of the laser induced ionisation track for
each possible drift path. The lime difference between
the various drift paths was experimentally obtained for
this drift chamber using a strongly focused laser beam
as described in ref. [7j.

The effect of longitudinal diffusion was calculated
by a convolution of the signal shape with the Ciaussian
diffusion function. The a of this function was found
from:

Od - < ! , / > ' / C j , (3)

where a, is the diffusion parameter of 180 ( im//cm , Y
the drift distance in cm, and Cj the drift velocity of 51.5
/im/ns.

The dispersion of the pulse when propagating along
the sense wire was taken into account by considering
the wire as a number of RLC networks. For R the value
of 270 12/m was used, a result of the calculation of the
Ohmic wire resistance at the skin depth at 300 Mhz. For
C the measured value of 14 pF/m was taken. The value

t-MEAS
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Fig. 6. Comparison of the measured and calculated drift times
(T, + 7"2) along the beam. The zero point for the calculated
time is arbitrary. The diaphragm is 3.6 mm, the beam is
focused at - 75 m. the drift distance is 15 mm, K*/*Ui~ 5-7-
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t ig 7 lomsalion along ihe beam i l l measured with di-
aphragm * d mm. nf«.,1(1, 1 (14 mm. fivus at 7S rn y2) Idem
calculated. |.1) Mom calculated wilhuul .1i.iphr.ipm "lH.,,m - I 0

mm

•\s .1 third and last check fur the correctness of the
model, the rising edge shape of the drift chamber pulse
was calculated l- \pcrimcnialh. the shape can be de-
termined i">\ measuring the drift time for tarious values
°f '!ii ' ih- '•'& x shows this dependence which is
nothing else but J logarithmic display of the pulse
shape Again a nice correspondence between calculation
and measurement is found Starting at l\h/ I',,, - ^ the
dependence is almost a straight line, with a slope corre-
sponding to 4.1 ( i m / i l B This means that a large part of
the rising edge can be approximated bv an exponential
shape. The slow rise of the laser induced pulse com-
pared with the value of about It) j i m / d B found for a
pulse from a cosmic track in ref. |.l] is caused by the
relatively large width ( - 4 mm) of the laser beam

5. Tolerance

for /. of 1.4 n i l m was found from r - I / ^ l . C " ) by
estimating the phase velocity r at 125 x 10s m/s. The
RC broadening of the preamplifier with a lure constant
of l.3f> ns was also included in the model.

I'ig. 6 shows the comparison between a set of mea-
sured drift time sums and the corresponding calculated
ones The calculation does not only give a straight
calibration line, but its slope and further characteristics
correspond well with the measurements. The largest
difference corresponds to a distance of 20 pm.

In fig 7 the calculated and observed lonisation are
compared as a function of X. Here too the correspon-
dence between calculation and measurement is surpris-
ingly good. The rapid decrease of the ionisation calcu-
lated for a beam without diaphragm indicates the im-
portance of this optical element.

I
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l-'ig. H. Variation of dnti lime sum (7"j + 7^) as a function of
(he relative amplitude ( Kn/^ih) f°r drift chamber pulses. This
is a logarithmic display of the shape of the rising edge of the
pulse. The distance from the BWA is 1.67 m, the drift distance
is 15 mm. The slope corresponds to 43 itm/dB for y^/V^ > 3.

The many measurements done showed an excellent
reproducibihty of the fitted straight line calibration.
Both measurements and calculations indicate that the
beam focal point may lie between infinity and - 70 m
to give satisfactory results

To test the required accuracy of the ratio of beam
width and diaphragm radius, calculations were done for
various values of this ratio. Changes of - 14. + 17 and
+ XT? did not lead to a significant increase of the
straighlness errors.

The ionisalion along the beam should be as constant
as possible, although a fluctuation of less than 20% is
permitted. A decrease or increase can be compensated
by modifying the heam diameter by changing the BWA
focal length ratio.

Increasing the drift distance to 25 mm generally
improved the straightness. In general, diffusion of the
electron cloud smooths down the sometimes awkward
interference pattern.

If another drift chamber with different wire config-
uration is used, the result may be different. However,
we expect that by tuning the parameters also good
alignment values can be obtained. The drift path curve
is likely to be the most relevant feature.

6. Conclusion

We have demonstrated that using laser induced
ionisation a drift chamber calibration line can be ob-
tained which is straight to 10 jim over 8 m. The
tolerances required for the optical settings are wide
enough to permit an easy reproducibility. The inter-
ference pattern caused by the diaphragm cutoff appears
to play an essential role. The good correspondence with
results from a computer simulation indicates that the
process is well understood.
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1.INTRODUCTION

The use of plastic scintillating fibres for calorimetry has been
suggested for experiments at the new generation of hadron colliders*.
In this technique the fibres which detect the shower particles, are
homogeneously distributed over the bulk of high 2 material. The fibres
are in general made from polystyrene, a scintillating material with an
index of refraction n « 1.60, and have a diameter in the order of 1 rren.
They are surrounded by a plastic cladding with a few fun's thickness
having a lower value of n. Therefore, light hitting the cladding under
an angle smaller than the critical angle for total reflection, will
become entrapped and can only leave the "fibre at its ends. However, the
UV scintillation light induced by the passing shower particles would be
absorbed by the polystyrene within a few tenths of a millimeter.
Therefore, a few percent of a wavelength shifting compound (WLS) is
added for a conversion to longer wavelengths for which the fibre is
transparent. The summed light from all the fibres hit by the shower
from a high energetic particle, is proportional over at least three
decades to the energy of the particle. There is thus no need to couple
every individual fibre to its own read out channel. As the luminous
signal induced into the fibres has to travel to the photodetector over
a considerable distance varying from event to event, excellent
transport properties are required to meet the desired goal1 of 1
percent accuracy of the energy measurement.

Because the attenuation length of the existing fibre types was

1 F.G.Hartjes and R.Wigmans, Scintillating plastic fibres for
hadron calorimetry, Nucl. Instr. and Meth. in Phys. Res. A277{1989)
379.
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Fig. 1. Set-up for the measurement of the optical fibre characteristics.

2.EXPERIMENTAL SET-UP

For the measurements described below, the light into the fibre
was induced by direct excitation of the WLS using the beam of a pulsed
UV laser. For this purpose we made a wide and parallel beam using a
NIKHEF type IA nitrogen laser, emitting at a wavelength of 337 nm
during 1 ns. Fig. 1 shows the optical set-up. The beam hits the 2 m
long and 1 mm thick round fibre from aside on a distance X from the
fibre end which was read out by a photosensitive detector. To terminate
the fibre with a well defined flat and square surface, a thin glass
plate was coupled to it using a suited immersion oil. For a few
measurements the other end of the fibre was terminated by an aluminized
surface mirror coupled on the same way.

Three different set-ups were used to realize the optical coupling
to the photosensitive detector.

i A set-up as shown in fig. 1 with a cut-off at 37» half angle by
an aspheric imaging lens (f - 12 mm), which is the widest angle
that can be obtained using simple commercially available
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it The same set-up as ir. (i), but with the xonochromator replaced by
the detector was used ioz the attenuation measure-Bents at a
half-angular cut-off of 37". In the light path to the detector a
plastic or glass filter could be placed.

iii A set-up for attenuation moasuronents with a cut-off at bt" half
angle when the detector was positioned at 0.9 iren distance from
the fibre exit. Therefore, only one thin plastic filter could be
placed between the fibre and the detector. The glass window of
the semiconductor detector had to be removed to be able to obtain
the required fibre - detector distance.

The laser beam which had an energy of 50 HJ, was expanded in

front of a diaphragm, selecting the central part of the almost Gaussian

beam profile. In this way a homogeneous wavefront occurred with a

diameter of 9.5 mm. As a result, the fibre was hit by light with an

energy of 0.7 \U which corresponds to 1.2 x 10^2 photons. The

electrical pulse from the photodiode amounted in the order of 106

electrons in the event of the wavelength measurements, or 3 x 10°

electrons when measuring the attenuation. A small fraction of the laser

beam was projected onto a reference photodiode. In this way the energy

of each laser pulse was registered.

The signal from the photodetector as well as the reference diode
was fed into a charge integrating CAMAC ADC which was part of the data
acquisition system. The measured signal from the fibre detector was
divided by the reference signal to compensate for the energy
fluctuations of the laser which had a rms width of 10%. The rms
deviations of the resulting number was reduced in this way to 5%. Tha
statistical error was further reduced by averaging over 100 laser shots
for all measurements.

The use of the UV laser for excitation has the advantage of
providing an abundance of UV light. Therefore, the wavelength spectra
could be quickly measured in daylight using a simple photodetector
without gain and a monochromator which reduces the light by at least
three orders of magnitude. Unlike for a traversing particle, the laser
directly excites the WLS without any emission from the F"'"~-~l""ene. In
this way direct information about the dynamic behaviour of the WLS
could be obtained.

2<MinichromI, PTR Optics type SMC-01-22
3EG4G type FND 100
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Of course the fact that not the same process of light excitation

is used as for a particle, also brings several disadvantages. The

dyna—ic response as measured with the laser may differ from the

response using particles. This might also occur for the wavelength

ipe'.Lium. The comparison described in ch.4 snows an equal response for

the 'blue' fibre, but minor differences for two types of 3HF fibres.

3. RESULTS

Ar.yulp.r riis*- ribur. .i on

The angular distribution of the light into the cone emitted at

the exit of a fibre is shown in fig. 2. The plotted amplitude

represents the light integrated over a ring situated on the surface of

a sphere around the fibre exit. The radius of the ring is defined by

the angle of the exiting light a, the width by da. When plotted in this

way the integral of the amplitude in the figure is proportional to the

total amount of light in the cone. The three curves are normalized to

an equal response at small angles, in order to be able to see the

angular dependence of the light attenuation.

Fig.2. Luminous amplitude per unit of angle versus the output angle a.

The figure shows that the amplitude increases almost linearly for

small angles, which means that the fibre emits a constant luminous flux

here. Emission at very big angles, caused by light reflected into the

fibre against the boundary between the cladding and the air is present

when the laser beam hits the fibre at only 15 mm from the exit. Note

that in this event the fibre is not only light emitting at the exit,

but also aside on the last few millimeters after the fibre support.

This fact explains that at o - 90" still a considerable amount of
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light is observed.

For excitation at X = 130 mm the light which is emitted at large
angles and as a consequence is poorly reflected, has almost faded away
and the resulting curve shows a sharp fall off at a » 43°. For longer
travel lengths the small loss for reflections within the critical angle
also starts to play a role. Therefore, because light emitted under a
bigger angle is reflected more times than for a small angle, the
narrowing of the output cone is continuing for increasing values of X.
The curve for X = 1130 mm in fig.2 shows that the fall off now occurs
at a = 35°. Measurements redone with a yellow filter4 gave the same
result indicating that the angular response is not wavelength
dependent.

From these results the first recipe can be deduced to improve the

attenuation: the cut-off of the exit angle a above 35". The

measurements of the attenuation shown in figs. 3 and 4 confirm this

statement. Here we see that when a is reduced from 54° into 37°, the

strong attenuation at small values of X is diminished and the

attenuation length is doubled.

Fig.3. Attenuation of a blue

emitting fibre for a « 54°.

Fig.4. Attenuation of the

same fibre for a - 37°.

4Kodak wratten filter #3
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450 500

WavatangthCnm)

Fig.5. Wavelength spectrum of a

blue emitting fibre, a - 37°.

Fig.6. Wavelength spectrum of the

same fibre, cut off by a yellow

filter4, a - 37°.

The wavelength spectrum of a blue emitting fibre is shown in fig.
5 for six different values of X. The curves are corrected for the
spectral sensitivity of the FND 100 detector according data given by
the manufacturer for a typical sample. The figure shows that the
response for wavelengths under 450 run is strongly attenuated, probably
by absorption from the WLS. Above this value the light experiences only
a small loss. From the knowledge of this behaviour, the second recipe
can be found: the cut-off of wavelengths under 4S0 run. with a yellow
filter that only transmits above 450 run,- the attenuat.'on could thus be
strongly improved. The result is shown in fig. 6. Here the combination
of the cut-off at 37°, as given by the monochromator set-up, with the
sharp spectral cut-off of the filter at 460 run results in a small
attenuation over the full length of the fibre. The effect on the
attenuation length of the application of the filter is compared in
figs. 8 and 9. Related with figs. 3 and 4 respectively, the light
transport is more efficient, especially for fig. 9 where not only the
attenuation length is greatly increased but also the attenuation for X
< 300 mm is removed. For the 3HF fibre the situation is somewhat
different. The spectrum for this fibre (fig. 7) shows that here less
result can be expected from a suited yellow filter as the position of
rising edge of the curve is not wavelength dependent.
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500 600
w«v«lcng]b (nm)

Fig.7 Wavelength spectrum of a 3HF fibre.

MMnustion length s 3.44 m

x-vaiuts usod tor tiponanbal to

Fig.8. Attenuation of the same Fig.9. Attenuation of the same

fibre as in fig. 3 at a - 54° and fibre at a - 37" and using a

using a yellow filter4. yellow filter4.
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Mirror

The third technique to increase the attenuation length is found
in using not only the light travelling directly to the photodetector,
but also the light emitted in opposite direction. This can be done by
coupling the unused end of the fibre to a well-reflecting mirror. The
amplitude of the measured light pulse is then built up from both the
directly emitted and the reflected light. As the sum of the two light
paths to the photodetector is constant for all values of X, a constant
light output might be expected. This is true as long as the attenuation
along the fibre is small and resembles to a linear decrease, like for
the attenuation curve in fig. 9. This supposition is proved by the
measurements shown in fig. 10. For the upper curve the attenuation is
clearly better than for the corresponding fig. 4, but some decrease in
the range of X •= 0 to 500 mm remains. The curve of measurements using
the yellow filter shows a response which is constant to within +/- 6%
over the full fibre length!

1000 I50C
X(mm)

Fig. 10. Attenuation using a mirror at O - 37° (upper curve) . For the

lower curve a yellow filter4 is added.

4. COMPARISON TO PARTICLE EXCITATION

For a few fibres the wavelength spectrum was measured again using
excitation by particles from a 90Sr source to check the general
validity"of the results obtained with the laser excitation. The
measurements were done using a photomultiplier5 with good single
photo-electron characteristics. The passage of one particle induces a
signal of a few tens of photons at the fibre exit. Because of th';
strong attenuation by the monochromator and the limited quantum
efficiency of the PM, the average signal is much less than one
electron.The recorded amplitude in the wavelength spectrum is given by
the count rate of the PM which was measured with • CAMAC rate meter. A
correction was made for the dark rate and the spectral efficie. cy of

5Hamamatsu type R S8S
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the PM. Comparison of the curve for the 'blue1 fibre obtained in this
way, with the one measured with the laser and the semiconductor
photodiode (e.g. fig. 5), yielded good agreement for the rising edge
near 400 nm, but showed for the particle excitation at the trailing
edge a shift to lower wavelengths. The measurement with the laser
excitation was then redone using the PM instead of the photodiode to
exclude eventual errors in the correction for the spectral response.
The PM was used in this case as a proportional photodetector. The
measurement was corrected for the rather big deviation from linearity
of the PM.

Figs. 11, 12 and 13 show the result for a normal 'blue' fibre and
two types of 3HF fibres. The plotted values for the count rate were
scaled to equal response at the peak. The 'blue' fibre gives a perfect
match within the measuring accuracy. The 3HF fibre in fig. 12 shows
with particle excitation a minor and constant response of unknown
origin at low wavelengths. For the second 3HF fibre which has an
additional P-terphenyl <PTP) dopant, in the event of particle
excitation a distinct second emission peak is visible, probably caused
by this type of WLS which acts as intermediate between the UV
wavelength spectrum of polystyrene and the absorption spectrum for 3HF
acting at merely higher wavelengths. As this additional peak is likely
to disappear soon for higher values of X, the use of a yellow filter
with 3HF fibres has more effect than could be concluded from the laser
measurement in fig. 1. The increase of the signal for wavelengths above
640 nm (figs. 12 and 13), might be due to small changes in the PM
characteristics during the measurement. The spectral response is very
small, and the correction factor correspondingly large at these
wavelenghts.

Fig. 11. Comparison of the wavelength spectrum from a blue fibre at X
130 mm for excitation by a laser (dashed line) and by a 90Sr source
(solid line).
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Fig.12. Comparison like in fig.11 Fig.13. Idem for a 3HF fibre with

for a 3HF fibre. additional P-terphenyl dopant.

5.CONCLUSION

The measurements presented above show that the transport
properties of scintillating fibre can be greatly improved by the
application of three simple techniques. As in practice most showers
from high-energetic particles develop inside the calorimeter over a
distance which is a limited fraction of the full fibre length of 2 m,
it turns out to be possible to meet the desired goal of a response
uniform within 1 %. The measuring method with the UV laser has proven
to give in general a good simulation of the excitation by a particle.
As the required measuring time when using the laser is much shorter
especially for the wavelength spectra, application of this method is
very fruitfull. The minor differences for 3HF fibres have no
significant effect on the transport properties. However, examining
these differences might give more insight into the process of light
emission in the fibres.
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Glossary

amplified spontaneous emission

amplifier

avalanche

Blumlein circuit

BWA

diffraction divergence angle

diffraction limited divergence

first Townsend coefficient

Fraunhofer diffraction pattern

Frank Condon factor

geometrical diffraction angle

irradiance

laser cavity

luminance

micro-discharges

laser light which is spontaneously emitted and subsequently

amplified during its pass through the cavity

the light amplifying stage of the laser

electron cloud increasing exponentially by multiplication

high voltage pulse generator with very low impedance

Beam l^idth Adapter

rms of the angular Fraunhofer diffraction pattern

the divergence is exclusively governed by diffraction

exponent of the development of an avalanche

far field diffraction pattern: the observed pattern bears no

resemblance to the original beam pattern

factor defining the excitation rate from a specific

vibrational level of an electronic state to a certain

vibrational level of another electronic state

half angle of the divergence caused by purely geometrical

effects, like the finite dimensions of a light source or a

diaphragm

amount of incident luminous power per m2

space where stimulated emission takes place

amount of emitted luminous power per m2 of a light source

local discharges occurring on the surface of an insulator
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MOPA

optical resonator

oscillator

plasma

population inversion

reverse field

spark gap

stimulated emission

streamer

Master_Qscillator £pwer Amplifier

laser cavity with two parallel mirrors, one partly trans-

mitting, giving rise to standing waves

the spontaneously emitting stage of the laser

cloud of highly conductive gas with unbound electrons due to

a high temperature

situation of the laser medium where an excited state with a

higher energy level has a higher population than the related

lower excited state

field induced by a space charge

fast electric switch functioning by means of a gas discharge

light emission of a molecule in excited state induced by a

luminous field

electron cloud rapidly growing at the head and the tail

because of an internal reverse field

telescope two lens system changing the diameter of a parallel beam



Samenvatting

Een diffractie-begrensde stikstoflaser voor het ijken van
detectoren in de hoge energie fysica

in deel 1 van dit proefschrift wordt de werking v n een gepulsde twee-traps stikstoflaser

beschreven. In tegenstelling tot de meeste andere lasers kan bij een stikstoflaser geen gebruik

gemaakt worden van een optische resonator vanwege de zeer korte duur van de laserpuls (=

1ns). De uitgezonden bundel van een enkelvoudige stikstoflaser heeft daarom een grote

divergentie.

Een stikstoflaser met een lage divergentie kan wel worden gebouwd via het 'Master

Oscillator Power Amplifier (MOPA)' principe. Hierbij wordt een dubbele stikstoflaser gebruikt

waarvan beide lasers ongeveer gelijktijdig vuren. De laserbundel uit de eerste trap (oscillator)

wordt door een telescoop in diameter vergroot waardoor de divergentie sterk afneemt. In een

tweede trap (amplifier) wordt vervolgens de Iiehtzwakke laserbundel weer versterkt. De

uitkomende bundel heeft een langwerpige doorsnede. Met een telescoop van twee cylinderlenzen

wordt de bundeldoorsnede vervolgens omgezet in een ongeveer ronde vorm.

Hoofdstuk 1.2 beschrijft het proces dat leidt tot de vorming van populatie-inversie in het

stikstof als gevolg waarvan laserlicht wordt uitgezonden. Hoofstuk 1.3 behandelt het electrische

circuit dat de hoogspanningspuls levert als gevolg waarvan de electrische ontlading in de

laserholte, beschreven in hoofdstuk 1.4, ontstaat. In hoofdstuk 1.5 is de mechanische

constructie van de laser behandeld, met name wat betreft de materiaalkeuze. Tenslotte is het

optische systeem van de tweetrapsstikstoflaser toegelicht in hoofdstuk 1.6.

In deel 2 wordt de toepassing van de tweetrapsstikstoflaser in de hoge energiefysica

behandeld. Hoofstuk 2.1 geeft aanwijzingen over het practische gebruik van de laser: het

gewoonlijk gebruikte optische systeem en het te verwachten ionisatie profiel in het detectorgas.

Drie verschillende bundelsoorten worden hier onderscheiden: 1. de evenwijdige bundel, 2. de

zwak gefocusseerde bundel en 3. de sterk gefocusseerde bundel. In hoofdstuk 2.2 worden enkele

voorbeelden gegeven van het gebruik van de laser: een meting in het laboratorium met een

gefocusseerde bundel van de drifttijd op zeer korte afstand van de meetdraad, het uitlijnen van

een groot systeem van driftkamers met een lange evenwijdige bundel, en het meten van de

optische eigenschappen van scintillerende plastic vezels.
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