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O S U

ABSTRACT

A high repetition rate, high voltage pulse generator
was built and was used to gate a photomultiplier for the
detection of relatively high levels of radiation.

A unique design has been developed which 1s capable
of a much highef repetition rate than any system described
in the literature. The pulse risetime is 1.7 ns, and the
width is continuously adjustable from 4 ns. The highest
achievable repetition rate is 100 MHz for a train of six
consecutive pulses repeated every 2.5 us. A continuous train
of pulses can be generated for répetition rates below 2.5
MHz. The pulse amplitudes range between 0V and 220V.

The gated photomultiplier is a verséggle low-noise
pulsed detector. One, two or three dynodes can be pulsed
with positive or negative pulses, and the cut-off ratio can,
within limits, be set to any desirable level. We have
achieved ratlos¢rang1ng q@qween 0 and 2400. The gated photo-
multiplier can be ad]usted/to be gated on or off during in-
tense radiatig;i h?/yatter allows detection of weak radia-
tion occurring before or after the intense radiation.

The effect that changes in the potential drop between
the dynodes has on the total current gain of the photomulti-

plier is investigated. Also, investigated are the saturation

iii



properties of photomultipliers at high anode currents. These
studies explain the behaviour of the gated photomultipliers
and indicate how to choose amongst the various photomultiplier
parameters.

The capability of the gated photomultiplier system in
a given application is tested with a dye laser. This is done
by carrying out measurements on the amplified spontaneous

emission (ASE).
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CHAPTER 1
INTRODUCTION
|

Many areas in physics e.g., nuclear phfysics, mole-
cular physics, and laser physics, use photomultipliers be-
cause of their very high sensitivity. Sometimes, desirable
weak radiation immediately precedes and/or follows intense
radiation pulses. The latter can permanently damage the
sensitive components of the photomultiplier or at the very
least saturate the detector, which can greatly reduce the
sensitivity of the Aetector for hours or even days. Thisc
is a similar phenomenon as occurs when looking directly at 8 )
the sun, In order to avoid damage, and to maintain high 7
sengitivity, the photomultiplier was gated using a transis-
torized switch. Thus, the detector is turned on during
the measurement period and off during the presence of strong
radiation. This must be done reliably and the system must
have the capability of gating short time dBrations. Rela-
tively strong radiation can also be measuréd by gating the
photomultiplier for a very short period (v lO\ns). This
prevents dynode damage while giving improved signal-to-noise
ratio (SNR).

Therefore, a gated photomultiplier can either be used

to extract very weak radiation separated in time from high
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intensity radiation. These measurements can not be per-

formed in normal dc operation of a photomultiplier.

1.1 oOutline of the Contents of the Thesis

Approximately half of the research effort involved
the design of the high voltage, high repetition rate pulse
generator described in Chapter 2. There, the different
parts of the circuit are described, the principle of operation
is given, and comments are made concerning further improvements
to the present circuit.

Chapter 3 is devoted to the gated photomultiplier,
whicﬁ utilizes the pulse generator described in Chapter 2.
The basic principles of a photomultiplier are discussed to
provide an understanding about the interrelation of its three
different parts, namely, the photocathode, the dynodes, and
the anode. The gated photomultiplier is described in detail
and the physical principles involved are discussed. Finally,
an extensive investigation of the gain variations in the
dynode chain and of the non-linear behaviour of the anode
current complete the work done on the gated photomultiplier.

The fourth chapter of this thesis deals with an ex-
periment involving a dye laser, and is intended to test the
capabilities of the gated photomultiplier system described
in the previous chapter. A computer program has been written
to predict the spectrum of the amplified spontaneous emission
(ASE) from the dye laser, as measured by the gated photo-

multiplier. Chapter 4 also describes problems in implémenting
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a system to measure the single pass gain using a high-pres-

sure Xe lamp as a probe source.

The last chapter (5) summarizes the overall research.



CHAPTER 2

PULSE GENERATOR FOR PHOTOMULTIPLIER GATING

Several techniques can be employed for pulse gene-
ration and for gating a photomultiplier [4-7,11,12]. Some
are complex, involving monostable (or bistable) multivibra-
tors. Others are simpler, as efficient, and therefore more
attractive,

The best technique for our application employs a ge-
nerator utilizing pulse forming cables and high speed ava-

lanche switching transistors (4,5,7].

2.1 The Gating Switch -

The basic circuit, shown in Fig. 2-2a, utilizes
three avalanche transistors (Motorola 2N3725) connected in
series, which act as a very fast switch. This configuration
greatly improves the risetime and the amplitude of the gene-
rated pulse (Fig. 2-2b).

Several transistors, in series, are needed to in-
crease the working voltage applied between the top and the
bottom of the switch. There exist single transistors that
can tolerate the voltage but, as a rule, a higher breakdown
voltage means a longer turn-on and turn-off time. This is
undesirable because it affects the performance of the switch.

For example, the risetimes of transistors 2N3725 and 2N3109



are the same. However, the highest attainable repetition

rate with the 2N3725 is 1.25 MHz when BV v 80V (breakdown

CES
voltage with emitter and base shorted together), and only

100 KHz with 2N3109 at BV ~vo120V.

CES

A high positive voltage (v 350V) 1is applied through
RL to the collector of the top transistor and to the coaxial
cable (charging cable). The resistors across each transistor
form a potential divider which provides the same volgage ac-
ross each transistor. It is necessary that these resistors
have a high impedance compared with the charging resistor
(RL) to ensure that most of the potential drop appears across
the transistors. The emitter of the bottom transistor is
connected to the delay cables. These delay cables feed the
pulses into the photomultiplier (see next chapter).

The trigger circuit, in Fig. 2-1, brings the pulse
from a standard pulse generator (20V into 508) into the base
of the bottom transistor. The resistor across the base-
emitter junction forward biases this j;nction when a pulse
is applied to the base, and turns on the transistors. The
diodes protect the pulse generator from high voltage tran-
sients coming from the emitter when the transistors switch.
The coupling between the pulse generator and the gate employs
a capacitor, and a resistor, connected to ground. This dif-

ferentiating circuit provides the pulse spike needed to trig-

ger the switch, and to recover the switching network quickly.



Fig. 2-1 The gating switch. The components are the
charging cable (RGS58A/U) 6, the delay cables § (RG&62/U),
the transistors (2N3725), the diodes D (1N4148). The
voltage applied to the switch (Vcc) is +320§/ or less.
.The trigger pulse comes from a standard pulse generator

T (20V, 50 Q).






2.1.1 The Transistors

The choice of avalanche (fast switching) transitors
is governed by:
1) very fast risetime and fall time (to generate rec-

tangular pulses).

2) high breakdown voltage (to generate high voltage
pulses).
3) short storage time and delay time (to achieve a

high repetition rate)

4) good power dissipation factor (for high duty cycle).

We tested transistors types 2N3725, 2N3109, 2N3019
and 2N704. The only transistor capable of meeting all of
the above criteria is the 2N3725. 1Its characteristics in-
clude a risetime and a fall time of 1 ns, a total switching
time (turn-on and turn-off) of 90 ns, and a second breakdown
voltage of ~ 160V, The second breakdown voltage is the
maximum potential drop that can be sustained by the transis-
tor without damage -~ the first breakdown is the avalanche
process.

It is not the purpose of this thesis to fully discuss
the theory of transistor switching. The interested reader is
referred to references [l12-14]. Two important factors, the
risetime and the achievable repetition rate, are discussed

in the following sections.
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2.1.2 Speed-Up Circuit

One way of reducing the risetime is to use a speed-up
capacitor (13,15] as shown in Fig. 2-2a. During the tran-
sient stage, i.e. when a fast pulse arrives from a standard
pulse generator, the capacitor C acts like a short-circuit
and the parallel resistor R acts like an open-circuit. As
soon as C is charged, the impedance becomes large compared
to R. The latter then limits the current injected into the
base of the transistor. The effect on the transistor 1s a
. much reduced storage of holes at the base-emitter junction.
Consequently, the transistor 1s less strongly driven into
saturation. Thus, a speed-up circuit gives a high turn-on
current (faster risetime), together with less storage of
holes, resulting in shorter storage time and faster fall time.
Fig. 2-2b illustrates the effect of C on the risetime and the
effect of R on the shape of the pulses [15]. The determina-
tion of proper values for R and C requires experimentation
because there are no straightforward analytic methods readily
applicable. The optimum values depend on the input capaci-

tance, the input resistance, and the bandwidth product (f.),

T
which is typically 250 MHz for transistor type 2N 3725. For
the usual transistor, it is believed [13] that the optimum

resistance is approximately given by

R = hfe/ZTrCfT '

where hfe is the current amplification factor. The optimum C
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Fig. 2-2 The speed-up circult.vS and RS are the
voltage and impedance, respectively 20V and 500, of
the standard pulse generator; IS is the correspon-
ding current. VCc is the voltage applied to the
switch, C and R are the capacitive and resistive
components of the speed-up circuit. The time scale

is arbitrary,-but ~ 15 ns 1s typical for the standard

generator pulse width. The voltage scale is arbitrary,

Ve depends on the transistor type used.
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1s approximately

where V is the voltage applied to the junction (base-emitter)
and QT the total charge stored in the base. A range of va-
lues for R and C were tested but were not able to improve

the risetime significantly. This may result from the fact
that the capacitance and i1mpedance of the base-emitter junc-
tion of an avalanche transistor vary greatly with time under
pulse conditions. It 1s clear that further work 1is required

to achieve significant reduction of the risetime.

2.1.3 The Reverse Biased Junction

The risetime of the switch may be improved by reverse
biasing the base-emitter junction, as illustrated by the wave-
forms in Fig. 2-3. When reverse biased, no large accumulation
of charges remain at the base-emitter junction. If a large
positive current is injected into the base, the collector cur-
rent (IC) starts to increase exponentially. The maximum value

attainable for I, is either determined by

Ic,= BIB’

where IB is the base current and 8, the current amplification
factor, is ~ 60 (for transistor type 2N3725), or I, is limited

by the charging resistor,

’

Ic - Vcc/RL !

where Vcc is the voltage across the switch. Three different
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Fig., 2-3 Pulse in a reverse biased junction. VS
is the amplitude of the voltage pulse coming from
the standard pulse generator, t0 is the time re-
lated to the leading edge and t, is rélated to the
trailing edée. Typically, ty-t, v 15 ns, and L

the maximum collector current, is ~ 100 mA.
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situations are depicted in Fig. 2-3,

1) BIB >> IS : the base 1s over-driven and strongly
reverse biased.
2) BI, > 1 : the base is fully-driven and moderately
reverse biased.
3) B, < I : the base is under-driven and not reverse
biased.
Here Is is the maximum value of Ic'

From Fig. 2-3, the best performance is achieved in
the over-driven case when the base is strongly reverse biased
(case (1)). Regretfully, this situation could not be reached,
1n our experiment owing to the limi&s imposed by the maximum
output available from the pulse generator used. A reverse
biased voltage, approximately 5V corresponding to case (2),
has been applied to a single transistor used as a switdh. 1In
this case, the risetime was improved by 10%. Therefore, it
is demonstrated that this technique can be used successfuly

to improve the risetime of the switch.

2.1.4 More About the Transistors

With ordinary transistors, the risetime is proportional
to
= +
D 1 awTRLCc ,
where a v 1,w

o is 2waWand C, is the collector input capaci-

tance (v 50 pf). The only parameter that can be easily varied
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is the value of the charging resistor (RL). It was found
that the lowest resistance possible is 4.7 K& (for RL). A.
smaller value allows too large collector current to pass and
the transistors behave improperly, i.e., either they switch
randomly or the switch simply remains closed.

The fastest risetime and the highest reéetition rate
(for the switch) are expected for Dvl. That 1s why D usually
provides a good estimate of the deterioration of the high
speed performance of a transistor. Thus, one can see that a
value of DVv400, obtained with RL%4.7 K& and fT v 250 MHz,
implies that the high speed performance could be improved.
Different values for RL’ between 1 M{Q and 4.7 K{i, were tested
with no significant (v 20%) effect on the risetime of the
switch. This shows that the factor D does not describe the
behaviour of avalanche transistors as well as ordinary tran-
sistors, but is still an appropriate reference for high speed
performance. This also shows that the only adjustable para-
meter (RL) cannot be used to significantly improve high speed
performance .

It should be noted that the fastest response time,
together with the lowest leakage current, occur when the base
and the emitter are shorted together, i.e. in the common-
emitter configuration [13]. For the circuit in Fig. 2-1, the
risetime was 2 ns, as measured with an oscilloscope. Using

the .approximate relation,
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7.2 2
2ns=/ tS + 3tt )

where ts is the oscilloscope risetime (Tektronix 7834) and

£y the transistor risetime (type 2N3725). For ts = 1 ns,

This indicates that the risetime of an individual transistor
1s, at best, 1l ns, and that the best risetime of the gating

pulse (for the photomultiplier) is

/3 £, % 1.7 ns

2.2 The Transmission Lines

The time needed to charge the charging cable to the
power supply voltage, through the charging resistor (RL in
Fig. 2.1), is approximately given by the RLC time constant,
The charging cables and delay cables consist of standard co-
axial cables. The capacitance of these cables 1s typically
80 pf/m. The charging time has to be reduced below 100 ns (l
to achieve a very high repetition rate (> 10 MHz). Araki
et al. [7] state a repetition rate of 100 KHz (period of 10
us) which is limited by the R C of their charging cables.

RL can be varied, but not C because it depends on
the length of coaxial cable used, which is determined by the

fixed width of the gating pulse. As mentioned before, the
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minimum safe resistance for RL is 4.7 K{, resulting 1in a
charging time of ~ 400 n$. This 1s one step toward the 10
MHz region,

Whilst the transistors are switching, the collector
of the top transistor is short-circuited to the emitter of
the bottom transistor. This implies that the charging cable,
in Fig. 2-1, 1s directly connected to the delay cables. 1If
the impedances of the parallel delay cables and the charging
cable are matched, two voltage waves of equal amplitudes
and opposite polarities, travelling in opposite directions,
are created in the charging cable as soon as the switch 1is
closed. Only one is fed into the delay lines. The voltage
falls to zero (end of the pulse) when the second wave re-
turns, after reflection from the open end, to the connected
end of the charging cable. Thus the delay lines carry a
voltage pulse of amplitude equal to half the voltage applied
to the charging cable, and of width determined by the round-
trip time in the charging cable. 1In general, the delay time
in a coaxial cable is approximately 4.6 ns/m. In our circuit,
a charging cable 0.75 m long produced a pulse width of 8 ns.

What happens if the impedance of the two sets of
cables are not matched? In such a case, which is closer to
reality, the amplitude of the signal, sent down the delay
lines, is decreased and reflections appear. For example, con-

sider the case where the charging cable has an impedance of

[
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50&¢ (RG58A/U) and the delay lines have an impedance of 930
(RG62/U). The pulse has to travel from a medium with a 50&
impedanée into a medium with a 23.25Q impedance (4 cables in
parallel). Only 63% of the "matched" pulse amplitude 1is
transmitted into the delay cables. The reflections have

one third of the main pulse amplitude (21%), and are nega-
tive. It 1s shown in the next chapter why these reflections
are necessary. The impedance can easily be matched by using
two charging cables connected in parallel. However, the
capacitance is increased, the chargihg time is longer and
the repetition rate lower, and this consequently, is undesi-
rable.

The duty cycle is very important. At a 100 KHz pulse
rate, the transistors get very hot, and this causes a degra-
dation of performance, i.e. the amplitude of the pulses de-
creases, and random switching is observed. Even 1f a high re-
petition rate (1 MHz) is allowed for only a short period of
time (v 30 us) when the pulse width is ~ 10 ns, the same
effect i1s observed. 1If the time between two pulses is horter
than the time constant of the thermal dissipation, then a net
heating is observed (Fig. 2-4). Therefore, the highest re-
petition rate attainable is either limited by the charging
time constant (RLC) or by the temperature increase due to
the duty cycle. For transistors type 2N3725, these two ef-

fects occur at about the same frequency (v 1.25 MHz) for



Fig. 2-4 Heating of the transistors junctions.

T 1s the temperature (arbitrary units), and TAV

represents the range temperature related to a parti-
cular duty cycle. 1In (a) the duty cycle is longer

than the thermal dissipation time (~ 1 us). 1In

(b) the duty cycle is shorter than the thermal dis-

Sipation time resulting 4n a hlgheﬁ TAV'
e

~/



17

Tav A

R T o e



PR,

e e o S s

18

pulse width of ~ 10 ns. However, the temperature effect
is the first to appear. This emphasizes the importance of

a high power dissipation capability for any transistors used.

2.3 Multiple Gates

Approximately 100 ns 1s required between pulses in
order to achieve a desirable sampling rate of 10 MHz (see
next chapter). However, the circuit in Fig. 2-1 is limited
to a repetition rate of about 0.4 MHz. The solution i1s to
built eight gates and to switch them in sequence into the
delay lines, with a delay of 100 ns between coqsecutlve pul-
ses. When the eighty gate has switched, the cycle i1s star-
ted again. Sance each gate operates at 0.4 MHz with a 100 ns
delay between subsequent gates, the effective repetition rate
1s 10 MHz.

In principle, this solution looks simple, but there
are some serious subjacent difficulties. One would prefér
to 1solate each gate from the others, due to the high voltage
transients (v 160 V) present when a gate is switched. How-
ever, in ordE{vEELdrive all the gates with the same pulse
generator, and to feed all the pulses into the same photomul-
tiplier the gates must inevitably be connected together. Much
effort was spent to provide at least some isolation of the
gates shown in Fig. 2-5. When the circuit was constructed,
only six of the eight gates would switch properly. The main

problem comes from the driving circuit, i.e. the pulse from



Fig. 2-5 First multiple gate design. Same basic
circuit as 1in Fig. 2-1. The driving circuits of each
gate are connected by a coaxial cable 20 m long
(RG58A/U) inducing a delay of 100 ns. Two diodes
(type 1N4148) are introduced in series with the emit-
ters of the bottom transistors. A total of eight

gates are connected in parallel.
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the pulse generator loses too much amplitude whilst tra-
veling down the 139 m. long coaxial cable that distributes
sequencially the triggering pulse to each gate. At least
two synchronized pulse generators would be required to ac-
complish this task properly. Moreover, each of the eighteen
transistors 1nvolved did not have exactly the same break-
down voltage. This situation resulted in a variation as
large as 5% 1n the amplitude of the pulses generated from
different gates.

The first design that was attempted consisted of
four lengths (20 m each) of RG58A/U coaxial cable (delay
of 100 ns) to distribute the driving pulse to each of eight
gates. Only four cables are needed when used together with
pulse inverters. All the gates were in-line on a PC (prlntéd
circuit) board, similar to the circuit in Fig. 2—S.$ The
distance between the first and eighth gate was 18 cm. This
meant a lead length of about 8 cm from the gates at the extre-
mities to the input of the delay cables. The inductance in-
troduced by the leads caused a reshaping of the pulse, 1.e.
a longer risetime. 1In addition, all the gates employed a
common ground, which caused serious problems due to the high
transients generated in the ground (mainly from the charging
cables). These transients were present almost everywhere in
the gating circuit, and caused all the gates to switch either

at the same time or randomly. It was found that this multi-
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gating circuit would work properly 1f the base-emitter
junctions of all the bottom transistors are free of any
transients higher than v 10V. This specifies how well each
gate must be 1solated from 1ts neighbours.

The second design, shown in Fig. 2-6, performed
better than the first design. The gates were located radial-
ly 1n a circular configuration. The distance between the
emitter of th? bottom transistor and the input to the delay
lines was about 1 cm, providing a low inductance. The in-
ductance of the circuit was further reduced by soldering K
the transistors (short leads) directly to the PC board.

The driving circuit was built on a secdénd PC board (double-
si1ded) so as to introduce a grounded copper sheet between
the PC board with the transistors, and the PC board compri-
sing the draiving circuit. Therefore most of the electro-
magnetic field, originating from the transistors and acting
on the driving circuit, would be shielded. Each gate had its
own ground so that transients generated in the ground could
not travel across the circuit. In the driving circuit, the
gates were temporally isolated using a coaxial cable (20 m,
delay of 100 ns).

Fast-recovery diodes type 1N4148, 1N4151, 1N904 and
MBD10l were tested for use in blocking transients. Only the
type 1N4148 had a reverse recovery time less than 2 ns, and

it therefore was used in the circuit. Two diodes are needed

b e L



Fig. 2-6 Second multipie gate design. Same
basic circuit as in Fig. 2-1. The gates are loca-
ted radially in a circular configuration. Grounded
copper sheets are provided for shielding and two
diodes (type 1N4148) connected between the input

to the delay cables‘and the ground eliminate the
negative transient pulses. The delay lines (§),
the transistors (t) and the charging cables (y) are
on oné PC board. The triggering circuit (K), the
delay cable (g) and the input cable (n) are on a

second PC board. The grounded planes are indicated

by g.

<&
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to the base of each bottom transistor, Fig. 2-1, to isolate the

driving circuit from the transistors. Two other diodes are
required between the emitters of the bottom transistors and
the input to the delay cables in order to block the positive
transients. Finally two more diodes must be connected be-
tween ground and the input to the delay cables in order to
eliminate the negative transients, Fig. 2-6.

With the above arrangement, the multiple gates sys-
tem worked properly. The only problem came from the resis-
tors across the base-emitter junctions of the bottom transis-
tors. These resistors acted like a potential divider waith
the terminating resistors of the delay cables, and, moreover,
they are seen in parallel with the driving coaxial cables
resulting in an unmatched impedahce. Consequently, the fifth
gate saw only 58% of the main driving pulse, of which only
29% appears across the base-emitter junction, because of the
potential divider arrangement of the resistors. Below 45%
of the amplitude of the driving pulse, a gate could not be
turned on.

It was mentioned earlier in this chapter that the
highest repetition rate attainable with a single gate was
0.4 MHz. Each gate generates pulses at this rate. When six
gates were operated sequentially, with a delay of 400 ns
between each one, a rate of 2.5 MHz could be achieved. When

the delay is reduced to 100 ns between each gate, a burst
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of six pulses was produced at an effective rate of 10 MHz, re-
peatable every 2.5 us. The highest repetition rate attainable
fo; Six consecutive pulses was 100 MHz. If several pulse
generators are used to drive several multiple gates systems,
very high repetition rate would be possible for more than
s1x consecutive pulses.

Two standard pulse generators are used to operate
the multiple gate, as shown schematically in Fig. 2-7. The
main-pulse generator, used also for timing the flashlamp of
the dye laser (see chapter 4), producing pulses 50 us long
at a repetition rate of 1 KHz, is used to gate the second
pulse generator. The second pulse generator generates pulses
(20v, 15 ns) at a repetition rate of 0.4 MHz within the ga-
ting period. This arrangement reduces the duty cycle of
the transistors. The pulse burst triggers the multiple gate,
and this results in the generation of pulses of ~ 75V (8 ns)

at a rate of 10 MHz.

2.4 Conclusion

Pulses with amplitudes ranging between 0V and 220V
were generated with a risetime and falltime of 2 ns. The
maximum of 220V was obtained with four transistors and two
parallel charging cables. The width of the pulses was adjus-
table with an accuracy of 0.2 ns from 4 ns (minimum due to

circuit risetime). The repetition rate was up to 100 MHz for

i



Fig. 2~7 Generation of high frequency pulses.

In (a), the pulses are from the main pulse genera-
tor. In (b), the dashed line represents the pulses
in (a) and the solid line represents the pulses
from the second pulse generator. 1In (c), the dashed
line represents the pulses drawn in the solid line
in (b). The timing pulses, 1in solid line, are pro-

duced by the multiple gate.
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six consecutive pulses every 2.5 us. The complete system
was used to successfully gate a photomultiplier (see next
chapter) .
The work indicates that many improvements can
/
still be made to the system, especially in the driving cir-
cuit. Here, multiplexing looks like more promising tech-

nique to introduce a delay between the gates than the

coaxial cable technique.



(HAPTER 3

THE GATED PHOTOMULTIPLIER

3.1 Introduction

A photomultiplier 1s chiefly a radiation (light) de-
tector. Photomultipliers are capable of detecting extremely
low light level because of their built~in wideband high gain
amplifier. They also have a good response time, typically
3 ns, which provides a good resolution in time for many ex-
periments in physics and chemistry. Photomultipliers work
mainly in the ultraviolet and the visible part of the spectrum,
and consequently cover a wide range of laser wavelengths.

The gated photomultiplier is intended to work under strong ra-
diation intensity. Such situations very often occur when a
laser is involved.

The above features justify the use of a photomultiplier
as the signal detector in the system described in this thesis.
This is followed by a literature review, a description of the

circuitry, and experimental results.

3.2 The Basic Principles

Mainly, a photomultiplier can be divided into three
parts characterized by their particular functions,

1) the photocathode: light detection,

27
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2) the dynode chain: wideband high gain amplifier,

3) the anode: signal output.

3.2.1 The Photocathode

The photocathodes are generally divided into two
groups: opaque and metallic or the semi-transparent semi-
conductor type. The most sensitive photocathodes belong to
the second group, which 1s the main concern of this thesis.
These photocathodes are formed by a thin layer of semi-con-
ducting material deposited on the inside surface of a window.
A photon impinging on such a window has a probability, given
by the quantum efficiency of the particular semi-conducting

material (v 10%), to release an electron. The energy of

the emitted electron is determined by Einstein's equation,

E = hv - ¢,

where ¢ is the work function of the semi-conducting material.
The purpose of the photocathode is then to convert the photon
flux into an electron flux (electrical current). Unkortunate—
ly, electrons can be emitted from the photocathode even if no
photons fall on it (complete darkness). That phenomenon 1s
called thermionic emission. It produces a "dark current" pro-
portional to the area of the photocathode and is a function
of the temperature. The total photocathode dark current is
the minimum detectable current (signal to noise ratio equal

to v 1):
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id = JjA + 1i°* ,

where id is the total dark current, j is the thermionic cur-
rent, A is the photocathode area and 1' is the total of ali s
other sources of current such as leakage current caused ny/

a poor insulation, and ionization and bombardment from stray
electrons. Usually i' 1s minimized gy geometrical considera-
tions. Typically, id is not larger than a few fentoamperes

(lO_lSA) at the photocathode, corresponding to an equivalent

power (light signal) of v 1013w,

A typical photocathode
radiant sensitivity (S-11 phosphor) is ~ 36 mA/W.

An electrode is provided to guide and to focus the
emitted electrons into the second part of the photomultiplier
in order to ensure the efficient collection of most of the
electrons. For the same reasons, i.e., to minimize the losses,

this region, as well as the other parts of the photomultiplier,

is under a very high vacuum. *

3.2.2 The Dynode Chain

The very small current coming from the photocathode
must be amplified. The second part of the photomultiplier con-
sists of several amplification stages in series. The number
of stages (dynodes) varies between six and sixteen. These
stages provide an amplification factor, ranging between lO4
to 108, for the original current coming from the photocathode.

The multiplication process occurring at each dyncde will be

— o
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described later in this chapter. Essentially, one electron

impinges on a dynode, which is a secondary emission electrode,

and several electrons are then emitted. A potential drop must

be applied between successive dynodes (e.g., by means of a

resistor chain (potential divider)) to provide an electric

field that accelerates and focusses the electrons from dynode

to dynode. Because of their good emission properties, the

dynodes can be easily damaged if the DC current reaches too

high a level (v 1 mA, corresponding to a power of 107w fal-

ling on the photocathode). This is one of the reasons why

the photomultiplier has to be gated in some situations. 1In

the gated mode, high current is allowed only for a few (v 8

ns) nanoseconds. Because of the short period of time involved,

the damage level can be raised by a factor of ~ 100, 1.e.,

the current can reach values of v 100 mA for a few nanoseconds.
After the last amplification stage, all the electrons

are focussed on a collector electrode (anode), the third part

of the photomultiplier.

3.2.3 The Anode

This electrode (anode) has a special bowl shape to make
sure all the electrons are collected. A grid, located between
the last dynode and the anode, screens the inductive effect
caused by the electrons travelling toward the anode. This is
very important for increasing the time resolution, i.e., for

reducing the risetime of the signal at the anode. The anode
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spould be protected against any other sources of electrons,
against ground loops and capacitive effects with the dynodes.
Because the anode 1s usually so isolated, 1t 1s easy to
match 1t into high impedance devices.

The highest current in the photomultiplier occurs be-
tween the last dynode and the anode. When this current rea-
ches a high level (close to 1l mA) the space charge density
becomes very large and screens the potential drop in this re-
gon. Therefore, the electrons emitted from the last dynode
see a smaller potential drop. The effect 1s that the output
current at the anode no longer follows a linear relationship
with the power incident on the photocathode. The output
current 1s, in fact, lower than expected. The photomultiplier
1s said to saturate when it starts to behave non-linearly.
This 1s the second reason why a photomultiplier must be gated
when dealing with strong light signals. The shorter the
gating taime, the less strongly the photomultiplier 1s driven
into saturation.

In summary, photons impinging on the photocathode pro-
duce electrons. The small current generated (v pA) is ampli-
fied by going through successive amplification stages (dy-
nodes) . The resulting amplified current (v pA) is measured
at the anode. The noise in the system consists of dark cur-
rent (Richardson noise), and noise from the measuring device

or the output load impedance (Johnson noise).
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3.3 The Photomultiplier Gating Circuit

To gate or to pulse a photomultiplier means that for
a certain period of time, the ability of the detector to "de-
tect" a light signal is impaired to a certain level deter-
mined by the cut-off ratio. It also means that the gain of
the multiplication stages and/or the collection efficiency at
the photocathode 1is lower than 1t 1is during normal operation.
Therefore, the photomultiplier can be gated only through an
action in its first or second part as outlined above.

The pulsing of photomultipliers has been used in nu-
clear physics for observation of nuclear phenomena immediate-
ly following intense X- or 8-radiation. Another class of
experiments in physics in which this pulsed photomultiplier
proves to be useful is i1n the application of lasers to mole-
cular and solid-state physics. Here, there 1s often a need
for observing a spontaneous incoherent light scattering pro-
cess following an intense, coherent molecular or atomic exci-
tation arising from a stimulated process. In these cases, the
photomultiplier is gated off during the intense ratiation
pulse, and gated on just before, or just after the pulse. 1In
the experiment described in this thesis, the photomultiplier
is gated on during the intense radiation consisting of spon-
taneous emission from a laser amplifier.

A very large cut-off efficiency is required in order to

protect the photomultiplier against dynode damage, or tem-
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porary loss of linearity in the output current. It 1s then
necessary, not only to shut off the detector during the high
intensity photon flux, but also to switch it back to normal
working conditions 1n a very short time. The cut-off ratio
is defined as the ratio of the maximum gain value (in normal

operation) to the minimum gain value in the gated (off) state.

3.3.1 Literature Review

Several methods have been employed or proposed to gate
photomultipliers. By pulsing the photocathode [1l] with a
positive pulse of the order of the first dynode potential
(photocathode being grounded), 1t 1s possible, 1n some cases,
to block completely the electron flux. 1In such a case, the
potential drop between the photocathode and the first dynode
1s zero or positive. To restore the normal voltage distribu-
tion and thus the maximum gain available, a voltage pulse
1s externally applied to the photocathode. The claimed cut-
off ratio is appreciably large (v 104), but the time needed
to reach the full gain is of the order of 30 us, however fast
the risetime of the gating pulse. The explanation comes from
the fact that the very thin layer of semiconductor forming
the photocathode behaves like a high impedance transmission
line and delays the trailing edge of the gating pulse travel-
ling in it. The only good point with this technique is the

large cut-off ratio.

mb———— e, o e
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The next step is to gate the first dynode [1,2]. A
$atisfactory “cut-off ratio cannot be obtained owing to the
high amplification of the following dynodes. The voltage
pulsq needed to sufficiently impair (down to 1%) the electron
f low is large enough (> 150 V) to introduce sparking between
the first and second dynodes. Naturally, this adversely af-
fects the life of the photomultiplier. The gain risetime,
i.e., the time needed to go back to the normal gain, is only
limited bj‘the risetime of the voltage pulse used to gate on
the photomultiplier. The cut-off ratio is low (v~ 30), since
a minimum value of 1000 is desirable to avoid the previously
mentioned effects of intense radiation pulse.

For photomultipliers designed so that the shieig or
focussing electrode can be gated, the problem is conveniently
solved. At sufficiently negative voltages (v 50 V), usually
of the same order as the potential drop relative to the photo-
cathode, this method gives very good results, i.e., low noise,
a high cut-off ratio (v 104) and a good risetime which is
limited by the risetime of the voltage pulse. Unfortunately,
few photomultipliers have that property of allowing us to gate
the focussed electrode. Most of them are not suitable for our
requirements, i.,e., they do not have a high gain (> 106),

a UV window and a low dark current.

In order to achieve a higher cut-off ratio, one would

like to gate more than one multiplication stage. Therefore,
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a group of dynodes .can be pulsed [3]. When the first dy-
nodes are pulsed with respect to the photocathode, as shown
in Fig. 3-la, De Marco et al. [3] found a cut-off ratio of
v 104, but with a long gain risetime (v 1.5 us). By pulsing
the whole resistive chain (Fig.3-1lb), De Marco et al. ob-
tained a very high cut-off ratio with a gain risetime limited
only by the gating pulse risetime. Unfortunately, very large
spurious signals are present due to the very high voltage
of the gating pulse (kilovolt range). This method is un-
doubtedly unapplicable for our purpose. Finally, the last
dynédes can be gated, Fig. 3-lc. At these stages, the
cﬁrrent is very large and it is difficult to impair the elec-
tron flux. The result is a cut-off ratio of ~ 300. The gain
risetime, fpr this configuration, is the lowest De Marco et al.
could achieve (v 10 ns). [
As described in Ref. [4], a transmission line built
from inductive (1.6 uH) and capacitive (3pF) elements can be
constructed to distribute the proper voltage to each dynode
when a voltage wave is initiated at its input. The speed
of the'travelling wave matches the transit time of the elec-
trons between the dynodes. In this way, the photomultiplier
is progressively turned on from a state of zero gain to a
staée of very high gain achieving intrinsically a very good
cut-off ratio (v 106) and the best possible time resolution

(v 2 ns).- However, such a circuit is difficult to calibrate



Fig. 3-1 On all cases, K is the photocathode, HV

is the high voltage, A is the anode and Z, is the load

0
impedance. (a) Gated photomultiplier with dynode D1
pulsed. (b) Gated photomultiplier with whole resis-
tive chain pulsed. (c) Gated photomultiplier with

dynodes D10 and D11 pulsed,
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because the transit time is not the same between each dynode.
In addition, there is noise due to the travelling voltage
wave (few hundred yolts).

More recently, the trend is towards the pulsing of
isolated dynodes [5,7]. This method does not need the high
voltage required with some other techniques, therefore re-
ducing the amplitude of the spurious signals. This method al-
lows a compromise between the advantages and disadvantages of
gating dynodes in the early and last multiplication stages.
The sequence is usually among dynodes D2, D4, D6 oxr D8. This
method, together with the method employing a transmission
line described above, has been applied by Araki et al. [7].
They measured a cut-off ratio of v 103 and a time resolution
of 2 ns.

The gated photomultiplier, in this thesis, was part of
a system designed to provide data needed to compute the gain
of a dye amplifier. The gain exists in the dye solution, when
pulsed by a coaxial flashlamp, for a period of ~ 800 ns. Due
to the intense spontaneous emission, the photomultiplier must be
gated at a very high repetition rate (10 MHz) for very short
period of time (~ 10 ns) to sample adequately the 800 ns pulse.

Therefore, a choice must be done among the previously
proposed techniques. The most promising one has been published
by Araki et al. {[7]. The gain risetime (or time resolution) and
the cut-~off ratio is appropriate for this experiment, but the

repetition rate they claimed is only 100 KHz.
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3.4 Description of the Gating Circuit

The principle of the first circuit employed (Fig. 3-2)
is similar to the transmission line type [4]. A voltage
pulse of the proper amplitude, width and risetime is fed to
the common input of the delay cables. The way this gating
pulse is formed and sent to the dynodes at the desired re-
petition rate is the subject of the previous chapter. The
voltage pulse reaches the output of the delay cables at a
particular dynode. The length (delay) of the cables is
chosen so that the times of arrival of the pulses at the
dynodes match the transit time of the electron between the
dynodes. Thus, the principle is the same as the transmission
line type except that only some dynodes are gated.

For example, when 1 kV is applied to the photocathode,
the normal operation, the total transit times for the two
photomultipliers investigated, RCA6199 and HTVR212UH, are
33ns and 24 ns, respectively. This provides a good estimate
for the transit time per stage. With the ten stages of photo-
multiplier RCA6199, (Fig. 3-2), three dynodes are gated DZ,
D4 and D6. The average transit time between two consecutive
gated dynodes, e.g., D2 and D4, was experimentally measured
as 7.2%0.5 ns. Consequently, the lengths of delay cables
(RG59/U, v 4.5 ns/m) were 1 m for D2, 2.6 m for D4 and 4.2 m
for D6. When a time'resolution of the order of the risetime

of the gating pulse is required, the lengths of the cables
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Fig. 3-2 First gated photomultiplier circuit. Dynodes

D2, D4 and D6 are pulsed.

The delay cables § are RG59/U

(75&) ; the capacitance C is 0.001 wF. K is the photo-

cathode, A is the anode,

HV is the high voltage.

Z

0

is the load impedance and
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must be adjusted precisely to maximize the output signal.
Accordingly, the width of the gating pulse can be considerab-
ly reduced, typically down to v 2 ns. No special care is
needed for pulse width significantly larger than the transit
time between two consecutive dynodes, e.g., 3.6 ns for the
RCA6199. The pulse width used was 8 ns, narrow enough to
ensure a good time resolﬁtion, but long enough to avoid any
timing problems,

Fig. 3-2 shows that the delay cables are coupled to
the dynodes by a capacitor (0.002 uf) and terminated wath
a resistor (220 Q) to ground. The resistor is intended to

match the impedance of the delay cable to a particular dy-

. node., When a pulse is injected into the photomultiplier,

this resistor is essentially in parallel with a second resis-
tor of equal value. Therefore, the input impedance is 110 Q
compared to 75 R and 93 Q& for coaxial cables type RG59,/U and
RG62/U, respectively. The impedances are sufficiently un-
matched so that the negative reflections (less than 5%) helps
to reach the cut-off state more quickly. The coupling ca-
pacitors are needed to maintain the DC voltages applied to
the dynodes. Their capacitances must be sufficiently high
to avoid pulse distortion, and the time constant (RC) should
be suitable for high repetition rate (10 MHz).

Usually the voltage applied to the dynodes is fixed

by the resistor chain. When a voltage pulse is sent down the
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delay cables, a potential drop of the same amplitude appears
across the appropriate resistor on the pulsed dynode and
changes the voltage applied to that particular dynode. Thus,
the voltage applied to a gated dynode can be adjusted at will
by varying the amplitude of the gating pulses. However, the
voltage pulses from the delay cables must not disturb the other
dynodes. That is the purpose of the capacitors to ground at
each gated dynode. These capacitors, together with the other
capacitors across each dynode, help to stabilize the voltage
applied to the dynodes. This is particularly important at the
lagl stages where the space charge effect becomes important.
Fig. 3.2 also shows that the fixed voltage applied
to each dynode is unequally distributed. Usually, a balanced
(uniform) resistor chain or voltage distribution is required
to achieve the best gain for the photomultiplier. This non-
uniform voltage distribution is crucial because it determines
the cut-off state of the photomultiplier. The value of the
gain is lowered when the potentials are unbalanced. Fig. 3.3
shows how the gain varies when the potential drop is altered
between dynodes D5-D6 and D6-D7. More precisely, the voltage
applied to dynodes D5 and D7 is fixed. However, the voltage
applied to dynode D6 is changed by a value equal to the gating
pulse amplitude. One can see that the maximum gain is, in

fact, achieved when

i
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i.e., when the potential drop across D5-D6 equals the poten-
tial drop across D6-D7. When the equilibrium is not estab-
lished, the gain can go down by one order of magnitude for
the focussed type ohotomultiplier (RCA6199) and by two orders
of magnitude for the elaborately focussed type (HTV R212UH).
These two categories are defined by Sharpe ([8].

Now the question 1s why does the photomultiplier is 1in
a cut-off state when one or several dynodes are held at a
different voltage than the manufacturer's specifications.
Two phenomena can be involved. The first is the secondary
electron emission process or the phenomenon of amplification
at a dynode, and the second phenomenon is strictly the statis-

tical process.

3.5 The Multiplication Process

Consider an electron in the space between two dynodes.
Owing to the electric field filling this space, the electron
is accelerated toward one of the dynodes. The proper design
(geometry) of the dynodes [30]) arranges the voltage equipoten-
tial between the dynodes so that the electron beam is focus-
sed on each dynode. A less elaborate design would simply
allow the eq%ipotentials to guide the electron flow toward the
anode. The potential drop between the dynodes typically ranges
between 50V and 200V. Therefore, the electrons reach the next
dynode with an energy of about 50 eV to 200 eV.

The electron collides with a dynode and dissipates its

kinetic energy. This energy is shared among several electrons

e a
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at a certain depth below the surface. If the energy of the
electrons is sufficient to overcome the work function of the
material (v 1 eV), they are ejected. Typically, between 0
and 10 secondary electrons are emitted from one primary
electron, depending on the material, and potential. These
secondary electrons exit from the dynode with almost no velo-
city (~ 0.5 ev (30]). Again, the electric field accelerates
and focusses then on the next dynode. This produces the multi-
plication process. The most common materials for the dynodes
are CsSb, AgMgO-Cs, MgO and BeO.

The cumulative effect of multiplication at each dynode

gives rise to photomultiplier gain which can be expressed as

G =K(ns)"

1

where n is the number of stages, § is the number of secondary
electrons emitted for one incident electron (multiplication
factor per stage), and K and n are the collection efficiencies
of the first dynode and subsequent dynodes, respectively, i.e.,
the ability of the dynode to collect the secondary electrons
enitted from the previous dynode (or photocathode). For example,

with CsSb dynodes an empirical equation [8] gives

t

where V is the potential drop between dynodes. Thus § decrea-
ses when the voltage decreases. Moreover, the beam is less

well focussed with a lower voltage, which results in a decrease
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of n and/or K. The figures for n are typically [9] as
follows for the box and grid type and venetian blind type

{8], which are not focussed:

§ 1.5 2.0 2.5 3.0 5.0

n 58 80 89 94 99

It 1s different with the focussed and elaborately focussed
type, 1.e., the value of n drops very fast when the voltage 1is
varied. Therefore, the gain goes down when the voltage is
changed from the optimum value, mainly because the electron
beam 1s defocussed and to a lesser extent because the effective
5, for two combined stages, also decreases with voltage chan-
ges from the optimum (v 20%). Consequently, it 1s expected
that gating would be more effective on an elaborately-focussed
photomultiplier. Fig. 3-3 clearly shows that ‘this is the case.
A second possible mechanism that could affect the gain
of the photomultiplier is inherently related to the statisti-
cal nature of §. In theory, it 1s assumed that the distribu-
tion of the number of secondary electrons emitted from a dynode
follows a Poisson's distribution. Moreover, the probability
of emission along the surface of a dynode also varies following
a Poisson's distribution, for the focussed type photomultiplier.
The cumulative effect of all the stages is a weighted convo-
lution of all these distributions [28]. 1In practice, better

results are obtained if Polya's distributions are used. When



Fig. 3-3 Gain variations for photomultipliers type

RCA 6199 and type HTV R212UH when dynode D6 is pulsed.
The circles (A) correspond to the focugseg type (RCA  ~
6199 operated at 100V per stage). The‘giosses (B)
correspond to the elaborately focussed (HTV R212UH
operated at 100V per stage). av, 3 is+the potential

!

drop between dynodes i and j.
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§ is the same for all stages, the total convolution remains a
Poisson's (Polya's) distribution. If some of the §'s are dif-
ferent, then the distribution is no longer Poisson's (Polya's)
but broader and more Gaussian. This is the only difference
that appears in the computer simulation of the multiplica-
tion process. The average still follows §" (or more precisely
6162...6n for n stages). Therefore, it appears that the sta-
tistical distributions are not a significant ‘factor in the
change of the gain with the applied voltage. This result con-
firms the importance of n and K in causing large variations
of the gain with the interdynode voltages.

It is very difficult to predict the cut-off ratio of
a given photomultiplier because usually no data are available
for n. Figs. 3-3, 3-4, 3-5 show the type of changes occurring
in the gain (G) when one, two and three dynodes are gated,
respectively. These data are more realistic than those pub-
lished by Sharpe [8] and demonstrate that the gain can increase
when one expects it to decrease and vice-versa. We obtained
similér curves with the photomultiplier type RCA 6199 and
HTV 2120H. Both our results and those of Sharpe (8] show that
it is better to use the right side of the graph (gain versus
voltage) to géte the photomultiplier. In other words, this
means that the cu£~off ratio 1is larger for a given voltage
pulse amplitude, from.the gate, when the potential drop

between the gated dynode and the previous dynode (e.g., AV
5

5,6



Fig. 3-4 Gain variation for photomultiplier type

RCA 6199 when two dynodes, D4 and D6 are pulsed.

The dc potential AV5 ¢ was kept constant at 52.5V
14

and the dc potential AV was varied.

3,4

N.B.: 1In normal operation AVS 6 = 100v; Avi is
14

/]

the potential drop between dynodes i and j.
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Fig. 3-5 Gain variation for photomultiplier type
Y
RCA 6199 when three dynodes, D2, D4 and D6, are ca-

pable of being pulsed. AV and AV were kept con-

1,2 3,4

stant at 150V dc and AV5 g Was varied. For these
4

measurements, only D6 was pulsed. Pulsing D2 and D4
increases the optimum gain by a factor of 100.

1,2 = AV3’4
is the potential drop between dynodes i and j.

N.B.: In normal operation, AV = lOOi;AVi5
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is larger than the potential drop across the gated dynode and

the following dynode (e.é., AV i.e., when

6,7

Avi,j > Avj,k '

where i<j<k. More information on the geometry of the dynodes

and n is needed to infer quantitative information.

3.6 Experimental Results

The major problem in this thesis was to build a versa-
Eile and noiseless gated photomultiplier. The first circuit
to be built is represented in Fig. 3-~2., Because the pulse
generator (the gate) provides only positive voltage pulses,
this circuit works only in the region on the left side of the
graphs in Figs. 3~3, 3-4, 3-5. It turned out that the cut-
off ratio was much too low (v 300) and the amplitude of
spurious signals (due to gat;ng) was very large. The very
low cut-off ratio can be understood using Fig. 3-5. It was
observed that the shape of the gain curve (Fig. 3-3), for‘a
particular setting of the resistive chain, changes signifi-
cantly when a second (Fig. 3-4) and a third gynode (Fig. 3-5)
is gated. With some dynodes, it was observed that the maxi-
mum gain did not occur at the expected equilibrium point (see,
e.g., Fig. 3-6) showing that the gain curves are generally
shifted, more or less, around the normal working point.

Since only one voltage pulse is created at the input of

- the delay cables, this means that all the dynodes are gated



Fig. 3-6 Gain variation for photomultiplier type

RCA 6199 when dynode D3 is pulsed. AVi ; is the

’

potential drop between dynodes i and j.
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with the same pulse amplitude. Because all the dynodes do
not behave similarly, each one should be adjusted indepen-
dently to give the maximum cut-off ratio for the gating pulse
given. For example, a comparison between Fig. 3-3 (D6) and
Fig. 3-6 (D3) shows that when dynodes D3 and D6 are gated at
a voltage ratio of 40% to 50%, the gain goes down by 70% from
D3, but by only 30% from D6. Now if the resistive chain is
changed so that the voltage ratio varies between 30% and 40%
instead of between 40% énd 50% for D6, the gain changes by
78%. This is a factor of 2.5 better for éhe cut-off radio,
with an overall loss of maximum gain of only about 30%. These
observations together with the fact that the gain curve
changes significantly when several dynodes are gated, demon-
strated the importance of fine adjustments for the resistors
distributing the voltages to the gated dfnodes. Consequent-
ly, PC board potentiometers, one for each gated dynode, were
used in the‘circuit shown in Fig. 3-8. This resulted in a
much more versatile gated photomultiplier as discussed in
detail later in this chapter.

In the first circuit, high spurious signals, similar to
the observations of other workers {3,6,11,29] . ~ Because of
the capacifance between thé dynodes and the anode (v 6 pF)
and the output load resistance (25 ) , the gating pulse (50V,
4 ng) is differentiated at the anode. The amplitude at the

anode is approximately givefh by

P
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_ av' AV
V= RC gz ¥ RC 3¢ .

where R = 25 @, C = 6 pF, AV' ~ 50V and At v 4 ns. The
result is a perturbing signal synchronized with the gating
pulse, i.e., suffering no delay due to the transit time.

The measured amplitude was 1V, compared to ~ 3.8V ob-

tained with the above rough calculation. Because each gating
pulse produces its own spurious signal, the three delayed
gating pulses give a very noisy putput,ﬁiP_whichia“smgll sig-
nal of a few millivolts is buried. A sol;tion to this
problem, proposed by De Marco et al. [3], is to put a diode
(or two) in series with the anode as shown in Fig. 3-7. A
suitable diode type is the 1N4148. This diode has a reverse
recovery time of 2 ns and a junction capacitance of 2 pF.
Therefore, all positive spurious pulses with a risetime lar-
ger than 2 ns are eliminated, and the capacitance of the sys-
tem is reduced from ~ 6 pF to v 1.5 pF. Consequently, the
amplitude of the negative spurious signals is decreased by '
a factor of 4, and the noise is decreased by a factor of 8.
Moreover, the use of an oscilloscope with a bandwidth close to
the bandwidth of the observed signal, provided further reduc-
tion of noise amplitude without affecting the signal ampli-~
tude. It should be mentioned that the diode affects the shape
of the signal to be observed, i.e., the signal in higher (2
times) and narrower (2 times), as testéd using a LED as a
pulsed light éource (see appendix A). A second diode in

series with the first one did not affect the signal signifi-

e N S A e, R T T



Fig. 3-7 Second gated photomultiplier circuit. Dy-
nodes D2, D4, D6 and D8 are pulsed. A pulse transfor-
mer is used with dynodes D2 and D6 (appendix B). The
delay cables are RG62/U (93 @), the capacitance C is
0.001 uf. K is the photocathode, A is the anode, ZO
is the load impedance, D is for diode (1N4148) and

H.V. is the high-voltage.
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cantly but reduced the noise by another factor of 2. A third
diode introduces deterioration of the signal and was therefore
not used. Using a Tektronix 466 storage oscilloscope (4 ns
risetime), the noise was down to ~ 5 mV.

Before a final circuit was built using both the diodes
and the potentiometers, a simple modification of the previous
circuit (Fig. 3-2) led to the circuit of Fig. 3-7. 1In this
circuit, four dynodes are gated. Dynodes D4 and D8 are gated
with a positive pulse and, D2 and D6 with a negative pulse.

A pulse transformer (see appendix B) 1s needed to invert the
positive pulse coming from the pulse generator (gate). There-
fore, if. the cable lengths going to dynodes D2 and D4 are the
same (similarly for dynodes D6 and D8), and if the two dynodes
of each set (e.g., D2 and D4) receive a positive pulse and

‘a negative pulse simultaneously, the spurious signal should
cancel out [10]. For identical pulses, a reduction of 99% 1is
expected [10]. However, there are three problems with this
method. First, the transit time between the dynodes requires
much longer gating pulses (lon&ér by the transit time) so that
there is an overlap of the gating pulses as seen by the\elec—
trons in the photomultiplier. This implies longer chdrging
cables (refer to previous chapter). Consequently, the achie-
vable repetition rate is decreased. The second problem comes
from the modifications of the gating pulse going through the
pulse transformer. On our case, the amplitude of the pulse is

decreased by 10%, the risetime is increased by 15% and there
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is a drop of ~ 5%. Finally, the ¢tapacitance between all
dynodes and anode is not necessarily the same. The net re-~

sult was that the twe pulses did not'completely cancel and

Monly'a 70% reduction of noise was observed. This shows that

-

the technique of pulse transformers is not justified for noise

reduction if one considers all the problems involved. Never-
p

theless, some dynodes must be gated by a negative pulse in

order to achieve a high cut-off ratlo. Hence, pulse trans-

formers must Stlll be used to invert pulses.

Finally, a third circuit was built using potentio-
meters instead of fixed resistors (Fig. 3-8). Therefore,
"fine tuning” was possible and improvements in the gut-off
ratio were observed (factor ~ 3). The maximum cut-off ratio .
ébtained using positive and negative gating pulses (v 50V)
wes'700 and.900, respectively, with the photomultiplier type
RCA 6199 and, 1400 and 2400, .respectively, for photomultipljer
type HTV R212UH. The "fine tunings", for fixed gating pulse
amplitode, maximize the cut-off ratio and minimize the noise.

| The potentiometers make it possible to use the photo-’
multiplier as a gateé'or non-gaeed device, at will. Moreover,
the cut off ratio’ﬁay.be set to any possible‘level.‘ This is
useful for two reasons. Firgtly, when the photomultiplier

must be used as a non-gated device ¢{normal operation), the. .

,potentlometers can be ‘used to reduce the gain ‘instead of varying

the high voltage applied to the photocathode. . By keeping the
hlgh voltage at its maximum value, the rlsetlme and the tran-

sit the are kept to ‘their shortest values: Thﬁfefore, better’
. i‘"?»;} . .

4

L. S
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Fig. 3-8 Third gated photomultiplier circuit.
Dynodes D2, D4 and D6 are pulsed. The delay cables
(§) are RG59/U (75 §):; the capacitance C is 0.001
uF. K is the photocathode, A is the anode, 2

0
is the load impedance, D is the/diodes {1N4148) and

Hv is the high voltage.
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time characteristics are achieved with the photomultiplier.
Secondly, when the photomultiplier is used as a gated device,
the potentiometers offer two possibilities. The photomulti-
plier can be gated on (normal operation) most of the time and
gated off only during strong radiation or else, the photo-
multiplier is gated,off most of the time and gated on during
weak radiation. All these adjustments can be performed within
minutes.
The circuit of Fig. 3-6 has Been built for photomulti-

plier type HTV R212UH. Three dynodes are gated (D2, D4 and
D6) and the corresponding delay cable lengths are 41 cm, 146
cm and 215 cm, respectively. The capacitance between the
anode and the dynodes is the same asigype RCA 6199 (v 6 pF)
and the spurious- signal amplitude is also the same.

é This circuit is more %ersatile than the previous one,

is easier to build, and allows use of the photomultiplier in

the normal working conditions, when desired. It should be

e e = T

stressed that the system described in this thesis emphasizes
the use of the gated photomultiplier during an intense radia-

tion pulse (see next chapter).

3.7 Saturation Effect

3.7.1° The DC Mode

High intensity, together with a reasonable gain in the
photomultiplietr (v 109), can produce a high dc anode current,

e.g., one milliampere. This high current can drive the photo-

multiplier into a non-linear region or into sufficiently strong

-

R B T
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saturation for permanent damage to occur. The initial non-
linearity originates from the ‘fact that the dynode current
and the resistor chain currgﬁt.are closely related. Kir-
chhoff's law states that the sum of currents is zero at a
node. This means that the sum of the resistor chain current
and dynode current between two stages must be relativelf
constant. Also, the total voltage applied across the whole
resistor chain remains constant since the supply is generally
stable.

When a dynode current increases, the chain currgnt
for that particular dynode must decrease. Therefore, the
potential drop also decreases. Since the total voltage drop
across all stages mus£ be a constant, the current drawn from
the power supply must increase‘slightly to compénsate for
this reduction in voltage. The dynode current is usually
high only in the last stages. Thus a substantial voltage drop
can occur in-the last étages and a small voltage increase would
be observed in the first stages. The magnitude of the change
depepds on the value of the chain resistors. It can be shown
[31] that most of the voltage drop occﬁrs only in the last
two stages. - This voltage redistribution has been determined
experimentally by Stump and Talley [35]. At relatively low
intensity levels the net‘effect is a gain increaée. Basical-"
ly, the photomultiplier is inherently a non-linear device.
However, space éharge‘effect and other factors discussed below,
can produqe lafger non-linearities, even at low intensities,

as can be seen from Figs. 3-9 to 3-18.

Ig2

{7}
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A simple theory has been worked out by Baker et al.
(31] which shows a linear deviation from photomultiplier li-
nearity at small anode current. They show that the deviation
from linearity is linear (first approximation) until the anode
current is v 10% of the chain current. A more detailed theo-
ry [33,34], which includes second order effects, is more ;p—
propriate for deviations up to v 40% of the chain current.
Figs. 3-10 and 3-11 show the type of agreement between tgis
theory and the behaviour of photomultiplier types RCA 6199
and HTV 212UH. As mentioned by Moatti [33], the agreement
can not be perfect owing to the approximations made and to
the space charge effects present in the last staées [32]. The
space charge originates from the fact that the secondary elec-
trons leave the surface of a dynode with almost zero velocity,
which results in an accumulatioﬁ of charges near the surface
of the dynode. This cloud of electrons screens the electric
field between the dynodes so as to decrease the potential drop
seen by the engErons leaving the s%rface of the dynode. Al-
thbuéh the overall potential drop between the dynodes is not
changed, there is a reduction of the dynode current and conse-
quegtly the anode current drops. Data on the geometry of the .
dynodes, on the.properties of the material fo? the dynodes,
and on.the shape of the equipotehtiél between the dynodes, was
not availéﬁlel‘ Theréfbre, it was impossible to even estimate -

the magnitude of the space, charge.

W
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Fig. 3-9 Divergence (D) from linearity for photo-
multiplier type RCA 6l9§ operating at éOOV and in

the dc mode. Region a has the voltage redistribution
effect plus the space chérge effect. Region B is

the saturation part due to a dynode current signifi-

cant compared to the. chain current. Perfect linearity

is échieved when D=1.

o,



60

R o R A Attt e o

(y7) LNI¥YND JqONY - . ,
osh 00§ ocl .
! ¥ — |
| ]
— -
_
" 460
|
— ~
_
_
_ d
|
|
_
|
1w
g " 0 |
- : ¢l :




Fig. 3-10 Divergence (D) from linearity for photo-
multiplier type HTV R212UH operating at 800V and

in the dc mode. The theoretical curve (dashed) 1is
from Lugh et al. [34], with k = 1.5 corresponding

to a last stage resistance ofﬂlSO K. Perfect 1li-

pearity is achieved when D=1,

&
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Fig. 3-11 Divergence (D) from linearity for photo-
multiplier type RCA 6199 aperdting ét 900V and in
the dc mode. The theoretical curve (dashed) is from
Lush et alx/ {34], with k=1 corresponding to a last
stage ;esistance of 100 KR. Perfect linearity is

achieved when D=1,

¥
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The space charge can easily explain the discrépancy
between the experimental results and the theoretical predic-
tions (Fig. 3-11). 1In fact, the space charge effect should
occur at much lower currents in an elaborately focussed
photomultiplier compared to a simply focussed photomultiplier
(Fig. 3-10), owing to the much higher concentration of elec-
trons in the former. The experimental«results agree with
these predictions.

We have seen (Figs. 3-9 to 3-11) that a high dynode
current usually is larger than expected, and that the space
charge effect tends to lower the anode current. These two
effects can cancel each other to a certain extent (Figs. 3-9
and 3-10). | ‘

When the dynode current in the last stage reaches a
value comparable to the chain current, the space charge ef-
fect becomes very strong. Then, the anode current is much
lower than expected, and a third effect occurs, which results

directly from Kirchhoff's law. The dynode current cannot be

larger than the anode current, because their sum is a constant.

Therefore, when the dynode current approaches a value equal
to the chain current, it cannot increase further, whatever
the intensity incident on the photocathode. More likely, at
high intensities, the anode current can decrease from this
,maximum value due to space charge effects. This phenomenon ex-

plains the pronounced drop of the curve in Fig. 3-9 at ~ 0.4
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mA (chain current is 0.5 ma). ' In Figs. 3-10 and 3-11, the
chain current is ~ 0.75 mA, and a sharp drop is not observed
for a dynode current of ~ 0.55 mA. It should be mentioned
that when the chain current is properly chosen, then the
photomultiplier is automatically protected against overload,
i.e., the anode current will never be sufficient to cause
permanent damage (in the dc mode).

Another observed limitation [32] comes from the photo-
cathode. A fadial voltage drop is set up at the photocathode
'(semi-transparent type) which is caused by sufficiently in-
tense radiation generating large electron densities in the
material. The equipoteﬁtial pattern between the photocathode
and the first dynode is modified, and the collection efficien-
cy drops, resulting in a corresponding drop of the anode cur-
rent. Magnetic fields and teWperature changes will cause

' the output current to deviate from linearity, but this is a
second order effect'[32].

For the abo;e reasons, i.e.,, voltage redistribution,
space charge effect, dynode éurrent limitation and photoca-
thode saturation, the photomultiplier can behave very non-
.linearly with intense radiation. Consequently, when used
either far absolute or relative intensity measurements, the
anode current must be corrected to account for its non-linear
beﬁaviouﬁg' Figs. 3-9 to 3-18 show the behaviour of photo-
multiplier types RCA 6199 and HTV R212UH in different situa-

tions ({(dc énd pulsed mode).

e s ey
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The dc mode has been studied almost exclusively in
\ -

the literature. In the next sub-section, the pulsed mode is
investigated. A comparison with the dc mode reveals some

similarities between these two cases.

3.7.2 The Pulsed Mode

Inr the pulsed mode, the high dynode current in the
last stages can last for a much shorter time than for the
dc mode. Consequently, for sufficiently short.periods of
time, there should be much less space charge effect because
of the much reduced number of electrons present in the photo-
multiplier. Moreover, with sufficiently large capacitors
{v 0.601 uF) across each amplification stage, the voltage
drop between each dynode is regulated, and there should be
no voltage distribution, i.;., the sum of the dynode current
and the chain current is no longer a constant becaﬁse the
cgpacitors provide current for the dynodes. This éxplains why,

in Figs. 3-12 ‘to 3-18, where dynodé€ capacitors were used, an

3

anode current up to 20 times larger than the chain current

¢an be used. The current limitation occurs for a‘dynode

current about 50 times larger than for the.dc mode. Accor-

dingly, much higher radiation intensity can be measured in

the pulse mode than in the dc mode. This can be. seen as

follows. '

First, the photomultiplieﬁ is operated in the normal dc
: j

mode (Fig. 3~12), but with a strong lighf pulse on the photo-
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Fig. 3-12 Divergence (D) from linearity for photo-
multiplier type HTV R212UH operating at 1000V. The
on time of the light pulse is 600 ns (single pulse).

;
The last chain resistor is 150 KQ. Perfect linearity

is achievéd when D=1.
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Fig. 3-13 Divergence (D) for linearity for photo-
multiplier type HTV 212UH operating at.1000vV. The
on time is 8 ns auring a light pulse lasting 600
‘hs. The last stage resistance is 150 KQ. Perfec£

-

linearity is achieved when D=1, - -

/,"'
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cathode that lasts v 600 ns. Up to Vv 4.3 mA the anode cur-
rent behaves linearly, to within experimental error. Then,
quickly, the factor D, divergence from linearity, i.e., ex-
perimental value divided by expected value, drops to zero

(at &~ 5mA). This could be caused by the space‘charge effect,
by too small capacitors or by saturation of the photocathonA
(as discussed earlier).

If the photomultiplier is now pulsed for a short inter-
val (v 8 ns) within 600 ns light pulse, the space charge effect
and the capacitor discharge effect should be removed, but not
the photocathode saturation since the light pulse is the same '
as before. This situation is depicted in Fig. 3-9 f;r‘B ns
on time. A slight drop of the curve is observed at ~ 5 mA, buy
it is much less pronounced ﬁhan in the previous case.. A pla- ’
teau is reached between * 8 mA and 16 mA, Past ~ 16 mA, a
" monotonous drop brings the curve to zero. Compared with the
previous case, the first drop could be related to the photo-
cathode saturation. The plateau results from the combined ef-
fect of the photocathode saturation'(decreaseé anode current)’
;nd the capacitor discharge that starts to allow a voltage
redistribution (increases anode current). Finally, the lést
decrease could be due to discharge of capacitors, and/or to
the space charge effect, and/or to a strong sdaturation of the
photocathode, - |

By a comparison of Figs. 3-14 and 3-15, the focussed -~ - ..

type (RCA) and elaborately focussed photomultiplier type (HTV)

o S

are compared, and the results agree with those observed in the

4
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Fig. 3-14 ﬁivergence (D) from linearity for photo-
multiplier type RCA 6199 operating at 900V. The on
time is 8 ns with a rate of 1 KHz. pPerfect linearity

is achieved when D=1.
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Fig. 3-15 Divergence (D) from linearity for photo-
multiplier type HTV R212UH operating at 900V. The

on time is 8 ns, at a rate of 1 KHz. The last stage
resistance is 100 KQ. Perfect linearity is achieved

when D=1,

B
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dc mode. Starting at v 6mA, the anode current behaves more-
non-linearly for the HTV. This ;trengthens the hypothesis

that the space charge effect is more pronounced in the elabora-
tely focussed photomultiplier. It should be noted that when

a dc source is incident on the photocathode, the saturation

by high electron densities is less obvious because a steady
state is reached. Consequently, the effect is either reduced

or not observed, as can be seen from Figs. 3-14 to 3-18. The

saturation of the photocathode can be minimized by using a very

-

narrow (v '8 ns) light pulée.

The effect of the capacitors can be ‘observed when Figs.
3-16 and 3~17 are compared. For this data, the capacitor across
the last stage (last dynode to anode) has been éﬁanged from
0.005 uf to 0.002 yF. The capacitor discharges sooner when
its capacitance is reduced. Consequently, a voltage redistri-
bution appears at a smaller dynode current. This effect: i.e.,
D > 1, can be, observed in Fig. 3-17. Logically, a larger ca-
pacitor should behave the same way as a smaller capacitor but
at a higher anode current. However, this is not the case. 1In
Fig. 3-16, the curve seems to go above D=1, but still remains
in the linear region, to witﬁin experimental errors. The two
curves, Figs. 3-16 and 3-17, drop at ~ 12 mA, revealing the
occurrence of the space charge effect. On Fig. 3-15, the
space charge effect occurs at v 6 mA because a lower voltage

is applied across the last stage (90V across 100 KI) compared

[ S
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Fig. 3-16 Divergences (D) from linearity for photo-
multiplier type HTV R212UH operating at 800V. The
last stage ;esistance is 150 KO and the last stage
capacitance is 0.005 uF. The on time is 8 ns with

a rate of 1 KHz. Perfect linearity is achieved

when D=1,
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Fig. 3-17 Divergence (D) from linearity for photo-
multiplier type HTV 212UH oﬁerating at 800V. The
last stage resistance is 150 KQ and the last stage
capacitance is 0.002 F. The on time is 8 ns with

a rate of 1 KHz, Perfect linearity is aehigved when

D=1.
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Fig. 3-1é Divergence (D) from linearity for photo-
multiplier type HTV R212UH operating at 900V. The
last stage resistance is 180 KQ and the last stage
capagitance is 0.005 . F. The on time‘is 8 ns with

a rate of 1 KHz., Perfect linearity is achieved when

D=1.
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to a higher voltage for the data in Figs. 3-16 and 3-17
(114v across 150 K2). This was done to emphasize the effect
of thes capacitors.

As has already been mentioned, the last stage resistor
can be adjusted to decrease the effect of the space charge.
Figs. 3-15, 3-16 and 3-18 represent thé behaviour of the anode
cufrent for three different last stage resistors of 100 K@,

150 KQ and 180 K{, respectively. However, care must be
taken to avoid too large potential drop in order to avoid
sparking between the anode and the dynode, which could per-
manently damage the dynode. The three figures reveal a net
improvement in linearity with increasing last stage voltage.
Furthermore, a higher anode qurrent can be achieved. An in-
c;eased voltage across the last stage also implies increased
energy stored in the capacitor across that stage. Consequent-

ly, the capacitor is effective for a higher dynode)current.

3.8 Conclusion

To tackle the problem which is the main concern of this
thesis, a versatile gated photomultiplier has been built
(Fig. 3-8). For the measurement of relative intensity chan-
ges during intense radiation, the behaviour of the anode cur-
rent, when different dynodes are pulsed, has been studied in
order to obtain the best cut-pff ratio, together with the
lowest electrical noise level.

Large anode currents are produced during intense radia-

tions,'ig order\to‘achieve good ‘accuracy and high SNR. A know-

A
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ledge of the behaviour of the anode current in the non-

linear region is necessary. ~The non-linear effect has been

‘'studied in the dc mode; where it is hest understood, and

then compared with the pulsed mode. With the photomultiplier
type HTV R212UH, the best linearity was achieved for the situa-
tion illustrated.in Fig. 3-18. ;
] In summary, the photomultiplier type HTV R212UH hés

g%gn gated for an on time of 8 ns at a cutfbff ratio of 1800,
using positive gating pulses of 50V. The latter produced ~ )

5 mV (across 25 Q) of spurious signal at the anode which is
adequately small for a wide range of measﬁrements. The out-
put anode c¢urrent deviates from linearity by 10% for ~ 16 ma, ‘

in the pulsed mode. This may be compared to ~ 150 uA in the

dc mode. Thus, the pulsed mode allows two orders of magnitude |,

increase in the anode current.

/-“-1
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CHAPTER & |,

4

Timé€ Dependence of Intense Light Pulses

4.1 Introduction .

In this thesis, the gated photomditiplier is mainly

X
intended for tim& resolved amplitude measurements of intense

light pulsesfﬂ Here, the term intense refers to any light
pulse that can saturate a qf?ggé;ltiplier in its normal dc
mode. One application, in this thesis, is for the study of
light emitted by a flashlamp pumped dye amplifier. .

In the first experiment, the gated photomultiplier
and a high‘pressure Xe lamp were employed to investigate
the gain‘of the dye amplifier as a function of time, with
wavelength and pumping power. The relative changes in ampli-
tude of the time resolved intensity measurements should pro-~
vide accurate data to compuée the gain of the dye.amplifier.
The experiment was intended to test the performance of the
gated photomultiplier, using a very well characterized orga-
nic dye, Rhodamine 6G [21,24,26,27]. The saturated and
unsaturated §ain of dye amplifier has been extensively‘studied
(16-23,27]. The theory relevant to this subject is described

in the next section.

- In the second experiment, the time dependent spectrum of

-
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the amplified spontaneous emission (ASE) was investigated. These
meaéurements were motiyated by the failure to measure the

gain using a high pressure Xe lamp as the source. Ouf goal
remained the same, i.e., to test the performances of the

gated photomultipligg:for time resolved high intensity mea-
surements. The theory, mentioned above, can also be applied

to predict the spectrum of the ASE. *

4.1.1 Literature Review

Gain measurements in amplifiers can be carried out
in many different ways. Direct measurements, Huth (17],
are commonly used where a laser beam of the right wavelength
is passed through the amplifier and the amplified intensity
is measured with a detector. This technique is suitable for
most lasers, provided that a suitable source is available.

Burlamacchi et al. [20] employed.double pass amplifiers
and travelling-wave regenerative amplifiers to extract the
data concerning the gain. With their technique, the amplifi-
cation of the probe signal (laser beam) is enhanced, and the
gain measurement accuracy is increased. |

When the gain is high, in e.g., a dye laser, the
narrowing of the amplified spontaneous emission {(ASE) with
increasing pump power provides the data to compute the gain
[16,18,21,22,27]. The advantage of this technique is that

there is not a probe signal to saturate the available gain.
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Another alternative is to measure the intensity of the ASE
from a full length cell and from, e.g., a half-length cell.
The gain, as a function of wavelength (X), can be computed
from

2

G(A) = £ #n(I (M)/I

£ (4.1-1)

L/Z(A)) ‘
where I is the measured intensity and L the full length of the

dye cell. The accurate reduction of the active medium length
is not always possible and consequently the measurements may
only give an approximation for the gain [l16].

‘ The last two techniques can be used only in a rela-
tively low gain region. 1In general, 'the most simple technique
is direct measurement using a probe source. The probe source
must be weak enough not to saturate the available gain. Rho-
damine 6G, e.qg., has a broadband emission spectrum (h 400 X)
and required a tunable source for detailed gain measurements.
Usually, a laser of the same type as the amplifier to be stu-
died is used as a source. Our aim was to use a system of
general application, i.e., one that can be used with most types
of laser. .Consequently, we needed a continuous probe source.
The dye laser is the only suitable candidate among the la-
sers [23,25], but is an expensive and complicated system. A
potential approach is to use a broadband lamp (e.g., a high-
pressure Xe lamp) tggether with a monochromator. The first °

half of the experimental section in this chapter (4.4.l1) deals

13
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with such a system. First, we investigate theoretically
the behaviour of Rhodamine 6G in a cylindrical cell surroun-

ded by a coaxial flashlamp (19,25].

4.2 Theory of Gain in Rhodamine 6G

Rhodamine 6G (R6G) is a high gain and efficient dye
for use in a dye laser. Marling et al. ([24] give a compari-
son between seventeen dyes. The effect of flash excitation
frequency and fluid filtration on the quality of the dye is
discussed by Fletcher et al. [26]. The thermal effect, i.e.,
dye sblution heating by the non-radiative transitions, and
the loss of molecules due to the long triplet lifetime,fare
neglected. A concentration of 7.SXIb-4'M/2 of R6G in metha-
nol, below the optimum concentration [18], has been chosen
to minimize the intensity of ASE and maximize the available
gain.

In order to compute the gain, we follow the model
based on the rate equation approximation developed by Ganiel
et al. [21]. We proceed in a way similar to that of Efthy-
miopoulos [16], which includes the model developed by Casper-
son [22]. Fig. 4-1 gives the energy level diagram for the
R6G. These energy levels have a semi-continuous structure
consisting of all the vibrational and rotational energy
states of the molecule; Owing to the fast thermalization

process (Vv 10712 s) only the lowest levels of each state are



Fig. 4-1 Energy levels for Rhodamine 6G. S0

is the ground state, Sl and 82 are the singlet states
and, Tl)and T2 are the tripleé states. W is the
pumping rate, %01 is the ground state absorption
cross-section, 0o is the singlet state emission cross-
section, Oy4 is the singlet state absorption cross-

section and Oop is the triplet state absorption cross-

S and Tp are the singlet state and triplet

state lifetimes. KST is the singlet state to triplet

state crogssover rate,

.

section. T

| g



81

= =
-——p
g A
D /
\
\
\g \
/ \
- / \
=/
/
/
' 4
I4
4
[, ]
™~
—- e wp
- o
g | —
AO..Q
6 ¢+
— ©
2
vy

o aam



82

filled. Moreover, the very fast non-radiative transitions,
from the higher excited states (those not shown in Fig. 4.1)
to the first excited state, depopulate these levels. So,
zero population is assigned to the higher excited state,
This is true also because the flashlamp provides a maximum
pumping rate of about 107 photons per second (25]. The only
populated levels considered are the ground state, the first

excited singlet and triplet states. Then,

No(x,t) + Ns(x,t) + N, (x,t) =N, (4.2-1)

T

where t is time, x is distance along the axis of the cylindri-

cal cell, N  is the ground state (So) population, Ns is the

0

singlet state (Sl) population and N_, is the triplet state

T
(Tl) population. N is the total number of molecules which

can be calculated from the dye concentration used. The popuy-
lation of the Sl and Tl levels are governed by the following
rate equations: |

aN N

:§§ (x,t) = W(t)No(x,t)-?f (x,t)-Ns(x,t) j oe(A)I(X,t,A)dA

A

+No(x,t) jOOl(A)I(x,t,x)dA-Ksth(x,t)-Ns(x,t) [olz(A)I(x,t,}\)dA

A A

-w (£)N, (x,t) . (4.2-2)
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ANy Np

dt T

A
Here W(t) and W' (t) are pumping rates, oe(A) is the emission
cross-section from S, to SO’ oOl(A) is the absorption cross-
section of So, olz(k) is the Sl absorption cross-section and
oT(X) is the triplet state cross-section. K is the S, to

ST 1

Tl crossover rate, and g and Tp are the singlet and triplet
state lifetime, respectively. I(x,t,)) is defined as the
total photon flux per unit wavelength, or as the sum of the

-x and +x propagation intensity, i.e.

I(x,t,0) = IT(x,t,0) + I (x,t,\) . (4.2-4)

The propagation in each direction can be considered indepen-
dently. Taking account of the losses by absorption, and of
the gain from the spontaneous and stimulated emission, we

can write the rate equation for the photon flux as

x N

r* :
& x,t0 = £ (x, ) EM g (x) + N_(x,8)0 (NI (x,t)

001 (MNG (,£) T 0, £,0) =0 (AN, (X, £) T (x,E,A)

x
Olz(A)Ns(x,t)I (x,t,2) . (4.2-5)

The fluorescence spectrum E(A) is normalised so that

$ 5 |
E(})dk = ¢ , »>(4.2-6)

(x’t):SKsth(x’t)-?— (x,t)-—NT(x,t) OT(A)I(x,t,X)dX (4.2-3)

I
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where ¢- is the quantum efficiency («v 0.84 for R6G in metha-
nol)., There is a relation between the.emission cross-section

and the fluorescence spéctrum via.
' 4 2
oe(x) = AE()N)/8win ¢ , (4.2-7)

’where ¢ is the speed of light and n is the refractive index

of the splution (1.3288 for methanol). The function gi(x)

-is an adjustable parameter for the coupling of the spontaneous
emission in the cell (cylindrical). As a starting point,

1/2
S(1- (L-%) / [ (L-x) *+2°] 7}, (4.2-8)

]

g (x)
1/2
%il-x/[x2+r2] b, . (4.2-9)

g_(x)

{ .
where g=1, or any smaller valuéd. Here r and L are the radius

and length of “the dye cell and x is taken along the symmetry
axis of the dye cell. It should be noted that the pumping

texrm W'(t)Ns(x,t) in Eq. (4.2-2) is generally assumed negli-
gible compared with W(t)No(x,t) for a coaxial flashlamp pumped
dye laser. [16], and therefore this term is omitted.‘ The pum-

ping term is defined as

W(t) = Eﬁﬁl ’ T4y (M ED) g% ar , (4.2-10)

where P(f) is the power dumpéd into the dye cell by the flash-

lamp'as a function of time, and A is the pumped area. With

[
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an ablation flashlamp ([16], f(A) is chosen to be the norma-

lized blackbody radiation spectrum. Using

angc (eD/KTA_ 1y-1 (4.2-11)
A

where k is the Boltzmann's constant and h is the Planck's

£(A,D) =

constant. Integration over wavelength gives the normalized
!
function,

_f£(A\,T) _ 2the® 1

he/KkTA -1
f()\)———t:—z-,ﬂ——._o_'l_‘ro;g.(e -

l) I (4-2—12)

where o is the Stephan's constant. Because the light pulse
from the flashlamp has a relatively slow variation with time,
the pumping rate can be considered constant, which greatly

simplifies the calculations. Thus

2 2
o CV _ 3av i : _
2.250 ns = 75 J-s ! (4.2-13)

P(t) = P =

where C = 300 nF refers to the capacitor driving the flash-
la@p; and 250 ns is the pumping pulse width (HWHM). The para-
meter a is the fraction of enefgy, stored in the capacitor,
that is coupled into the dye cell. V is the voltage that
appears across the capacitor and the flashlamp. The pumped
area, although not clearly defined in this case, is assumed
to be at radius r at the center of the absorption layer in .

the dye. The area is

A = 27rl , (4.2-14)

1 Bppmeme S e 10 L



86

where L is the length of the active medium. With L = 11.5 cm

and r = 0.35 ¢cm

A = 2wx0,35x11.5 = 25,29 cm2 . (4.2-15)

From Egs. (4.2-10), (4.2~-12), (4.2~13) and (4.2-15), the pum-

ping rate becomes

2 -1
- o . 1490acV 1, he/kTA_ _
W(t) = W = ——;Ez———- 091 M) ;Z (e 1) ax. (4.2-16)
A

The limits of integration are determined by the absorption
region of the dye [25]. The equivalent blackbody temperature
is in the range 20,000°K to 30,000°K [16]. Eq. (4.2-16) 1is
used to match theory with experimental results.

In our system, the pumping rate varied between 2.IXl06

photons/s and 3.7><106 photons/s, which is above the minimum
requirement of 1.08><106 photons/s which produces threshold
gain at 5850 A in 7.5x107% M/% of R6G in methanol.

Equations (4.2-1), (4.2-2), (4.2-3) and (4.2-53) form a
system of non-linear coupled eéuations. These can not be
solved analytically and must be treated numerically. The
camputer program written by Efthymiopoulos {16] has been fol-
lowed closely. .

Assuming a slowly varying pumping rate, Eq. (4.2-3)

can be solved for the steady state, i.e.,



N, (%)

T 1
N (x,t) = {— + O (A)I(x,A)dA}. (4.2-17)
s KST T T

A

For a low pumping rate (< 109 photons/s), which is the case

Ld

with a flashlamp, the iﬁtegral in Eq. (4.2-17) is small com-

-1
T .

M Np(x) = Koot N (%) . (4.2-18)

The same assumption applied to Eq. (4.2-2) gives

pared to T Therefore

ST
A A

Ns(x;{gL + [ oe(A)I(x,A)dA + K., + l olz(A)I(x,A)dA} =

S

No(x) {w + { OOl(X)I(x,A)dA} . (4.2-19)
A

; Combining Eq. (4.2-1) and Eq. (4.2-18) gives

}o. (4.2~-20)

1 No(x) =N - Ns(x){l + KSTTT
Substitution into Eq. (4.2-19) yields
Ns(") = N-{W+I oOl(A)I(x,A)dA}/{KST+-T£S—+ [l+KSTTT] [W+[001(A)I(x,>\)d)\]
A by
+ I oe(A)I(x,A)dA + J olz(A)I(x,A)dA} . (4.2-21)

A A

Equations (4.2-18), (4.2-20) and (4.2-21) must be solved

D AT g M A D B s Bk = N ke Ak

to find Ns(x),‘No(x) and NT(x). . Both the unsaturated and
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satufated gain are then computed using the expression
G(x,A) = NS(X)oe(A)-NO(x)OOl(A)—NT(x)oT(A)—NS(x)clz(A) . (4.2-22)

The results of this computation demonstrate the possibility of
achieving an unsaturated gain as high as 0.8 c:m.l at a wave-
length of 5960 A and employing a pumping rate of 2.5x10° pho-
tons/s with a concentration of l.5><10_3 M/% of R6G in methanol.
The probe source should then be amplified by a féctor of 100
over the length of the dye cell. Equation (4.2-5) can also

be computed to give the spectrum of the ASE.

4,2.1 The Computer Program : DYGAIN

The computer program created to solve the above equa-
tions follows clesely the steps established by Efthymiopouios
[L6] in his doctoral thesis. These steps are shown in the
flow chart in Fig. 4.2, The starting ppint is to fix a pum-
ping rate and a concentration. Then, I' and I  in Eq. (4.2-19)
and Eq. (4.2-21) are made equal to zero. This yields the first

estimate for NS, N. and NT‘ Using Eq. (4.2-22), a first

0
estimate for the gain is available, and the intensity travel-
ling in the positive direction (I+) can then be calculated
from

sT

B

ST' *EXP (G*Ax)
(4.2-23)
SP

F(Ns)*E(A)*{EXP(G*AX)-l}/G '

oot L.t
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Fig. 4-2 Flow. chart of computer program DYGAIN.
N1,NO and NT are the population of the singlet state,

-

the ground state and the triplet state, respectively.
1* and 1~ are the intensities travelling in the +x
or -x direction., Ax-is a émall interval into which
the length of the ce}l L is divided. CONV is for

convergence (test) and SYM is for symmetry (test).
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where ST is the intensity of the stimulated emission in a
certain range of wavelength and SP is the intensity of the
spontaneous emission. ST' is the intensity of the stimulated
emission comihg from the precedent region (AX) of the cell.
F(Ns) is a function of NS, E()) is the emission spectrum of
the spontaneous emission and G is the gain. The sum of ST
and SP gives the intensity (I+) in a particular location of
the cell and in a given wavelength range.

The values of Ns’ NO and NT can be adjusted by inclu-
ding the new value of I' in Eqs. (4.2-19) and (4.2-21). This
sequence is repeated until a reasonable convergeﬁce of 17 is
obtained. Then, the process is repeated for a new location
(AX) in the cell. This is continued until the end of the cell
is reached (X = L). Because both axial directions (-x and +x)
in the dye amplifier are identical, the intensity travelling
in the negative direction should be identical to the intensity
travelling in the positive direction. Therefore, there is
a symmetrical distribution of N, along x.

After the end of the cell is reached, the computation
is repeated for each AX using both 1* and 1, instead of 1t
alone as in the first:set of calculations. Each time the end
of the cell is reached N is tested for symmetry with x. The
computation is considered complete when the distribution of Ng
is satisfactorily symmetrical. Typically, it requires four sets

of calculations when the céll is divided into 100 steps (4X).

g e
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4.3 Experimental Arrangement

4.3.1 Gain Measurements in a Dye Amplifier

As mentioned earlier in this chapter, the probe source
originates from a high pressure Xe lamp. The spectrum of the
light emitted is reasonably uniform in the visible, The in-
tensity drops off below about 250 nm. The total dc power in-
put is 300w, L

The light emitted by the lamp discha¥ge volume is focus-
sed onto a 0.25 m monochromator (Jarell-Ash) by means of a
5 cm focal-length lens. The resolution of the monochromator
establishes Ehe bandwidth of the probe source, e.g., 102 for a
150 um slit width. The output slit of the monochromatoxr is
focussed on the.entrance window of the dye cell by means of
a 5 cm focal-length lens. The reason for doing this is dis-
cussed later in the chapter. On the other side of the dye
cell, a 10 cm focal-length lens couples the signal into a
second monochromator (similar to the first). The gated photo-
multiplier is at the exit slit of the second monochromator.

A second photomultiplier is used to synchronize the gating sys-
tem and a storage scope with the light pulse from the dye
amplifier flashlamp.

This experimental arrangement has to be optimized to
maximize the intensity of the detected signal coming from
the high pressure Xe lamp, and to minimize signals originating

in the dye cell itself, such as spontaneous emission and ra-

3
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diation directly from the flashlamp. In the initial experi-
ments, there was no monochromator between the dye cell and

the gated photomultiplier. Much effort was taken to filter
out the background signal originating from the flashlamp and
the spontaneous emission. This required the use of pinholes,
and small apertures employing relatively long focal-length
lenses. Light originating from the wall of the dye cell, i.e.
coming from the flashlamp, were essentially eliminated. How-
ever, the spontaneous emission, coaxial with the probe beam,
.was too intense. Then a second monochromator was added to
select only the spectral width of the probe beam. Unfortunate-
ly, owing to the length of the dye laser (~ 20 cm), it was
impossible to couple all of the light from the brobe beam

into that second monochromator. Consequently, the detected
amplitude became very small (v 5 mV across 25 @, corresponding
to 2.5x10“9w on the photocathode), while a strong signal was
still present due to spontaneous emission in the system (% 156

8

mV across 25 @, corresponding to 7.5x10 °W on the photo-

cathode) . The dye laser concentration was low at 5x10 ° M/ %

of R6G in methanol.

4.3.2 Problems and Discussion
From the above it can be seen that the probe signal
is only 3% of the hackground signal. Furthermore, the concen-

tration must be increased to measure gain, which means a con-

’
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siderable background due to ASE. The contribution to the
background by the direct light from the wall of the dye cell
(i.e., from the flashlamp), when not removed by aperturing,

is more than ten times stronger than the spontaneous emission.
This can contribute on "on-axis" radiation by reflections from
the\cell windows. The dye cell 1s closed by quartz windows
(nq = 1,4585), with methanol on one side (nM = 1.3288) and

air on the othef. The quartz-methanol interface gives 0.2%
reflection and the quartz-air interface gives 3.5% reflection.
It is reasonable to believe that part of the light coming from
the flashlaump is coupled back along the axis of the cell

after reflection at the interfaces. 1In order to eliminate
that effect, which is equivalent’to doubling the length of

the cell (however, with effective wall intensity 3.5% of nor-
mal), several approaches were investigated. Roughened black-
polyester disks were fixed on the far window-at the quartz-
methanol interface. The result was only a very small improve-
ment. The next step was to remove the quartz window, and thus
to put an extension on the dye cell (v~ 20 cm long, filled with
dye solution) so that the window was distant from the active
medium. In addition, the window was inclined at 45° to avoid
any coupling of the reflections along the axis of the cell.
Again the improvement was not significanf. These results
indicated that the liéhﬁ coming along the symmetry axis of the

dye cell came from the spontaneous emission alone. To confirm
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this result, the central-part of the cell, which produces spon-
taneous emission, should be removed. The region close to the
wall should remain the same, in order to test the abiliéy of
the aperture and optical system to remove light coming from the
outer regions of the dye cell and from the flashlamp. For this
test, a hollow glass tube, somewhat smaller than the inner
diameter of the dye cell, was installed at the center of the
dye cell to provide a symmetrical dye thickness of ~ 1 mm.

Only air was present in the tube - windows were not employed.
No background signals could be detected, which confirmed our
previous results. Before the above test was performed, dif-
ferent low concentrations of dye were tried and a corresponding
decrease in the intengity of the signal was observed.

Therefore, the major problem came from the intensity
of the spontaneous emission. The difference of intensity
between the prdbe signal from the Xe lamp, and the spontaneous
emission from the dye amplifier could not be overcome. Conse-
quently, tife Ndea of probing the medium with a dc broadband
light source had to be abandoned.

It would be mentioned that any measurements, using a
relatively low power source are also very difficult owing to
the photon noise. A simple calculation shows that, with'»2.5x10-9w
at the photocathode, only 80 photons (standard deviation of 9)
reach the detector during a period of 8 ns and at a wavelength

L]
of 6000 A. Therefore, this number is subjected to an appre-
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ciable fluctuation (v 13%). Since these photons originate

from a dc discharge, i.e., the signal changes from shot to

shot., The way to make this technique work is to put more

light into the system by, e.g., employing wider monochro-

mator slits. However, the required width is so large that a
considerable loss of resolution occurs as a consequence (> 100 g)
Another solution is to pulse the high pressure Xe lamp. Ei-

ther solution was not practical in our case.

4.4 Time Dependent Spectrum of ASE

Experimental arrangement for measuring amplified spon-
taneous emission (ASE) is shown in Fig. 4-3. The aim of the
measurements was to test the accuracy of the gated photomul-
tiplier system when the signal intensity is very strong, i.e.,
up to the point where photomultiplier saturation begins.

The limiting accuracy of a gated photomultiplier, for
low intensity signals, is determined by electrical noises.
Part of this noise comes from gating pulses, as mentioned in
Chapter 3. The rest is attributed to the eiectromagnetic
fields generated by switching devices such as the spark gap,
the flashlamp, and by high voltage cables and ground loops.
With elaborate shielding, the total noise at the anode of the
photomultiplier was v 10 mV across 25 Q, as obtained with a

100 MHz bandwidth oscilloscope.



Fig. 4-3 Schematic of the experimental arrangement.
PG is the pulse generator, RR indicates repetition
rate, PS means power supply, HFS means high fregquency
switch (chap. 2), GP 1s the gated photomultiplier and
P is the photomultiplier used for triggering. M is
the monochromator, PT is a pulse transform, CC 18 a
standard car ignition coil, FL is the dye amplifier
coaxial flashlamp and SG is the spark gap. The Sili-
con Controlled Rectifier (SCR) is a type 2N688, ca-
pacitor Cl equals 10 yF (400v), capacitor C2 equals
300 nF (25 kv), and R is a S5Kfi resistor. ¢ represents
the delay cables, TT the trigger input and finally,

" the signals were observed on a Tektronix gype 466

storage oscilloscope (SS).
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In Section 3.6, the behaviour of the gated photomulti-
plier was studied under short intense radiation pulses. The
accuracy of the results, from this study, is important since
the amplitude of the signals sent by the photomultiplier must
be corrected, and consequently the errors must be added. Thus,
the best accuracy is achieved for strong light pulses that
will not drive the gated photomultiplier too far into satura-
tion (< 40% of best linearity).

Fig. 4-4a shows the shape of the pumping pulse from the
flashlamp and the corresponding shape of the ASE pulse. Fig.
4-4b represents the same situation, but only the ASE curve is
shown, together with eight peaks representing the gated signals
present at the anode of the gated photomultiplier. The loéa;
tion of each peak indicates the time when, during the ASE
pulse, the photomultiplier was gated on.

The results, from the huge amount of data, are summarized
in Figs. 4-5 to 4-12 and Fig. 4-13. The most interesting re-
sults are found in'Fig. 4-13. This figure traces the evolution
of tﬁe wavelength at the intensity peak and of the half width
at half maximum (HWHM) of the spectrum, as the pumping rate is
changed over a time interval of 700 ns, as shown in Fig. 4-4a.

The time characteristics of the laser emission spectra
have been studied by Borisevich et al. [40], and their results
for R6G correspénd very well to what we have observed. For

organic dye solutions, the time deéendence is affected by the

induced loss factors which are functions of wavelength. These

P
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Fig. 4-4 Time dependence of light pulse shapes.

(a) Superposition of pumping pulse from the flash-
lamp and of the ASE pulse. The vertical scales are
not related. (b) Superpos&tion\of the ASE pulse

and the sampled output from the gated photomultiplier.

The vertical scales are not related.
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Fig. 4-5 ASE spectrum at time 0 ns. The spec-
o .
tral width is 225:8 A, the peak wavelength is

5960+8 A.
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Fig. 4-6 ASE spectrum at time 100 ns. The spectral

(] -]
width is 3078 A, the peak wavelength is 596018 A.
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Fig. 4-7 ASE spectrum at time 200 ns. The spectral

-] \ 0
width is 325:8 A, the peak wavelength is 5965%8 A.
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Fig. 4-8 ASE spectrum at time 300 ns. The spectral

o [+
width is 350:8 A, the peak wavelength is 585548 A,
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Fig. 4-9 ASE spectrum at time 400 ns. The spectral

[+
width is 316:8 A, the peak wavelength is 5985:8 A.
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Fig. 4-10 ASE spectrum at time 500 ns. The spectral

o ]
width is 297+8 A, the peak wavelength is 5955%8 A,
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Fig. 4-11 ASE spectrum at time 600 ns. The spectral

o} o
width is 270x8 A, the peak wavelength is 5995:8 A,
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Fig. 4-12 ASE spectrum at time 700 ns. The spectral

] -]
width is 2678 A, the peak wavelength is 5995:8 A,
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losses are principally

a) increase of the population of the metastable triplet
state,
b) reabsorption of the emission by the ground state'(so+sl)

or by the first excited state (Sl+Sz),
c) deactivation of the molecules by the pumping radiation,
d) increase in absorption, in the stimulated emission

band, due to the formation of stable and short-lived

photoreaction products,
e) thefmal and optoacoustic distortion of the medium.
Only two of these induced losses are found to have a conside-
rable effect on the time dependence of the wavelength at the
peak intensity'and on the width of the ASE spectrum. The first
of these is the triplet absorption, which shifts the wavelength
at peak intensity toward the short wavelength region (because
the absorption curve of the triplet state is located on the
long wavelength side of the emission spectrum). The second
is the absorption by photoreaction products which induces los-
ses on the short wavelength side of the emission spectrum and,
consequently, shift the wavelength at peak intensity\to longer
wavelengths. Borisevich et al. [40] have shown‘that the
time behaviour of the wavelength at intensityypeak is a compe-
tition between fhese two effects, and that the determining
factor in thig competition is the steepness of the leading edge
of the pumpir_;g pulse. For a pumping pulse with a risetime of

lus or less, the curve of Fig, 4-13 is typical for the, behaviour
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Fig. 4-13 Time characteristics of ASE spectra. The
full curve Yepresents the evolution of the spectrum
width. The dashed curve represents the evolution of

the peak wavelength.
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of the wavelength at peak intensity.
For the first 200 ns, the pumping rate is high

(> 2.5x10°

photons/s), the gain in the medium is high, and
the ASE can withstand the losses from the ground state ab-
sorption. A typical shift of the wavelength at intensity peak
to shorter wavelengths is observed (to n~ 5960 3). After 300
ns, the triplet losses become important (triplet lifetime
v~ 250 ns) and the wavelength at peak intensity is further
shifted towards shorter wavelengths (to ~ 5950 R). After
500 ns, the pumping rate has significantly decreased, the
absorption by photoreaction products takes over, and a
marked shift towards the long wavelength region is observed
(to v 5955 ).

The first plotted point, on the extreme left of Fig.
4-13, has a very high pumping rate, and therefore a high gain.
Due to the non~uniform gain profile, as computed by DYGAIN,
considerable narrowing is observed, the radiation intensity,
near the peak of the gain profile, increases more rapidly
than the radiation intensity near the edge of the gain profile.
At very low pumping rates, no narrowing is assumed, and a
spectral width of 420 A is predicted for a dye concentration

of 1.5x10°3

M/%. As the pumping rate decreases (after 300 ns)
o .

the spectral width broadens to 350 A, After 400 ns, the pum-

ping rate is low and slowly decreasing., 1In such a case, it

is typically observed [40] that the spectrum slowly narrows

e o
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and that the peak wavelength remains stable. This is probably
due to the combined effect of the triplet losses and photo-
reaction products absorption acting simultaneously on both
sides of the spectrum.

Finally, the computer program DYGAIN, unappropriate
for a time dependent study of ASE, isvable to match a steady
state spectrum over the data pointg corresponding to the time
400 ns in Fig. 4-13. This means that the situation has reached
a steady state near the peak of the ASE curve (Fig. 4-4b).
This demonstrates the accuracy of the steady state approxima-

tions.

4.5 Discussion and Conclusion

In our case, the greatest aéproximation comes from the
assumption of a constant pumping rate. The wavelength at peak
intensity is most affected by the steepness of the leading edge
of the pumping pulse, as shown by Borisevich et al. {40] for
pumping pulse risetimes greater thah 1 us and by us for rise-
times less than 1 us. Moreover, when the time characteristics
of the ASE spectra are needed, the triplet losses and the
photoreaction products absorption must be ;ncluded in the
numerical simulation. However, this is difficult because the
triplet absorption band is not yet well defined, and even less
is known about the photoreaction products absorption. We have
observed a fluctuation of ~ 40 A in the wavelength of peak

intensity (Fig. 4~13) over a period of 700 ns, for the pump
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curve shown in Fig. 4-4a. The spectral width varies over

" 125 A (from " 225 A to 350 A) in the same period of time.
The error on these results is mainly governed by the resolu-
tion of the monochromator (~ 8 R).

Inspection of Figs. 4-5 to 4-12 reveals a typical
accuracy of 2% for the results obtained with thé gated photo-
multiplier when corrected for non-linearity following Fig.
3-9. The main source of error comes from the non-reproducibi-
lity of the pump pulse. The shape of the pulse is very con-
stant, but the intensity typically varies by 5%. Therefore,

a series of 20 flash discharges were recorded and averaged

to obtain an accuracy of 1%. The limiting accurécy for in-
tense light pulse is imposed by the trace width of the storage
scope used (Tektronix 466). This accuracy degrades when the
signal is weak, as obsefved in Figs. 4-5 to 4-12, due to
electrical noise and to flash fluctuations. A 10% accuracy

is available for a signal of ~ 80 mV across 25 Q.

The gated photomultiplier proved capable of providing
reliable data on the time dependent spectrum of the ASE. Much
more accurate results could be obtained if the pump was re-
producible from pulse-to-pulse ana if a high resolution spec-
trometer was available.

From the above work, we can conclude that a gated
photomultiplier is suitable for accurate measurements of in-
tense light pulses. This, together with the ability of good
time resolution (2 ns), can be readily employed to investigate

the time characteristics of such pulses.
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CHAPTER 5

CONCLUSION

The main purpose of this work has been to develop 4
new high repetition rate sampling method for observing in-
tense radiation sources. The basic unit consists of a high
repetition rate high voltage pulse generator used to gate
a photomultiplier.

The pulse generator is composed of six gates (tran-
sistor switches) triggered sequentially through coaxial
cables which introduce the proper delay between each gate.
A limit of six gates is imposed by the inherent mismatch
between the coaxial cables and the different gates. We have
operated the pulse generator at repetition rates as high
as 75 MHz for six consecutive pulses, repeatedly every 2.5
us, and at a continuous rate of 2.5 MHz or less. The
amplitudes of the gating pulses range between 0 and 220V.
The risetime and falltime of such pulses is 2 ns, and the
width is continuously adjustable. However, the width af-
fects the highest repetition rate attainable.

The pulse generator is employed to gate a photomulti-
plier. The photomultiplier gatiﬁg circuit proﬁosed by
Araki et al. [7] has been modified so as to be used either
in normal dc operatioh 6; in the gated mode. This modifi-

cation congists in the incorporation of three potentiometers

112



e Rt B B 2R X e s megu oy Wt e e

o

TR e L I e Rk,

113

in the circuit of Fig. 3-7, instead of fixed resistors to

bias the pulsed dynodes. This improves the ability to per-
form fine voltage adjustments in order to attain the best
cut-off state congsistent with minimum deterioration of gain
when the photomultipligr is pulsed. 1In addition, it is pos- d
sible to study the variations of gain when one or several
dynodes are biased relative to their normal operating vol-
tage. Such studies, together with comparisqn of the behaviour
of phoéomultiplier types RCA 6199 - (simply focussed) and

HTV R212UH (elaborately focussed), showed that adequate cut-
off is reached when the electron flow is defocussed in several
locations of the multiplication stages. Consequently, an
elaborately focussed photomultiplier is best for gating pur-
poses. The results of these expérimentaéians are discussed

in Chapter 3.

The purpose of this work was to devise a sampling
method specially adapted to deal with high intensity sources.
Therefore, the non-linear behaviour of the anodé ‘current, at
high radiation intensities, was studied: This study indicates
that the linearity of the photomultiplier can be improved by
a factor of v 50 when the photomultiplier is gating for very
short period of time (v 8 hs). This study 'also prov;ded a
good understanding of the causes and effects of anode current
non-linearity. . These results are summarized in Section 3-6.

Fiﬁa}ly,,tﬁis new high repetition sémpling method has

been applied to investigate the gain of a coaxial flashlamp'

.
| DMy et
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Shmped dye amplifier. Also, the amplified spontaneous emis-
sion (ASE) has been investigated to estimate the system ac-
curacy, and to complete the set of data published by Bori-
sevich et al. [42]. The accuracy achieved by the gated
photomultiplier, corrected for‘the non—lingar behaviour of
jthe anode cufrent, was 2% for relative amplitude, and 3%

for time. The accuracy on the peak wavelength and the
spectral width of the ASE are determined by the resolution

0
of the monochromator (v 8 A). Data concerning the time

characteristics of the ASE are provided in Chapter 4.
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APPENDIX A

A NANOSECOND LIGHT PULSER

when a photomultiplier is gated, e.g., as described
in Chapter 3, the basic operating characteristics may be
altered. The purpose of the light pulser is to measuré the
risetime, the transit time and the transit time spread of
the photomultiplier in the gated mode. Ideally, the light
pulse emitted from the light pulser should approach a deita
function. Practically, the light pulse risetime and fall-
time need onlx be shorter than the risetime of the photo-
multiplier.

A description of such a light pulser is given by
McFarlane [36] and by Araki et al. [7]. It consists essen-
tially of a LED which is driven by a voltage pulse gene-
rated by a transistor switch, similar to the one described

in Chapter 2 (Fig. 2-2a), except that the charging cable is

replaced by an adjustable capacitor. The light pulser cir-

cuit that we have desidned is shown in Fig. A~l. Since this
circuit'operatés in the same manner as the transistor switch
described in Chapter 2, only the special features are dis-

cussed. lThese are the diodes to ground, the inductance and

the LED.



v

‘Fig. A~-1 Circuit for a nanosecond light pulser.

LED is a light emitting diode, D is a diode (1N4148),
T is a transistor (2N3725), vy is a charging cable
(RG58A/U) , C is a capacitor (0.001 pF) and H is an

inductance (v 50 nH).
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Some resonances were observed because of circuit
capacitance and inductance. Consequently, it was necessary
to choose a LED type that minimizes these resonances, and
that generates a light pulse with the best risetime and fall-
time. The small inductance across the LED (v 50 nH) is
needed to provide a reverse current to the LED to speed up
the recombination of the carriers and achieve a quicker ex-
tinction. This inductance must be selected for each LED.

LEDs type GL-56, GL-4484, GL-4850, FLV-340 and Mv5253
were tested. The best results were obtained with LED type
GL-4850 used with an inductance consisting of two turns of
22 gauge copper wire with inner diameter 5.5 mm and separa-
tion 1 mm. The diode co ground (1N4148) protects the LED
from reverse breakdown caused by high voltage transients
(v 1Oo0V).

In order to test the photomultiplier, the characteris-
tics of the light pulse (risetime, falltime and FWHM) must
be known. These characteristics could not be measured with
an available photodiode (risetimé 0.3 ns) because the inten-
sity was too low.  Consequently, we had to rely on relative
measurements, i.e., we compared the shape of the light pulse
as seen by the'photomuitiplier in normal dc operation, in the
gated mode and in the cut-off state (cut-off ratio ~ 100).
There were no differences between regular dc operation and

gated mode operation, where the latter was broader than the
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light pulse. Even with a dynode voltage distribution such
that the gain was reduced by 100, the risetime and the tran-

sit time spread are not changed, to within 0.3 ns. The

R o e . oae

transit time is also not affected to within 1 ns. Again

: reduction of more than 100 could not be used, because the
intensity was too low. However, it is possible that the
pulse characteristics of the photomultiplier, discussed in
this appendix, might be altered significantly for a gain
reduction of 1800 because of strong defocussing of the

! electron flow.
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APPENDIX B
PULSE TRANSFORMER FOR dSE AS A
NANQOSECOND PULSE INVERTER

Figs. 3-3, 3-4, 3-5 and 3-6 indicate that, depending
on the situation, some dynodes must be gated by a positive
voltage pulse and some others by a negative voltage pulse.
The pulse generator described in Chapter 2 can generate vol-
tage pulses with either a positive or a negative polarity,
but always with the same polarity for all the gated dynodes.
Therefore, a pulse invefter is required to provide opposite
polarity pulses, when necessary.

Very small ferrite toroids are useful for making nano-
second pulse inverters. The basic information is provided
in an article by Smith [37]. The best inverter for our ap-
plication .(high voltage nanoseéond‘pglses) are broad-band
nanosecond bifilar wound transforms with a finite toroid core
(Philips ACG) {38,39].

In a bifilar transformer (Fig. B-1) the primary and

‘the secoagary winding form a transmission line. In conven-

[ 4

tional transformers, the interwinding capacity resonates with
the leakage inductance to produce a loss peak. This me-
chanism limits the high frequency response. In transmission
line transformers, the windings are so arranged'that the inter-

winding capacitance is a component of the characteristic im-
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Fig. B-1 A nanosecond pulse transformer. (a) is

the transmission line form of the windings. W is the
transmission line and w is an additional winding.

R is the matched impedance. (b) represents the trans-
former built following the bifilar arrangement of (a).
Some 32 gauge enammeled copper wire was used on a fer-

rite toroid core (Philips type 4C6). Voltage +V or

-V are avaiiable when the opposite end of R is grounded.

O
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pedance of the line, and as such forms no resonances which
seriously limit the bandwidth. The current trend is to
wind very small diameter commercial coaxial cables directly
on the toroid [39]. However, we employed wire windings be-
cause of availability. .

The following sample calculation is based on Zéf. (37].

The ferrite core employed (Philips type 4C6) has a relative

permeability u' ~ 100, and is 2 mm thick by 4 mm ID by 6 mm OD.

Only two parameters determine the quality of a pulse
inverter -~ the pulse risetime and droop. The adequately small
droop is of the order of 5%. It is difficult to achieve a
risetime of better than v 1 ns because of the.finite charac-
teristics. First, assume that the pulse has a width of 4
ns. The primary inductance is givén by

Lp ? 20TR = 2uH (A.1)
where T is the pulse width (4 ns) and R is the generator and
load impedancg Eonnected in parallel (25 Q). The number of

turns in the bifilar winding is

%

LL
¢ N = (———27) = 15 turns , (A.2)
Auou

where 2 is the winding length (3 cm), Mo is the éermeability

of free space and A is the cross-sectional area of the core

".{0.02 cmz). The risetime of the transformer and the load

impedance for best matching caffi be calculated from.

P
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- k!
tR = n(LLCp) . (A.3)
The load impedance is given by
= (L. /C );i (A.4)
RL L’ 7p ! :

where LL’ the leakage inductance referred to the primary is
calculated from,
. N8Du,
= 40 nH , (A.5)
_ LY T o
and C_, the stray capacitance referred to the secondary, is

calculated using

ee D

0" _
Cp -5 = 3.5 pF , (A.6)

o2

where D is the mean circumfergnce of the windings,e is 1, €9
is the permittivity of free space, and § is the insulation
thickness (0.1 cm). The risetime becomes approximately 1 ns
and the transmission line impedance is ~ 92 Q. Finally, the
strength of thetmagnetic field is checked to verify that the
ferrite core does not saturate. The field is given by

VT

"B = T%T x 108 = 28 gauss,

where V_ is the voltage across the primary. For the grade of
ferrite material commonly used, a core would saturate at v
2500 gauss.

- In conclusion, the most important criteria, i.e. the

best riset;me, is achieyed for a small torocid and a small

e
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number of turns as can be seen from Egs. (A.3) to (A.6). It
should be noted that the extra winding (w in Fig. B-1l) is
required to complete the path for the magnetizing current.
Moreover, an unmatched impedance, compared to the transmission
line impedance, creates a dip in, the frequency response curve,
at a frequency equivalent to a transmission line length of
A/4. For small toroid transformers, this occurs in the GHz

region.
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