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Samenvatting: 

In dit proefschrift worden de ontwikkeling van apparatuur 
ten behoeve van het pulsradiolyse onderzoek en toepassing daar
van door tijd-opgeloste meting van de -fluorescentie van 
aangeslagen toestanden gevormd door bestraling van enkele 
al kanen behandeld. 
Hoo-fdstuk 1 gee-ft een algemene inleiding over het e-f-fect van 
ioniserende straling op materie, de apparatuur die gebruikt 
wordt voor pulsradiolyse en een korte samenvatting van de resul
taten van het onderzoek aan -fluorescerende aangeslagen 
toestanden op het Interuniversitair Reactor Instituut (IRI). 
In Hoo-fdstuk 2 worden, na een korte historische inleiding, de 
werking beschreven van de gepulste 3MV Van de Braa-f-f electronen
versneller en de detectie-opstel1ingen die op het IRI in gebruik 
zi jn. 
Daarna wordt in Hoo-fdstuk 3 een overzicht gegeven van de ontwik
keling van de apparatuur voor het maken van subnanoseconde 
pulsen met de electronenversneller en van de ontwikkeling van de 
optische detectie-opstellingen zoals die tot stand is gekomen 
door de inbreng van de schrijver van dit proe-f schri-f t. Tevens 
wordt hier een aanzet tot verdere ontwikkeling voor kortere pul
sen en hogere tijdresolutie kort besproken. 
Publicaties over de genoemde onderwerpen zijn gebundeld in 
Hoofdstuk 4. 
In Hoofdstuk 5 zijn een achttal artikelen gebundeld die handelen 
over de resultaten verkregen uit metingen van de fluorescentie 
van aangeslagen toestanden die gevormd worden door recombinatie 
van electronen en ionen in bestraalde al kanen zoals cyclohexaan 
en de decalines. 
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Summary: 

In this thesis the development of equipment -for pulse 
radiolysis is described and the application of the technique to 
time—resolved measurements o-f the -fluorescence emission o-f ex
cited states -formed after irradiation of some al kanes is dealt 
with. 
Chapter 1 gives a general introduction on the effect of ionizing 
radiation on matter and on the apparatus used for pulse 
radiolysis. In the last section a short review of the results of 
the research on fluorescent excited states at the 
Interuniversitair Reactor Instituut <IRI) is given. 
Chapter 2 gives a short historic introduction and describes the 
operation of the pulsed 3MV Van de Graaff electron accelerator 
and the detection apparatus in use at IRI. 
In Chapter 3 a review is given of 'the development of the 
electron accelerator for the generation of subnanosecond 
electron beam pulses and of the development of the equipment for 
optical detection as accomplished by the author of this thesis. 
The initial stage of a further development for shorter pulses 
and higher time resolution is briefly discussed. 
Chapter 4 is a collection of papers on the development of 
apparatus. 
Chapter 5 is a collection of papers dealing with the results ob
tained from measurements of the fluorescence of excited states, 
formed by the recombination of electrons and ions in irradiated 
alkanes such as cyclohexane and the decalins. 



11 

Chapter 1; INTRODUCTION 

1.1 Chemical effects of high energy radiation. 

The study of the chemical effects of high energy radiation 
is called radiation chemistry. It includes the study of the 
initial physical processes resulting from the interaction of 
high energy radiation with matter (ionization and electronic 
excitation), as well as the chemical reactions of the transient 
species that eventually lead to more or less stable end 
products. 

High energy radiation includes photons and fast moving 
(charged) particles. Nuclear interactions are not a subject of 
study in radiation chemistry. 

The interaction of photons as well as fast moving charged 
particles with energies up to a few MeV with matter occurs 
mainly with the electrons1 of the medium. Interactions of 
photons with energies up to several MeV with matter result in 
conversion of the energy of the high energy electromagnetic 
radiation into kinetic energy of electrons that are ejected from 
atoms, leaving positively charged ions behind. 

Fast moving charged particles transfer energy to the 
electrons of the medium through Coulombic interaction. In the 
vast majority of the interactions only a small amount of energy 
is lost (a few tens of eV). Occasionally the primary charged 
particle undergoes a large energy loss. This results in the for
mation of an energetic secondary electron, which in turn can be 
treated as a primary. The spectrum of the small losses is 
proportional to g_ . - where E is the energy loss and 

f(E) the optical oscillator strength distribution, and d *gE) 

is proportional to the optical absorption coefficient. The 
spectrum of the losses is only weakly dependent on the charged 
particle energy. The maximum of the energy loss distribution for 
most molecules is found between 1 and 2 times the ionization 
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potential. We note that the majority of interactions is above 
the ionization potential. 

The average distance between the energy loss events along 
the track of a primary particle depends on the velocity of the 
primary particle. The average distance is smaller for a lower 
velocity of the primary particle. For a fast electron (e.g. 
lMeV) in water it is about 150 nm. The energy losses give rise 
to single ion-electron pairs and groups of a few pairs in close 
proximity to each other. 

In nonpolar solvents the Coulomb attraction between 
electron and positive molecular ion acts over a very long dis
tance which results in "geminate" recombination of the 
oppositely charged species. This recombination often occurs on a 
subnanosecond time-scale. A fraction of the charged species es
capes geminate recombination in the track. These escaped species 
recombine eventually with species escaped from other tracks by 
"homogeneous" recombination. 

In order to study the reactions of the transient species 
leading to stable end product formation, a commonly used tech
nique is to add solutes that presumably react specifically with 
certain transient species and investigate the resulting changes 
in the product spectrum. This method has its limitations 
however. For a more direct study bf the transients the method of 
pulse radiolysis has been introduced. The material is irradiated 
by a pulse of short duration and the transient species are 
detected by various methods with a high time resolution. 

In this thesis emphasis is placed on the development of a 
Van de Graaff electron accelerator as a pulsed radiation source 
and the equipment for optically detected pulse radiolysis. Also 
results are reported of a study of the formation of fluorescent 
solvent excited states in liquid alkanes, in which use is made 
of the time resolution of the equipment. 



13 

1.2 Equipment for pulse radiolvsis. 

The essence of pulse radiolysis is the production of high 
concentrations of primary irradiation products in a very short 
time, so that time resolved detection can be used for a study of 
the transient products. 

An intense source of ionizing radiation of short duration 
is needed. Electron beam pulses are preferred over X-rays be
cause of the relatively high energy loss of electrons per unit 
of length travelled in condensed matter. 

Short electron beam pulses suitable for pulse radiolysis may 
be obtained from different types of accelerators^: electrostatic 
accelerators, microwave driven accelerators (linacs) and high 
voltage pulse forming network discharge accelerators. For the 
detection of the transient species during and after the irradia
tion pulse, different techniques have been used: absorption and 
emission of light, microwave absorption, DC conduction, polarog-
raphy, light scattering, esr, etcetera. The time resolution is 
determined by the duration of the irradiation pulse and the 
response of the particular detection system. 

The electron pulse durations available at present are dif
ferent for the different types of accelerators. The 
electrostatic Van de Graaff accelerator is very flexible in this 
respect and can provide pulses of second to subnanosecond (200 
ps) duration. The peak current is at present limited to a few 
amperes and the repetition rate to about 50 Hz for the short 
(nanosecond)pulses. Single pulse operation is standard. 
Microwave driven linear accelerators provide multiple pulses of 
picoseconds duration (10-30ps) spaced at about 700 or 350ps de
pendent on the microwave frequency used (L-type 1400 MHz, S-type 
2B00 MHz). High peak currents of tens of amperes (30 - 300A) are 
obtainable. Single pulses of 20 to 30ps may also be obtained 3. 
Pulse forming network discharge accelerators (Febetron) provide 
several nanosecond duration pulses of electrons at very high 
current (lOOOA), however with a low repetition rate (0.1 Hz) and 
a kinetic energy below 2.4MeV. 
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Of the various techniques used for detection of the tran
sient species produced by the irradiation pulse the optical 
absorption spectrophotometry was the first one to be applied and 
is at present the technique with the highest time resolution. 
The light from a light source passes through the irradiation 
cell and is detected by a photodetector. When, due to the 
electron irradiation pulse, transients Btre formed in the sample 
that have an absorption at the selected wavelength, the trans
mitted light intensity is decreased and the detected light 
signal modulated. 

A photodetector, e.g photomultiplier*, converts the light 
intensity into an electric signal which may be recorded by a 
fast oscilloscope, and which is usually stored into a computer 
for further treatment. 
For subnanosecond time resolution (vacuum) photo—diodes^»° are 
used as detectors. Oscilloscopes for subnanosecond pulses are in 
development. At present sampling oscilloscopes are used. From 
each of a series of signals a narrow sample (width -» 20ps) is 
taken at a time increasing in equal steps from the beginning of 
the signal. The original signal is restored from all the 
samples. This stroboscopic technique has the disadvantage that 
it always needs multiple pulses, which may cause radiation 
degradation of the irradiated material. In order to apply this 
technique the time between the beginning of the signal and the 
start of the recording has to be known with high accuracy. For 
linacs a synchronization signal (pre-trigger) can be derived 
from the stable microwave driving frequency, with a jitter (time 
uncertainty) of 8ps. For a Van de Braaff accelerator this jitter 
at present is about 50ps. The problem is discussed in Chapter 4, 
papers 4 and 7. 

The stroboscopic technique is also applied in transient ab
sorption pulse radiolysis in a different way. The sampling is 
carried out by sending a very short analyzing light pulse 
through the sample at various times after the start of the if— 
radiation pulse. The light pulse is obtained from the Cherenkov 
light emission produced by a linear accelerator beam pulse in 
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xenon gas'. This method does not require a high time resolution 
of the optical detector. 
A recently developed twin linac system" uses two parallel linear 
accelerators driven by a single stable microwave frequency gen
erator. One linac delivers the exciting electron pulse and the 
other produces a Cherenkov probe pulse. A delay between the 
probe pulse and electron pulse is obtained by a phase shifter in 
the microwave drive circuit of the linac providing the probe 
pulse. The two linacs provide lOps (FWHM) pulses and the result
ing time resolution for optical absorption measurements is 20ps. 
When the current is much higher as at the Argonne National 
Laboratory (ANL)', one linac can be used for irradiation and 
probe light generation. A system with 5ps pulses is under 
development at ANL *0. 
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1.5 Fluorescence measurements in liquid alkanes. 

In Chapter 5 of this thesis we shall report on time resolved 
fluorescence measurements with pulse radiolysis in liquid 
alkanes in the various papers numbered B through IS, which have 
already appeared. Some liquid saturated hydrocarbons (alkanes) 
have been known to emit fluorescence after irradiation with high 
energy radiation. 

From vacuum ultraviolet photochemistry we know that 
electronic excited states of most alkanes are extremely unstable 
and lead to decomposition of the molecule". Fluorescence emis
sion occurs with small quantum yields dO""2) mostly from the 
relaxed first singlet excited state S\, which has a typical 
lifetime of nanoseconds^. 

In some liquids, such as cyclohexane and the decalins, 
"large" yields of the fluorescent excited state, Bj, are found 
as a result of high energy irradiation*'. This excited state is 
formed either from parent ion-electron recombination or by 
"direct" excitation without ionization. Study of the effect of 
electron scavengers and positive ion scavengers on the formation 
of excited states makes it possible to distinguish between the 
different ways of formation. This study requires information 
from product analysis **, and a careful determination of quench
ing and scavenging rate parameters of electrons and positive 
ions (see Chapter 5). Using this method we have shown that in 
cis-decalin and cyclohexane fluorescent excited states are 
formed from ion recombination and we have determined the ef
ficiency of formation (Chapter 5, paper 10). 

The efficient formation of S^ excited states as a result of 
the recombination between electron and positive ion confirms the 
identification of the fast positive ion (hole) with the parent 
molecular positive ion (Chapter 5, paper 14). 

Since ion recombination produces fluorescent excited states 
with large efficiency, fluorescence emission is a monitor for 
the time scale at which recombination takes place. Some experi
ments have been carried out at the Hahn-Meitner Institut (HMD 
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in Berlin using a short pulse (30ps) and our detection 
equipment. In the case of trans-decalin at low temperature the 
time resolution of the equipment was fast enough to measure a 
substantial growth of the fluorescence after the pulse (Chapter 
5, paper 10). 

The fluorescence quantum yield for photon emission 4>f of the 
Si excited state in the alkanes is small. Since 4>f = kf/ (k + kf) 
where kf is the decay rate by fluorescence emission and k the 
decay rate of the S^ state by other processes and kf <<k, the 
observed decay rate of the fluorescence is k D = k + kf ^ k. 
Therefore the decay by means of non-fluorescent decay channels 
is monitored by the fluorescence emission. In cyclohexane we 
have studied the effects of xenon and temperature on the 
fluorescence of the excited state. The xenon external heavy atom 
effect shows the existence of a decay via intersystem crossing 
(ISC). Comparison of studies of the product formation during 
vacuum ultraviolet photolysis (at different xenon concentrations 
and temperatures) with pulse radiolysis provides information 
about dissociation processes of the excited molecules (Chapter 
5, paper 15). 
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Chapter 2. Description of the pulsed accelerator and detection 
systems at IRI. 

2.1 Introduction. 

The 3 MV electron accelerator at the Interuniversitair 
Reactor Instituut <IRI) in Delft is an electrostatic high volt
age source based upon a principle developed in 1931 by Robert 
Jemison Van de Graaff at Princeton1^. It has been constructed by 
the High Voltage Engineering Company in Burlington, 
Massachusetts, U.S.A. in 1958 as a type K3 Van de Graaff ac
celerator for 1mA direct current 3 MeV electron beam 
irradiation. 
Through mediation of professor ir. J.P.W. Houtman, at that time 
scientific director of the chemistry department of the in
stitute, the accelerator has in 1966 been acquired from the KBLA 
(Shell Research Laboratories in Amsterdam) for radiation 
chemistry research. In 1967 it was temporarily installed in the 
preparation hall of the nuclear reactor and provided with a sys
tem for nanosecond pulses developed by W.J. Ramler et al. at 
Argonne National Laboratory in the U.S.A.16. In 1978 the ac
celerator has been moved and reinstalled in a new eastwing added 
to the institute building for the radiation chemistry section of 
IRI. 
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2.2 Operation of the Van de Graaff accelerator at IRI. 

A hollow metal sphere suspended on top of a vertical insu
lated column is charged to a high voltage by transporting 
electrons to it using an insulating rubber belt running over two 
pulleys. One pulley at earth potential level drives the belt, 
the other is inside the sphere (see figure 1). Electrons are 
sprayed onto the belt at ground potential and picked off again 
inside the charged spherical shell through arrays of pointed 
electrodes formed by the straight cut edge of a fine metal wire 
gauze. Electrons emitted from a thermionic oxide cathode in a 
high brightness axially symmetric Pierce type electron gun'-'(see 
Chapter 4, paper 3, fig. 1) are accelerated in an evacuated con
stant gradient acceleration tube'°. This tube is a stack of 69 
aluminium electrodes with a circular hole in the center, spaced 
by pyrex glass rings at a distance of 2.54 cm. The constant 
voltage gradient over the tube is obtained by connecting the 
electrodes to the respective tap-offs of a resistor bleeder 
chain that connects the high voltage shell to the ground. Each 
resistor of 400 MO is protected by a spark gap set for 50 kV. 
The second electrode from the top is connected to the Pierce gun 
anode. The two following electrodes from the top are connected 
to a high voltage power supply <0 - 50 kV) and used as an 
electrostatic focus. The accelerated electrons leave the tube at 
almost the speed of light (9B.945C) and enter the drift section. 
The drift section is connected to the vacuum system, a combina
tion of a 200 Is -' high speed turbotnolecular pump for fast 
evacuation and a 300 Is -' vacuum ion pump maintaining a vacuum 
of 2 x 10—° torr in the system. Several electromagnetic coils 
are used for electron beam steering: focussing, alignment, scan
ning and deflection. The drift section, also called the 
extension, has at its wide end a thin lOOHm aluminium foil 
window. In ft deflected position, the beam pulse hits a coaxial 
target, used to monitor the electron beam pulse time structure 
displayed on a fast oscilloscope or to measure the beam pulse 
charge with an electrometer. 
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The accelerator is contained in a pressure tank at 2. MPa. 
This tank is filled with a mixture of BO"/, nitrogen, XBV. carbon 
dioxide and 27. sulphur hex af luoride and has a dewpoint of -70 de
grees centigrade or lower in order to prevent discharge and 
leakage of the high voltage system. The gases slow down 
electrons that escape from the high voltage terminal and in this 
way prevent destructive high current avalanche discharges. The 
whole accelerator structure from shell to grounded base is sur— 
rounded by smooth guard rings. Each ring is connected to a 
different electrode of the accelerator tube which creates a con
stant voltage gradient over the ring system. The "voltage 
steering" obtained this way decreases the risk of a high voltage 
flash over along the accelerator structure. • The smooth ring 
structure also prevents discharges to the grounded pressure 
tank. 

The high voltage of the shell is measured by a rotating 
voltmeter consisting of a rotating vane in front of a plate 
divided in an even number of insulated sectors. The even num
bered sectors are connected together to one conductor and the 
odd numbered sectors to another conductor. The sectors are al
ternately screened from the electric field of the shell by the 
rotating vane. This creates an alternating induction voltage 
signal between the two conductors which is proportional to the 
shell voltage. This signal is used after rectification to dis
play the accelerator high voltage on a calibrated scale and also 
to regulate the accelerator voltage. For the latter the dif
ference between the rectified rotating voltmeter output and a 
preset reference voltage is fed back to the high voltage power 
supply connected to the belt charging spray electrode. This sys
tem compensates the leakage current through the resistor chain 
and all other charge losses from the shell by regulating the 
belt charge current and keeps the high voltage at a constant 
preset value of normally 3 MV. 

Various electronic equipment is housed in the terminal shell 
at 3MV. This includes power supplies for the anode and the 
electrostatic focus and circuitry for providing the different 
short pulses to the cathode. Nanosecond pulses of different 
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duration are obtained using a mercury wetted reed switch driven 
line pulser*^1 whose pulse -forming coaxial cable length can be 
selected. 

Sensitive parts o-f the electronics in the shell, which 
functions as a Faraday cage, are contained in an additional met
al screening box. All incoming and outgoing conductors are 
provided with surge protectors. 

A 360 Hz 110 Volt generator in the upper pulley o-f the belt 
suspension system delivers the power to the electronics. 

For operation o-f these electronics inside the high voltage 
shell two types of remote control systems are used: 
- motor driven rods of insulation material (polymethylmetha— 

crylate or poly—acryl) are used mainly for variacs and 
switches. Operation from the control desk is via servo systems 
or other electric actuators with position control. 

- electro-optic isolated links are used for transfer of pulse 
commands. 

The latter can also be used in the reverse direction to obtain 
trigger signals from the high voltage terminal. A digital two 
way fiber optic communication system for accurate microprocessor 
controlled measurement of different parameters of the high volt
age terminal is also available. 
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2.3 Pulse radiolvsis detection systems at IRI. 

For the study of transient products resulting from pulsed 
irradiation with the Van de Graaff electron accelerator -four 
different detection systems are available at IRI: (see figure 2) 
light emission (from excited states), optical absorption of 
light, absorption of microwave energy and direct current 
conduction. 
a. The fluorescence emission setup (see also Chapters 3.2, 4 and 

5) contains a quartz cell with a semi spherical bottom which 
is painted black and a Suprasil 1 quartz window. The highest 
intensity of the Cherenkov light in the direction of the 
electron beam is absorbed by the black cell bottom. The 
fluorescence emission, which is isotropic, is measured in the 
backward direction via the very thin aluminized mirror set at 
an angle of 45° (figure 2). The electron beam passes through 
the mirror with negligible loss. The light is detected at the 
wavelength selected by a high intensity monochromator. The 
detector is a vacuum photodiode having a time resolution of 
lOOps when used at an (over)voltage of 4 KV. 

b. The optical absorption setup 19,20,21 <see also Chapter 3.2) 
is provided with a high intensity broad spectrum (pulsed) 
light source. The absorption cell with Suprasil 1 quartz 
transmission windows has been designed to be fairly 
homogeneously irradiated in the vertical direction by the 3 
MeV electrons and has an inner height of only 6 mm and a 
volume of about 1 cm^ . For precious materials (liquid sol
vents or solutions) smaller cells are available. The spectrum 
may be scanned by the high energy monochromator. For a time 
resolution better than 1 to 2ns the photomultiplier detector, 
that measures the transient modulation on the analyzing light 
beam, is replaced by a vacuum photodiode with a time resolu
tion of about lOOps. At a wavelength X both the transient 
absorption Al(X,t) and the analyzing light intensity ID(X) 
are measured. The absorption spectrum and the time dependent 
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concentration c(t) of the species studied can be determined 
using the relation 

O.D. = log(I0<X)/(I0(X) - Al<A,t)> = s<X). c(t).l 

where O.D. is the "optical density", £(x) is the absorption 
coefficient in 1 mol-1 cm-* at wavelength X, and 1 the cell-
length in cm. 

c. In the microwave absorption setup 22 a reflection cell is 
used. A circulator separates the microwave energy from the 
source to the cell and the energy returning from the cell 
going into the detector (figure 2). Cells are made from a 
short length of metallic wave guide closed at one end giving 
a total reflection of the microwave energy. These cells are 
provided with a single, loss-free window, usually 0.1 mm of 
mica (muscovite), at the other end. Two frequency ranges are 
used, B-12.4 GHz <X-band> and 26-42 GHz (Ka-band). The X-band 
system uses cells with a length of 3 cm, a width of 2.5 cm 
and a thickness of 1 cm. To minimize energy loss of the 
electrons, the top wall of the cell is only O.1 mm thick. 
However the dose depth distribution is still rather 
inhomogeneous over the 1 cm depth at a density of 1 g cm"' of 
the sample. The time resolution is determined by the diode 
detector. Increased sensitivity may be obtained with a 
resonant cavity with a circular hole of 6 - 7 mm diameter at 
the entrance side. The time resolution depends on the quality 
G of the cavity; and becomes typically several nanoseconds. 
The Ka-band system has the advantages of smaller cell dimen
sions, a higher time resolution, a more homogeneous dose 
distribution and a reduced sample volume. 
The microwave energy source is provided with a frequency 
sweeper which enables recording of the microwave absorption 
spectrum and optimization of the frequency for maximum sen
sitivity which depends upon the geometry of the cell and the 
electric properties of the sample. 
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The relative microwave power absorbed AP<t)/P is proportional 
to the conductivity of the sample, which in turn is propor— 
tional to the product of the mobility U and concentration 
c(t) of the species studied 

A P(t)/P = A («+ + «-> c(t) 

where A is a factor dependent upon the frequency and the 
properties of the cell and sample. 
The DC — conductivity setup is used to measure the transient 
current i (t) when charged species move between the electrodes 
of a capacitor with a voltage V applied. For a flat plate 
capacitor with distance d between the plates the relation 

i(t) = B ^ <H+ + H-> c(t) 

is valid with B as a factor which depends on the geometry of 
the capacitor. As in the microwave setup the product U c(t) 
is measured with this method. In some cases separate deter— 
mination of U is possible by means of experiments measuring 
the drift time. In some the concentration is known from inde
pendent measurements (clearing field method). The mobility 
may then be determined from the measurements of U c(t). For 
details we refer to the literature 23,24_ 
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Chapter 5; Development of the pulse radiolvsis equipment 
described in this thesis. 

5.1 Development of the Van de Graa-ff accelerator. 

For optical absorption experiments using a phatomultiplier 
detector with a time response of several nanoseconds, nanosecond 
duration electron pulses with a peak current of 1 to 2A are 
quite acceptable. However higher time resolution for fluores
cence and absorption experiments requires shorter pulses and 
higher peak currents because of the much lower sensitivity of 
fast photodiode detectors which, contrary to photomultipliers, 
have no internal amplification. Shortening of the pulse line of 
the coaxial line pulser (Chapter 4, paper 3) produces distorted 
pulse shapes around one nanosecond and causes serious trigger 
problems due to the limited time response of the antennae used 
to pick-up a trigger signal from the beam pulse to start the 
detection equipment. Very high time resolution experiments using 
electronic sequential sampling techniques or streak cameras ^5 
require a pretrigger 40 to 75ns before the electron pulse. The 
delay of 1.5ms and the jitter of 32 Hs between command pulse and 
electron pulse, due to the mechanical and electrical charac
teristics of the mercury switch in the line pulser (see Chapter 
2.2), makes it impossible to use the command pulse to generate a 
pretrigger for this purpose. Use of a trigger picked off from 
the electron beam pulse necessitates either a delay of 75ns of 
the signal without high frequency losses or storage of the beam 
pulse for 75ns in a beam line system. 

We have chosen a system where a relatively long pulse of 10 
or 20ns produced by the coaxial line pulser provides a 
nanosecond trigger pulse via an opto—electronic system as 
described in Chapter 4, paper 4. The nanosecond pulse is delayed 
for 75ns with small losses by a delay cable in the Van de Graaff 
terminal, and is transformed into a subnanosecond pulse by a 
passive pulse shaper (Chapter 4, paper 3) before being applied 
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to - the cathode-grid structure. • For application in the Van de 
Braaff high voltage terminal the pulse shaper has been further 
developed into a remotely controlled device, that can operate 
reliably in the terminal environment, with five selectable sub-
nanosecond pulse lengths -from 100 ps to 500ps (Chapter 4, paper 
5). Due to the -frequency response of the coaxial line pulser, 
the 75ns delay line, and the cathode structure, a lOOps pulse 
cannot be used in practice. 

The total time jitter between trigger and electron pulse for 
this system is about 50ps (Chapter 4, papers 4 and 7). 

The current obtainable in the short pulses is 3 to 4 Amps 
provided that the Van de Graaff vacuum system contains hydrogen 
to a pressure of 4 x 10 - 6 torr. The hydrogen pressure, supplied 
from an inlet system regulated by feedback from the vacuum 
measurement system improves the emission of the cathodes in the 
accelerator by a factor of 2 to 3. The loss of Ba from the emit
ting surface^is minimized by operating at a lower temperature. 
This increases the lifetime of the cathodes considerably. A re
search project is being carried out, aiming at obtaining 
increased currents. An increased pulsed current from the ther— 
mionic trioxide cathodes to 12A has been obtained in a test 
setup, by an improved procedure of the "formation" of the 
cathode material. The improved formation procedure has yielded 
BA pulsed current in the accelerator. The continuing development 
of the pulsed Van de Graaff accelerator at IRI during the past 
20 years has enabled us to do fruitful work at the front lines 
of time resolved radiation chemistry. However, a further im
provement towards a higher time resolution, and higher current 
and shorter pulses, should be realized in order to cope with the 
needs of modern research. 

Since a much shorter pulse cannot be obtained by the methods 
used, production of pulses of shorter duration (ps) by laser— 
photo-electron-emission 27,28 n a s been attempted (see Chapter 4, 
paper 7). Though this method is in principle successful, the 
current output is still low, about 1mA at 70kW laser power. 
Preliminary experiments with a 700 ps pulsed nitrogen laser, 
using the latter as a trigger, have revealed that the present 
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trigger jitter of 50 ps is largely due to the transition time 
jitter of the electrons in the accelerator tube (see Chapter 4, 
papers 3 and 7). It has been found that the quantum efficiency 
for photo-electron emission (350 - 500 nm) of the trioxide 
cathodes is 10 - 4 in the test setup, but only about 10~7 in the 
Van de Graaff accelerator. 

A further development of the Van de Graaff accelerator, 
using laser—photo-electron-emission has been planned. However 
its evaluation is far from complete because the production of 
very short intense pulses depends on finding a solution for the 
fallowing problems: 
a. the low quantum efficiency for (laser)-photo-electron emis

sion of the accelerator cathode, 
b. the excessive jitter due to transition time fluctuations, 
c. the effects of space charge on the electron beam density dis

tribution, 
d. the parasitic losses due to excitations in the accelerator 

and drift section. 
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3.2 Development of the optical pulse radiolvsis systems at IRI. 

The accurate measurement o-f small optical absorptions in ir
radiated samples with a high time resolution and high 
sensitivity requires a special optical absorption 
spectrophotometer as developed at IRI. The absorption of the 
transient species generated in the sample causes a transient 
modulation on the analyzing light intensity. The photodetector 
converts the light intensity into an electric signal, which 
should preferably be proportional to the light intensity over 
the whole range o-f measurement to simplify calculations. To ob
tain large signals and high signal to noise ratio -from the 
detector, the analyzing light intensity must be high. 

A very intense analyzing light system has been developed 
(Chapter 4, paper 2) using a 450W short arc xenon lamp pulsed by 
a pulse forming network (PFN) composed of 10 electrolytic 
capacitors and low resistance induction coils. Since the im
pedance of the lamp arc changes with different pulse currents 
and also with aging, a soft iron rod inserted into the coils is 
used to match the PFN to the lamp arc so producing a flat-topped 
analyzing light pulse. A flat top of more than 100 Ms duration 
is used because of the 32 Hs time jitter of the electron pulse 
with respect to the command pulse used as master trigger for the 
whole system. 

Special photomultiplier circuitries^ have been developed 
which, in combination with squirrel cage type photomultipliers, 
give an output current up to about 100 mA proportional to the 
analyzing light intensity (fig.3; Chapter 4, paper 6) at an in
ternal amplification of 1000 x using five dynodes. 

Measurement of the small time-dependent modulation of the 
absorption signal on the high analyzing light pulse signal is 
accomplished by using a coaxial line transformer with a 
bandwidth of 1GHz as described in Chapter 4, paper 1. This 
operation, called backing—off or analyzing light signal 
subtraction/compensation, is essentially the filtering out of 
the low frequency components of the photodetector output signal, 
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leaving the high frequency absorption signal almost intact. The 
effect of sag which results from the low frequency cutoff of the 
device limits its usable time range to a few Hs. 

The transformer can also be used with a "tap-off" to 
measure the analyzing light intensity signal simultaneously as 
shown in Chapter 4, paper 6. For subnanosecond time resolution 
work a mini transformer having lOOps risetime has been 
develope d21. 

For absorption measurements over time durations exceeding a 
few microseconds the low cutoff-frequency of a filter type 
backing-off system has to be very low tD keep the effect of sag 
negligible (Chapter 4, papers 1 and 6). This leads to rather 
difficult design criteria for the filters 2<?. Therefore an 
electronic backing—off device has been developed that covers the 
time range from 50ns to 20ms as described in Chapter 4, paper 6. 
This device actually compensates the analyzing light signal that 
is sampled just before the transient signal. The value of the 
compensated analyzing light signal is taken from a sample and 
hold device which has very low leakage from its charge storage 
capacitor. We have not considered it necessary to store the 
value of the compensation signal in a digital memory as proposed 
by Janata ^0 because in practice fluctuations due to the analyz
ing light source, photodetector fatigue and temperature effects 
are sometimes found to be larger than fluctuations on the 
memorized compensation signal. This causes subtraction of a 
"constant" but wrong base line. 

More reliable absorption signals at long time scales can 
then be obtained by subtraction of a real base line, measured 
without transient absorption modulation on the analyzing light, 
using the computer system. 

For the long time duration experiment the analyzing light 
intensity has been stabilized to about 2D/oo by a feedback sys
tem on the xenon lamp current 31 (Chapter 4, paper 6). 
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The fluorescence measuring setup has been optimized to 
measure the shortlived, low intensity fluorescence emission of 
alkanes in the UV, with the best obtainable ratio of fluores
cence over Cherenkov light during the pulse. This has been 
realized by the use of a special cell and cell holder where the 
fluorescence is observed in the direction opposite to the 
electron beam via a very thin aluminium coated polymer mirror 
set at an angle of 45° to the beam as shown in figure 4. Further 
components are a Suprasil 1 non—fluorescent optical system of 
three lenses; one collection lens producing an almost parallel 
beam from the light emitted, one lens at a distant position 
focussing the light at the monochromator slit, and a slit lens 
at the monochromator entrance. The monochromator is a Bausch and 
Lomb 33-86-25 high intensity UV type (180-400 nm) with the slits 
of 2 and 1 cm having a wide bandwidth of 32 nm for transmission. 
The detector is an ITL HSD 1850 UVS-M20 vacuum photodiode which, 
when used at 4 kV, has a risetime of about 100 ps. A short loss
less rigid coaxial transmission line (Spinner 7/16) connects the 
diode output to the S4 sampling head. A special sampling timer 
provides a memory refreshing trigger, which is switched off 
during the measurement, for the sampling oscilloscope. For a 
measurement the sampling timer provides exactly 100 pulses for 
the accelerator command pulser and provides an external time 
base from 0 to 10 V in 100 steps to the oscilloscope. The oscil
loscope' is triggered by the Van de Graaff low jitter trigger 
system described previously (Chapter 4, paper 5 ) . The sampling 
oscilloscope output signal is digitized by a Lecroy 2256 tran
sient recorder and fed into the computer system. Averaging and 
simple calculations, such as first order least mean squares fits 
to give decay times, are possible. Signals can be stored on tape 
and plotted. 
Because of the 4 mV inherent fluctuation of the sampling oscil
loscope system, amplification of the small signals from the 
photodiode by a factor of about 10 using a very fast amplifier 
(B&H AC 5120H, 2kHz-5BHz or DC 7000 HL, DC-7BHz), was found to 
be a considerable improvement. 



37 

Literature references in Chapter 1. 2 and 3. 

1 ) R.D. Evans, The Atomic Nucleus, Mc Graw-Hi11 (New York, 
1955) p567-745. 

2 ) M.S. Livingston, J.P. Blewett, Particle Accelerators, Mc 
Graw - Hill (New York, 1962). 

3 ) G. Mavrogenes, W. Ramler, W. Wesolowski, K. Johnson and G. 
Clifft, IEEE Trans.Nucl.Sci. NS-20, 1973, 919. 

4 ) D.H. Ellison and F. Wilkinson, Int. J. Radiat. Phys. Chem. 
4, 1972, 389. 

5 ) G. Beck, Rev.Sci.Instrum. 42, 1976, 849. 
6 ) S.Y. Wang, D.M. Bloom and D.M. Collins, Proc. of SPIE-The 

Internat. Soc. for Optical Engin. 439. 1983, 178 (Picosecond 
Dpto-electronics, ed. G. Mourou) 

7 ) M.J. Bronskill, W.B. Taylor, R.K. Wolff and J.W. Hunt, Rev. 
Sci. Instrum. 41_, 1970, 333. 

8 ) H. Kobayashi and Y. Tabata, Nucl. Instr. and Meth. in Phys. 
Res. B 10/11. 1985, 1004. 

9 ) C D . Jonah, Rev. Sci. Instrum., 46, 1975, 62. 
10) G. Mavrogenes, J. Norem, and J. Simpson, to be published. 
11) J. Nafisi - Movaghar and Y. Hatano, J. Phys. Chem. 78, 1974, 

1B99. 
12) W.R. Ware, R.L. Lyke, Chem. Phys. Letters 24, 1974, 195. 
13) L. Walter and S. Lipsky, Int. J. Radiat. Phys. Chem. 7, 

1975, 175. 
14) E.L. Davids, J.M. Warman and A. Hummel, J. Chem. Soc. Far. 

Trans. I, 71_, 1975, 1253. 
15) R.J. Van de Graaff, Phys. Rev. 38, 1931, 1919. 
16) W.J. Ramler, K. Johnson and T. Klippert, Nucl. Instrum. 

Methods, 46, 1967, 23. 
17) J.R. Pierce, Proc. IRE, 29, 1941, 28. 
18) R.J. Van de Graaff, J.G. Trump and W.W. Buechner, Repts. 

Progr. in Phys., 1J_, 194B, 1. 
19) A. Hummel and L.H. Luthjens, J. Chem. Phys., 59, 1973, 654. 
20) J.B. Verberne, Thesis Free University, Amsterdam, 1981. 



38 

21) C.A.M. van den Ende, L.H. Luthjens, J.M. Warman, A. Hummel, 
Radiat. Phys. Chem., 19(6), 1982, 455. 

22) J.M. Warman in "Study o-f Fast Processes and Transient 
Species by Electron Pulse Radiolysis" eds. J.H. Baxendale 
and F. Busi, Reidel Publishing Camp. (Dordrecht), 1982, 
pl29-161. 

23) A. Hummel, Thesis Free University, Amsterdam, 1967. 
24) M.P. de Haas, Thesis University o-f Leiden, Leiden, 1977. 
25) S. Letzring, Lasers and Applications, 2, 1983, 49. 
26) T.J. Jones, Thermionic Emission, Methuen & Co. Ltd. 

(London), 1936. 
27) C.K. Sinclair and R.H. Miller, IEEE Trans. Nucl. Sci. NS -

2B, 19B1, 2649. 
28) C. Lee and P.E. Oettinger, A. Sliski and M. Fishbein, Rev. 

Sci. Instrum. 56, 1985, 560. 
29) R.L. Maugham, B.D. Michael and R.F. Anderson, Radiat. Phys. 

Chem. IJL, 197B, 379. 
30) E. Janata, Rev. Sci. Instrum. 57, 1986, 273. 
31) J.J. Langerak, Radio Electronica 18, 1970, 139 (in Dutch). 



39 

Chapter 4. Papers on the development of equipment. 
(papers 1 to 7) 
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fresented in detail are the construction and relevant properties of a high-pass wide band filter with a low 
frequency cutoff of several kilohertz and a high frequency cutoff of about 1 GHz to be used with 50 ft 
characteristic impedance systems. The application to absorption spectrophotometry makes it possible to 
bring small transient signals on very high levels of analyzing light automatically on the screen of a fast 
oscilloscope with negligible offset at high gain settings. 

INTRODUCTION 

Nanosecond absorption spectrophotometry is a technique 
for investigation of the absorbency of light-absorbing 
species, produced by a short intense pulse of light' or high 
energy electrons2 on a nanosecond (10~9) time scale. The 
set up consists of an absorption cell, the exciting source 
(flash lamp, accelerator or laser), an analyzing light source, 
high intensity monochromator, photodetector (photomulti-
plier or diode) with short risetime, and a wide band oscillo
scope provided with a fast recording camera.3 

The noise from fast response and low resistance load 
(50 Ü) photomultipliers and photodiodes is determined by 
the shot noise from the photocathode which, at a given 
bandwidth, is proportional to the square root of the cathode 
current i\. The absorption at a given time is proportional to 
the total light flux through the cell or to the cathode current 
ik. Under these conditions the signal-to-noise ratio is pro
portional to iV. 

This is one reason why a very high light intensity of the 
desired wavelength and spectral width is necessary.4 Another 
is that the part of the Cerenkov radiation in electron pulse 
radiolysis, or the scattered light from the exciting light 
source in flash photolysis, reaching the detector should have 
a relatively low intensity compared to the analyzing light 
intensity, as otherwise the after-pulse ringing of the fast 
detection system distorts small absorption signals after the 
exciting pulse. 

The proper choice of photodetector with special circuitry' 
guarantees linearity up to high cathode currents. 

FIG. 1. Schematic representa
tion of photomultiplier output in 
nanosecond absorption spectro
photometry experiment (not to 
scale), (a) Analyzing light pulse 
with transient; (b) differentiated 
output pulse with transient; (c) 
transient absorption with ex
panded time scale and high 
amplification (signal inverted for 
clarity). A-B excitation; B-C 
fast decay with tail. Dashed line 
indicates time scale expansion. 

As mentioned by Hodgson and Keene4 suitable light in
tensities are met by pulsing xenon short arc lamps, tem
porarily increasing the current to high values. To insure 
measurement of the absorption with constant analyzing 
light intensity, the light pulse should have a flat top for a 
much longer time than the measuring time, taking into 
account the time jitter in the exciting source and the 
analyzing light pulse. The output of the photodetector is a 
several times 100 usec long pulse with, in the useful flat pa r t , 
a small decrease due to the absorption of the transient 
[Fig. 1(a)]. The transient signal should be faithfully re
corded with nanosecond time resolution from the screen of a 
fast oscilloscope which of necessity mus t have a 5 0 8 
characteristic impedance input (e.g., H P 183A; Tektronix 
7904). 

Several techniques are known for ensuring that the small 
transient absorption signal, which is on top of the high light 
pulse output, appears on the screen of the oscilloscope a t a 
high gain setting (10 mV/cm) ; the socalled backing off of the 
light pulse output.8 These techniques may be divided into 
two kinds—automatic, meaning that independent of the 
height of the light pulse the transient signal is always on the 
screen; or nonautomatic, requiring manual setting of a 
compensation device. Nonautomatic methods have obvious 
disadvantages. Thus in case of a slightly changing height of 
the light intensity from pulse to pulse the signal moves on 
the screen, making optimal positioning for recording difficult, 
and when measuring transients at different wavelengths 
proper adjustment is laborious and time consuming. 

The most straightforward method is using a high-pass 
filter that cuts off the low frequencies of the light pulse 
signal but leaves the high frequency transient unchanged 
[Fig. 1(b)] . The transient in the flat portion of the light 
pulse top is now brought to zero level and by suitable 
triggering displayed at the oscilloscope screen [Fig. 1(c) ] . 

FIG. 2. Replica of 
transient absorption pic
ture. Conditions—O.IM, 
biphenyl in cyclohexane; 
20 nsec/div., SO mV/div. 
Light pulse output about 
2500 mV. Wavelength 
600 run. Electron pulse 11 
nsec, about 1 A. 
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Fie. 3. Block diagram of original detection system. 

The absorption signals usually do not only show very fast 
growth and decay, but in many cases also "slow" changes, as 
for example in pulse radiolysis (Fig. 2). Nanosecond risetime 
of the detection system together with faithful response to the 
slower part require a broad band response of the filter. The 
high frequency cutoff should be considerably higher than 
that of the fast oscilloscope (250 or 500 MHz) and the low 
frequency cutoff should be so low as to differentiate the light. 

Inversion Point 

Thin Coan(RGI74/u) 
_ FIG. 4. Basic construc

tion of the reversing 
transformer with only 
two turns. Center con
ductor of coaxial line is 
represented by dotted 
line. 

Ferrile core 

pulse signal properly, but to keep the sag on the "slow" 
transient acceptable. The fractional sag of a step as a func
tion of time after passing a high-pass filter is given by the 
approximate relation 

2irvLT=S, (1) 

valid for 5 < 10%. Accepting a sag of 5% after 3 jisec the low 
frequency cutoff is about 2.5 kHz. 

Construction of a RC filter, directly coupled to the 50 B 
matched fast oscilloscope is not feasible because it requires a 
coaxial coupling capacitor of about 1.3 »F with excellent 
high frequency characteristics, such as very low inductance 
and little distortion of the 50 8 transmission line. Besides, 
the output of the detector would in this case be connected to 
the ground by a high impedance for slow signals, causing 
charge effects on the capacitor and influencing detector 
response. 

To overcome these problems originally a high-pass RC 
filter with 50 8 input in combination with a 1:1 active im
pedance transformer into 50 Q output was used (Fig. 3). 
However the lumped circuit filter and the impedance trans
former cause unwanted effects such as mismatching and 
increase in system risetime. 

In this article the use of a simple broad band transformer 
as described by Ruthroff' as a filter with the desired charac
teristics will be described. 

CONSTRUCTION OF THE TRANSFORMER 
FILTER 

The basic construction of a filter with the desired low 
frequency cutoff and a very wide band response with little 
insertion losses and a high frequency cutoff of several 
hundred megahertz is that of a 1:1 reversing transformer.6 

It is made by winding a few turns of thin 50 8 coaxial cable 
(RG-174/U) around a toroid of a ferrite material 

FIG. 5. Picture of transformer two with light-weight aluminum case opened. 

Rev. Sd. lustrum., Vol. 44, No. 5, May 1973 
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FIG. 6. Frequency response curves for the trans
formers of Table I, demonstrating extremely wide 
bandwidth. Transformers 1(a) and 1(b) are identical 
except that 1(a) has closely spaced turns and 1(b) 
spaced to cover the whole ring core. 

Trofo 1a 

I I I iltlll ■ ' ■ ■""' ' ■ ' " " l l i nil 

Trofo lb 

ü J . " " > I I I l l l l l l l 1 _ 

Trafo 2 

ir, i i * ■ '■■■■I ■ < ' ■■'"! i i 11 f t l . . I I mi l—i i i nml 

Trofo 3 

^ ~ \ 

' ' i | '"l ■ ' ■ ■ '"it L_JuJ_l.tJ.nl . . . . l - iJiUll 1 I. J.I i l l ! I l..„l„l.J-UilJ_ 

.o6 .0T .O8 

frequency Hz 
«? 

(Ferroxcube) with an inversion in the middle of the used 
length of cable formed by connecting the inner conductor of 
one-half to the outer conductor of the other half (Fig. 4). For 
best performance at high frequencies care should be taken to 
keep the system at exactly 50 fl all over. This requires 
providing the correct tapered connections at both free ends 
to the connectors (GR-874 or BNC) and keeping the loop at 
the inversion point small to minimize stray inductance. A 
good low frequency coupling with few turns of small diame
ter requires a Ferroxcube toroid with a very high f«i*„u. The 
necessary number of turns can easily be determined ex
perimentally by measuring the sag of a square pulse (pulse 
generator 50 Ö, 2.5 V) after 3 /isec and making it equal to the 
desired 5% by varying the number of turns. Thus several 

combinations have been found suitable (Table I). Filter 
number 1 had the disadvantage of its size and weight which 
makes the connection to the BNC-type 50 £2 input of the 
HP 183A 'scope (250 MHz) quite vulnerable to damage. 
Numbers 2 and 3 have therefore been mounted in light 
weight aluminum cases as shown in Fig. 5. 

PERFORMANCE AND APPLICATION 
OF THE TRANSFORMER FILTER 

The frequency response of the filters from Table I is 
represented in Fig. 6. 

Saturation of the cores may have an effect on the fre
quency response and has been tested by increasing the 
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TABLE I. Construction details of filters. 

Num- Approx. 
Filter Number ber cable 
num- Toroid Size of toroid of of length 

ber material roXr.XA (mm) Hrtoroid turns toroids (cm) 

1 N30 58X40X17 ±3500 2X7 1 70 
Siemens 

2 3E1 36X23X15 2700 2X8 1 80 
Philips 

3 3E2 23X14X7 5000 2X5 2 50 
Philips 

height of the square test pulse until the first point of the 
pulse measured at the transformer output did not reach the 
height of the input pulse anymore (Table II). 

The number 1 transformer filter has been extensively in 
use in our pulse radiolysis setup. The light pulse of the 
I.R.I, pulse radiolysis system typically has a risetime of 
300 /isec, a total width of about 1 msec and a flat top of 
250 ̂ sec of which 100 ̂ sec is flat to within the low frequency-
noise of 2%o on the intensity [Fig. 7(a)]. The height of the 
light pulse is typically 2500 raV. Application of the trans
former filter into 50 ft differentiates the light pulse giving a 
zero output during its flat part, about 400 jisec after the 
start of the light pulse [Figs. 7(b), (7c)]. 

The exciting electron pulse from the accelerator is pro
duced in the middle during this flat portion. Expansion of the 
filtered signal on the oscilloscope screen shows that a straight 
and flat base line with zero offset is produced during several 
times 10 jusec after the moment the exciting pulse, which is 
also used as external triggering for the oscilloscope, would 
produce an absorption [Figs. 7(d), 7(e), 7(f)]. 

A typical absorption signal produced with this method is 
shown in Fig. 2. 

We should mention the electronic circuitry used and 
designed by Keene1 which measures on line the height of the 
light pulse and compensates that height during the mea
suring period by proper feedback into the 50 fl signal line. 
This method does not necessarily have the limit for longer 
measuring times, caused by sag when using a filter. For 

TABLE II. Saturation of filter cores. 

Filter Onset of saturation 
number volts over 50 ft 

ï il 
2 5 
3 4 

FIG. 7. Representation of light pulse properties in pulse radiolysis 
setup. Conditions—absorption cell filled with pure cyclohexane. Wave
length 600 nm. Optical band width 7 nm. Oscilloscope—Tektronix 549 
storage, 1 Al plug-in with external 50 0. (a) Light pulse—200 (isec/div.; 
500 mV/div.; trigger internal, (b) Light pulse differentiated by filter one 
as described; 200 («sec/div., 100 mV/div.; trigger internal, (c) As (b) 
50/isec; 50 mV. (d) As (b) 50 /isec; 10 mV; trigger external on electron 
pulse from accelerator, (e) As (d) 2(isec; 10 mV. (f) As (d) 500 nsec/div., 
10 mV/div. 

nanoseconds to several microseconds, however, the described 
filter, because of its simplicity of construction and its 
reliable operation without any active electronic components, 
has been found quite satisfying. 
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High intensity pulsed analyzing light sources for nano- and 
micro-second absorption spectrophotometry 

L. H. Luthjens 
Interuniversitair Reactor Instituut, Berlageweg IS, Delft, The Netherlands 
(Received 23 July 1973) 

This paper describes in detail the construction, circuitry, and performance of high intensity pulsed 
analyzing light sources with 500 W xenon short arc lamps, used in nano- and micro-second absorption 
spectrophotometry. Operation is based on discharge of a rectangular current capacitor bank with sag 
correction, and initiated by firing a single high current thyristor. Light pulses of about 1 msec duration 
with a flat top, where the intensity is constant within 0.2% during 100 usec, are produced. Data on the 
ratio of the light intensity as a function of wavelength in the pulsed mode as compared to continuous 
operation are presented as measured in the actual absorption spectrophotometer used in pulse radiolysis 
experiments. At a wavelength of 600 nm the pulsed intensity is found to be linear with capacitor bank 
voltage. Routine operation of an Osram XBO 450 W lamp in an Oriel C-60-50 housing with the capacitor 
bank charged to 110 V gives typically a pulsed to continuous intensity ratio of 16 at 600 nm and 40 at 300 
nm. Approximately 20 times higher light intensities have been obtained by using a Varian Eimac xenon 
illuminator 500 X 10 R. 

INTRODUCTION 

In wide band width detection of small absorption 
transients with a spectrophotometer, shot noise of the 
detector cathode is a serious problem. The signal-to-noise 
ratio is proportional to the square root of the detector 
cathode current. Provided the cathode current is not ex
ceeding the linear range of the detector, a most desirable 
feature for absorption measurement, the signal-to-noise 
ratio can be improved by increasing the intensity of the 
analyzing light. 

Ringing of the detection system caused by short dura
tion emitted light pulses due to the excitation source 
(stray light, Cerenkov radiation) cause deterioration of 
the absorption transient. This effect is minimized if such 
a high analyzing light flux reaches the detector that the 
absorption signal is relatively large compared to the ex
citation source signal.1 

The aim of a pulsed analyzing source is to produce a 
high light intensity which is constant during the time 
necessary to measure small wide band transients. 

Besides providing the required high intensity, pulsed 
sources have other advantages over continuous sources 
when used in combination with photodetectors. The de
tector is protected against damage by high dissipation 
because of a limited duty cycle. Circuits can be con
structed such that the output signal is linear to light 
flux at high currents only for short times during which 
voltages are kept constant by charge storage capacitors.* 

A considerable number of publications stressing the 
applicability of the pulsed short arc xenon lamp has been 
reviewed by Hodgson and Keene.' In addition a recent 
publication, describing a system for rather long pulses of 
10 msec duration with an excellent stability of 0.1% by 
W. B. Taylor et al.' has appeared. 

Attractive properties of the high pressure short arc 
xenon lamps in particular can be summarized as follows: 
(a) the spectral emission covers continuously the ultra
violet, visible and near infrared6; (b) the small size of the 
cathode spot with high brightness makes efficient high 
flux optical systems feasible; (c) the low differential im

pedance of the arc discharge allows high current operation 
at low voltages; (d) pulsing at high currents increases 
brightness of the arc; (e) in the flashed mode the ultra
violet region of the emission spectrum increases relatively 
more in intensity than the visible and infrared."'4 This 
compensates to some extent for the extra loss of flux in uv 
absorption spectrophotometry which is caused by the higher 
reflection losses at the surfaces of the optical system com
ponents such as lenses, absorption cell, and mirrors, and the 
necessity to use a double monochromator for reasons of 
stray radiation. 

In our absorption spectrophotometer6 an Osram XBO 
450 W xenon lamp is used, which was initially chosen 
for its high continuous intensity and cathode spot dimen
sion which fitted the requirements of the experimental 
arrangement. A prime interest in high intensities in the 
visible region around 600 nm, where the pulsed-to-con-
tinuous intensity ratio at a given pulse current is much 
lower than in the uv, created a necessity for high pulsed 
currents of about 200-1000 A. 

The design of our pulsed light source is essentially 
based on the discharge of a simple rectangular current 
electrolytic capacitor bank through the lamp, with the 
aid of only one high current thyristor used as a triggerable 
switch with low time-jitter. 

CONSTRUCTION AND CIRCUIT 

To make a low voltage capacitor bank discharge through 
the lamp practicable the lamp should be kept running 
at a low current. In our case a minimum current of 8 A 
was required for the Osram XBO 450 W to prevent ex
tinguishing after the high current pulse. 

The arrangement consists of 4 major components: the 
Osram XBO 450 W xenon lamp with suitable high voltage 
starter, the power supply for the 8 A continuous current, 
the capacitor bank, and the high current electronic switch 
with trigger circuit (Fig. 1). 

The lamp is mounted in an Oriel Optics Corporation 
universal lamp housing model C-60-50 with a 3.49 cm 
//1.5 uv grade silica condensing lens and a spherical con-

1661 Rev. Sci. Inslrum., Vol. 44, No. 11, November, 1973 Copyright © 1973 by the American Institute of Physics 1661 



1SS2 L. H. Luthjens: Pubed UgW Sourees 
47 

1662 

TRIGGER 
IHPUT 

(-HVJMlCJTOSEC I 

j?TT7 jL i ' i i r 
c J - ,' I C-i-

CAPACITOR BANK 
C -125 /i-M (in oir) 
C ' 2 O 0 / i F 

LAMP* MODIFIED 
SIEMENS STARTER 

(TYPE 5NZ 4036 -2 ) 

FIG. 1. Schematic circuit for pulsed operation of 
500 W xenon short arc lamps for use as high in
tensity analyzing light sources. Thick lines indicate 
relatively large diameter copper wire connections 
with low resistance. The Siemens starter is modi
fied by introducing Si for switching the mains, 
actuating the high voltage starter, provided the 
polarity protection relay Si is closed. D, is a 15 V 
Zener diode changing the on and off limits of Si 
to, respectively, 41 and 24.5 V. S1 is closed to 
charge the capacitor bank while St can be used to 
discharge the bank without flashing the lamp. 
A voltage meter with a switch to measure either 
the power supply voltage or the capacitor bank 
voltage is omitted from the drawing. The high 
current switching thyristor BTY 95/400 R manu
factured by Philips can be replaced by the newer 
type BT 24/600 R. 

densirig mirror in the rear, giving about 5% of the total 
flux in the beam as follows from simple geometrical cal
culation. The lamp is used in a confined radiation environ
ment for experiments with a pulsed Van de Graaff electron 
accelerator. For this reason a Siemens high voltage starter 
is mounted close to the lamp and can be actuated by the 
switch Sj at the end of a 1S m long 220 V ac power cord. 
Two types of starter have been used, the model Z2201 
with a timing circuit and the newer type 5NZ 403 6-2 
provided with polarity protection and automatic wipe 
contact (switch Si). 

The compact Varian power supply has an open circuit 
voltage of only 47 V. The polarity protection of the 5NZ 
403 6-2 therefore had to be modified by connecting a IS V 
Zener diode (D8) parallel to the series capacitor of the 
relay, providing on and off limits of 41 and 24.5 V, re
spectively. The built-in 30 kV starter of the Varian supply 
is not used, so the current limiter of the supply is not 
deactivated. This, together with the low open circuit 
voltage, prevents starting of the lamp. This problem can 
be solved by connecting a 10 mF electrolytic capacitor 
(TCC Lectropack 70 V dc type CE 190 DA) across the 
power supply. 

The capacitor bank is a 10 section LC ladder network. 
Calculations on the response of these circuits even with 
rather simplifying assumptions about load and components 
are complicated as shown recently in an article by Cormack 
tt oi.' In our case, where the xenon arc lamp is the load, 
a current-dependent incremental resistance makes mathe
matical treatment even more cumbersome. The design of 
the LC network therefore is approached in a semiempirical 
way, with the following aims: (1) a pulse with 1 msec 
duration and with a flat top; (2) energy in the pulse of 
10 joules, giving a temporary increase in lamp power of 
20 times the continuous power; (3) a characteristic im
pedance of the line equal to the incremental impedance 
of the lamp of several tenths of an ohm at high currents. 

These requirements are met by constructing a ten 
element lumped delay line (see Fig. 1, left-hand side) 
with 10 electrolytic capacitors (Loewe Opta Kronach 

NC 1102 S/200 3S0/380V) of 200/.F each, giving 10 
joules of stored energy at 100 V. The inductance Lc of 
one capacitor is about 0.6 ><H. 

Neglecting the inductances Lc of the capacitors, the 
inductive coupling between the coils of the line, and the 
parasitic capacitance of the coils, one can simply write 
the characteristic impedance of the line, Z0, and the delay 
per section, T, respectively as follows8: 

Z„=Z.»C-» (1) 

T=DO, (2) 

where 0=2X10-* F and 7=5X10-* sec, equal to one 
twentieth part of the desired pulse length of 1 msec. 

It follows from formula (2) that £ = 12.5/iH. Substitu
tion in formula (1) gives •Zo=2.5X10-1 ohm. 

The geometrical configuration of the inductance coils 
was determined using the formula 

£=MoWM//, (3) 

where MO= 1.25X10"" V sec/A m, N is the number of turns, 
I is the length of the coil and A is the area of coil turn. 

This resulted in coils made from 2.5 mm thick copper 
wire insulated with vamish, consisting of ten closely 
spaced turns per coil on a 5 cm diam Lucite tube (Fig. 2). 
The capacitors are at 5 cm distance from each other 
mounted underneath a brass strip with the ends of the 
strip bent upwards to hold the Lucite tube. Nine coils 
with ten turns and two at the ends with five turns are 
equally spaced and connected to the central (positive) 
pin of the capacitors. They are produced to fit the Lucite 
tube tightly by winding them around a similar tube with 
reduced diameter (Fig. 2, right-hand side). The resistance 
of the complete coil series of the bank is 0.1 ohm. 

If this line is discharged over a 0.2 ohm resistor, which 
is about equal to the incremental resistance of the lamp 
used, the current pulse has a rise time of about 100 jisec, 
about 800 psec half-width, and shows a sag of several 
percent. The introduction of a 15 mm diam Armco steel 
rod into the coils from the discharge end of the bank 
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FIG. 2. Rectangular current capacitor bank with coils on 5 cm diam Lucite tube and 15 mm diam annealed Armco steel rod for sag control at 
the left. At the right a piece of Lucite tube with reduced diameter to produce coils tightly fitting the Lucite tube of the capacitor bank. 

results in a sag correction or pulse shaping. This empirical 
result is most probably due to the combination of a change 
in impedance matching and delay of several sections and 
the creation of graded inductance.' 

A simple unstabilized power supply with output voltage 
variable to 300 V charges the capacitor bank through a 
100 ohm resistor when switch Ss (Fig. 1) is closed. 

The electronic switch T used to discharge the line over 
the lamp is a thyristor with 400 V reverse voltage and 
suited for high peak current. Triggering of the power 
thyristor is effectuated by a circuit connected to the 
thyristor gate through a trigger transformer TRi (Fig. 1) 
with one secondary winding shunted by 100 ohm but with 
no extra resistor in the gate circuit in order to produce 
enough switching current. The input trigger pulse of 2 V 
and less than 1 ̂ sec duration is provided by a crystal 
clock delay generator. The time-jitter between trigger 
pulse and current pulse (light pulse) is less than 1 jisec. 

The diode Di in series with the Varian power supply 
protects against discharge of the capacitor bank through 
this supply. 

In our experimental arrangement for pulse radiolysis 
the capacitor bank, together with the electronics, is out
side the accelerator target room and connected to the 
lamp and starter by two 12 m long insulated copper wires 
of 6 mm strand diameter. For low inductance these wires 
are tightly strapped together over their whole length. 
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RESULTS AND DISCUSSION 

A typical shape of the light pulse is shown in Fig. 3. 
The rise time of the light pulse is about 300 /xsec as com
pared to 100 Msec for the rise time of the current pulse 
with a simple load resistor on the line. This is caused by 
additional inductance from connecting cables to the lamp. 
If properly corrected for sag by shifting the Armco steel 
rod into the coils of the pulse line so far as required for 
a particular line voltage (or maximum lamp current) the 
light intensity is constant to within 0.2% during 100>sec. 
This permits measurements from nanoseconds to several' 
tens of microseconds after the exciting pulse, even with 
an inherent time-jitter of about 16 /isec of the accelerator 
electron pulse. 

FIG. 3. Shape of the light pulse 
at 600 nm measured with a 1P28 
photomultiplier with special cir
cuit and 50 ohm output. Settings 
of the Tektronix 549 oscilloscope 
used for recording are 500 mV/div 
and 200 Msec/div. 
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FIG. 4. Pulsed-to-continuous intensity ratio for the XBO 450 W 
xenon lamp as measured in the existing spectrophotometer arrange
ment with a new lamp and 110 V on the capacitor bank. The circles 
are measurements with a single Bausch and Lomb high intensity 
grating monochromator type 33-86-25 with a 02 grating and for 
wavelengths longer than 400 nm an additional Schott and Gen. 
2 mm thick GG 385 glass filter. The triangles are corrected values 
(see text) measured with two monochromators with a 01 grating 
in series. 

The detector routinely in use is a RCA 1P28 with a 
special circuit which gives an output linear with light flux 
up to 2.75 V over 50 ohm with an internal amplification 
of about 1000 times. 

Fluctuations of the intensity and sag of the light pulse 
are measured with a 1A5 plug-in unit in a Tektronix 549 
storage oscilloscope, using an offset voltage equal to the 
photodetector output (RCA 1P28 with special circuit and 
2 V output). After correction for sag, no evident change 
in flatness was detected over the whole wavelength region 
irom 250 to 700 nm, thus no readjustment at different 
wavelengths is required. ■-. 

As pointed out by several authors3-6 the intensity in
crease in the shorter wavelength region is much higher 
than in the longer wavelength regioh. In our arrangement 
a new XBO 450 W is usually pulsed with the capacitor 
bank charged to 110 V and gives the pulsed to continuous 
intensity ratios shown in Fig. 4. These results correspond 
to the actual conditions of our measurements. The inten
sity at any wavelength is set to give an output in the 
linear region of the detector, by changing the slit openings 
of the 'Bausch and Lomb high intensity monochromator 
type 33-86-25. In the visible region a single monochromator 
with a type 02 grating is used. For wavelengths above 
400 nm a 2 mm thick Schott and Gen. GG 385 glass-
filter is inserted in front of the monochromator. In the uv 
region (200-400 nm) two monochromators with a type 01 
grating are used in series to reduce stray radiation. If a 
single monochromator is used at a wavelength of 350 nm, 
where high; pulsed intensities require narrow slit widths, 
geometrical' oscillations of. the arc during discharge become 
clearly visible, showing a 130 kHz modulation but still within 

TABLE I. Specifications of xenon lamps. 

Lamp type -» Osram XBO 450 W Varian Eimac 500 X 10R 
Nominal power 450 W 500 W 

consumption 
Total flux 13 000 lm 10 000 lm 
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0.2% of the intensity. In the curve of Fig. 4 the points 
represented by triangles are measured values multiplied 
by a constant factor necessary to make the measurement 
at 400 nm with two monochromators coincide with the 
value measured with a single monochromator (circles). 
This is believed to be a good adjustment for any incidental 
difference in geometry between the two setups. 

Adjustment of the pulsed intensity for experimental 
requirements at any particular wavelength and optical 
band width can be achieved by varying the capacitor 
bank voltage (Fig. 5). At 200 V the light flux is about 
two times as high as with the usual 110 V. The experiment 
was performed with reduced slit width giving an optical 
band width of 3.5 nm and ensuring measurement within 
the linear range of the detector. 

The Osram XBO 450 W runs continuously at only 8 A 
and causes in combination with the Oriel housing such a 
small amount of heating in the absorption cell that no 
special. precautions are required. In some experiments, 
depending on the solution used, a uv filter is placed in 
front of the cell to prevent photochemical effects. 

The described circuit in combination with the Osram 
XBO 450 W has been routinely used as a pulsed light 
source for over two years and has proven to be very 
reliable. The average life of the lamp is about 6000 pulses 
with the capacitor bank charged to 110-140 V. The ca
pacitor bank voltage has to be increased gradually to get 
the same pulse output during the usable lifespan of the 
lamp. Lamp breakdown in this case is indicated by re
peated extinguishing of the lamp after the pulse, which 
can be cured only temporarily by increasing the continuous 
current. Lamps are replaced when the capacitor bank 
voltage has to be increased to 140 V, usually together 
with a continuous current of 10 A, to give the same output 
as for a hew lamp with 110 V and 8 A continuous current. 
The capacitors of the capacitor bank show no deteriora
tion after more than 50 000 pulses. 

Compared to other pulsed analyzing light sources re
cently described34'9 our system has several advantages. 
The electronic circuit has a minimum of components and 
needs only one thyristor and one extra unregulated power 
supply. Since with every pulse only the energy stored in 
the capacitor bank can flow through the lamp, no incidental 
trigger failure can ever damage the lamp. Sag control is 
easy and needs for our application nó readjustment when 
changing the wavelength. 

The energy reaching the cathode of our photodetector 
can be calculated from the cathode current and the known 
quantum efficiency at a given wavelength. At 600 nm, 
with an optical band width of 7 nm, 16 m]/sec is found. 
This energy over a considerable wavelength region could 
also be acquired from the modern continuous liquid lasers. 
However the use of a laser has severe disadvantages com
pared to the pulsed xenon lamps. A laser arrangement is 
very expensive and much more complicated to operate, 
wavelength tuning is limited and more cumbersome be
cause liquids have to be exchanged, and worst of all noise 
and long term instability are several percent of the output. 
Therefore a suitably pulsed xenon lamp is preferable to 
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a liquid laser with the available specifications at 
present. 

There are several reasons why still higher intensities 
would be required and useful for detection purposes in 
combination with the commercially available wide band 
oscilloscopes with 10 mV/cm maximum sensitivity: one 
would like to use the full range of the present detectors 
linearity at smaller optical band width for higher wave
length resolution of the absorption spectra, or at wave-
lengthes with a small quantum efficiency of the detector, 
or use detectors with a large linear range as for example 
photodiodes. 

In the latter case assuming the use of photodiodes 
with S 20 response, though giving more cathode current 
than the S 5 cathode of the 1P28 for the same incident 
light flux, 10-100 times higher light flux will be desirable 
because internal amplification is missing. 

As pointed out previously only about 5% of the total 
light flux from the Osram XBO 450 W is collected in the 
output beam by the condensing system of the Oriel lamp 
house in use. So with a condensing system collecting the 
total flux in a suitable beam a 20X higher flux would be 
available. To our knowledge such a system does not exist 
for these lamps. 

Varian Eimac Division, however, produces 500 W high 
pressure xenon short arc lamps built in a spherical mirror 
as one constructive entity collecting the whole flux in a 
horizontal parallel beam with 5 cm diameter. With such 
a lamp, the Varian Eimac xenon illuminator S00 X 10R, 
provided with an external Suprasil quartz lens with 15 cm 
focus length, a beam with suitable convergence containing 
almost the whole flux is produced. The Varian 500 X can 
be used in the pulsed mode with the same circuit as the 
Osram XBO 450 W (Fig. 1) but requires a continuous 
current of 15 A to prevent extinguishing after the pulse. 

The continuous light flux ratio of the Varian and the 
Osram lamp for equal power consumption, CRvo, can be 
calculated from the ratio of the condensing efficiency of 20 
as calculated from geometry and the lamp specifications 
in Table I. 

This leads to a calculated CRvo of 450/500X10/13X20 
= 13.8. The CRvo was measured with an ITL SPD 1 
silicon photodiode behind a 0.2 mm diameter pinhole in 
the center of the first converging point of both arrange
ments, with the lamps running at 450 W electrical power. 
The photodiode was biased with 50 V and had a 50 ohm 
load resistor. Here CRvo = 12 was found in good agreement 
with the calculated value. 

The pulsed to continuous intensity ratio P/C for both 
lamps under the same conditions, with a 10 mm diameter 
aperture at the first convergence point and after attenu
ation by one 45° reflection at a quartz plate, was measured 
with the SPD 1. With the capacitor bank charged to 
110 V we find for the P/C of the Osram XBO 450 W in 
Oriel house and the Varian 500 X 10R with condensor 
lens, respectively, 9.6 and 7.2. 

This means that with the Varian 500 X compared to 
the Osram XBO 450 W in Oriel house, if pulsed with the 
same voltage on the capacitor bank the flux can be higher 
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FIG. 5. Maximum light flux during the pulse as a function of ca
pacitor bank charging voltage, measured at 600 nm with an optical 
band width of 3.5 nm, within the linear range of the photomultipUer 
detector. 

by a factor 
(P/C)v.ri«, 7.2 

CRvoX = 1 2 X — = 9 . 
(P/C)o„.™ 9.6 

An additional increase in light flux by a factor of about 2 
is possible if a higher capacitor bank voltage is used (Fig. 5) 
giving a total of about 20X the flux from the pulsed 
source with the Osram lamp now routinely used. This 
meets in most cases the requirements for use of a vacuum 
photodiode with S 20 cathode as a detector. 

The much higher continuous flux from the Varian lamp 
because of a more efficient condensor and a necessarily 
higher continuous current compared to the Osram-Oriel 
combination causes excessive heating of the absorption 
cell. Therefore a special triggerable electromagnetically 
operated fast light shutter has been developed which is 
inserted between light source and cell and opens only 
during one millisecond. Details will be published later. 

Sufficient information about the life of the Varian lamp 
under the described circumstances is not yet available. 
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Subnanosecond pulsing of a 3-MV Van de Graaff electron 
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A passive coaxial pulse shaper has been developed which produces a subnanosecond duration 
pulse with short rise and decay time from a long pulse with short rise time. The mechanical 
construction of the pulse shaper is a modified coaxial air line T-section. The pulse shaper has 
been incorporated in the pulsing circuit of a 3-MV Van de Graaff accelerator. The form of 
the resulting electron beam pulses was monitored both as the charge collected by a coaxial 
target and as the terenkov light emitted by a quartz plate. In both cases sequential sampling 
techniques were used. The electron beam pulses were found to have rise and decay times of 
approximately 100 ps and a half-width as short as approximately 200 ps could be obtained. 
An advantage of this method of producing subnanosecond beam pulses is that it does not 
interfere with normal nanosecond pulsed operation of the Van de Graaff. 

I. INTRODUCTION 

The study of fast processes in radiation chemistry by 
pulse radiolysis at the I.R.I, and the attendant devel
opment of very short rise-time detection methods for 
transient products such as light absorption, fluorescence 
emission, conductivity, and microwave absorption,1'2 

created a need for subnanosecond excitation pulses with 
very short rise and decay time. 

Since 1967 the I.R.I, electron accelerator, a 3-MV Van 
de Graaff type K, manufactured by High Voltage Engi
neering, has been equipped with a nanosecond pulsed 
electron gun as developed by Ramler, Johnson, and 
Klippert.3 The principle is that of a line discharge pulser. 
By closure of a mercury-wetted relay a charged coaxial 
cable is discharged into the 50-ft gun termination, cre
ating a rectangular short pulse (Fig. 1). The emission 
of the Machlett Phormat cathode4 is blocked by a 
positive bias voltage relative to the grounded grid. Elec
trons are emitted through a Pierce gun structure for the 
duration of the negative pulse on the cathode. These 
electrons are accelerated by the Van de Graaff terminal 
voltage. Our nanosecond pulser is similar in construc
tion to that described by Ramler el a/.3 The 50-ft termina
tion consists of four parallel 1-W carbon resistors of 
200-ft each, in a fiat discshaped box on top of the 8-cm-
long coaxial cathode holder. Electron beam pulses with 
a peak current of 2 A and a duration of 2.5, 5, 10, 20, 
50, and 250 ns can be made with a repetition rate of 
50 Hz. 

Pulses shorter than 2.5 ns may be produced by de
creasing the length of the discharge cable. However, 
due to geometry and mismatching caused by the relays, 
one nanosecond, equivalent to 15 cm of effective air line, 
is a practical lower limit. By reducing the length of the 
connection between the charge resistor and the mercury 
relay to a minimum without added pulse cable, pulses 
of 330 ps FWHM5 and even 200 ps FWHM6 have been 

produced. However with this method one loses the 
flexibility of choice for several longer pulse-lengths. 

Our aim was to develop a pulse-shaping device 
which would not interfere with the operation of the 
nanosecond pulser. The construction of this device, its 
performance, and the resulting electron pulses will be 
described in this paper. First we shall discuss the meas
urement techniques with subnanosecond time resolution 
and some details of our gun, relevant to the subject. 

II. MEASUREMENT TECHNIQUE 

The mercury switch (Fig. 1) with its driver limit the 
repetition frequency of the pulser in practice to 50 Hz. 
Occasionally 100 or 200 Hz is used but this causes many 
faulty pulses. Further, due to the mechanical switching 
of the mercury relay the time jitter is about 32 us at 
50 Hz. 

Both the low repetition rate and the large time-jitter 
limit the use of commercially available fast sampling 
techniques to sampling with trigger or sequential sam
pling.7 This technique requires a pretrigger signal 75 ns 
before the signal sample can be taken. The only way 
to produce such a pretrigger is to derive it from the 
electron pulse or the signal itself and delay the signal 
75 ns. Use of a long (15 m) coaxial cable distorts the 

MERCURY-SWITCH 
COAXIAL ♦ DRIVE COIL 

1 I BEAD--"S I—J LYJBUSWOT^ | 
COAXIAL 2.8 MO 50OTER- 1 \ \ 
SWITCH Y w MINATION U 

CHARGE CATHODE STRUCTURE 
RESISTOR +GROUNDED GRID 

FIG. 1. Coaxial line discharge pulser for Pierce gun. 
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target. 

Measurement system for electron beam pulses on coaxial 

rise time very much due to skin-effect losses. For this 
reason we have used a corrected 75-ns delay line with 
a rise time of 175 ps (Tektronix 7MI1). 

The target to monitor the electron beam pulse of the 
accelerator is essentially one end of the inner conductor 
of a 50-11 coaxial line, tapered over 15 cm to produce 
a diameter of 4 cm of the inner conductor. A Faraday 
cage (cup) is not used in order to prevent signals, pro
duced by the stopping of the electron beam, from travel
ling in two directions initially, thus destroying the time 
structure of the signal. The target is connected to the 
7M11 delay line by a low-loss coaxial line consisting of 
two lengths of 130 cm Spinner air line and two pieces 
of 100-cm RG-8/U Polyfoam cable (ITT) (Fig. 2). The 
signal from the 7M11 goes to the Tektronix S4 sampling 
head by a special 5-ns 3-mm cable. The sampling in
strument is a Tektronix 564 storage oscilloscope 
equipped with a 3T2 random sampling time base and a 
3S2 sampling plug-in unit. 

The delay line contributes most to the overall rise time 
of the measurement system. Signal delay with a very 
small loss of rise time for electrical signals can be 
achieved by the use of a special superconducting cable 
without skin-effect losses as designed by J. R. Andrews.8 

A nondispersive optical (imaging) delay line can be used 
if the signal is light as for example the Cerenkov radia
tion from a target hit by relativistic electrons.5 

If random sampling, or sampling without pretrigger 
can be used, no delay line is necessary. However, with 
the sampling facilities commercially available at present, 
this is not feasible because of the low repetition rate 
and large time jitter of our Van de Graaff pulser. J. R. 
Andrews9 designed a special random sampling time 
base unit to replace the 3T2 for the testing of mercury 
wetted switches and provided us with very detailed 
information.10 Such a unit is now under construction. 

Since the pulses from the Van de Graaff are very 
reproducible we could choose the fastest available 
technique and measure the electrical pulses by sequen
tial sampling. An additional measurement was made of 
the Cerenkov light signal, delayed by an optical system 

and detected by an ITL HSD 1850-UVS-M coaxially 
mounted photodiode, with a specified rise time of 100 
ps at 4 kV. 

III. ELECTRON GUN SYSTEM 

The electron gun (see Fig. 1) is in principle a planar 
triode of a special design (Pierce gun) for high current. The 
important factors governing the electron emission char
acteristics are the thermo-ionic electron emission of the 
cathode, the electric field between anode and cathode, 
and the grid-to-cathode voltage. The thermo-ionic emis
sion of the cathode is determined by the work function 
and the temperature of the cathode surface. The overall 
work function depends on a number of factors among 
which the formation procedure4 is most important. 
Surface temperature is controlled by the heater power 
and is normally 850°C. The anode is at a distance of 
20 mm from the cathode surface. By control of the anode 
voltage to 40 kV the maximum space charge limited 
current is determined and can be calculated approx
imately from the Langmuir-Child formula. 

The grid, at 0.1 mm from the cathode surface, is con
nected to the terminal ground for reasons of construc
tion. Pulsed electron emission is achieved by applying a 
negative voltage pulse, higher than the positive bias volt
age of 165-200 V, to the cathode. The negative volt
age pulse is generated by the line discharge pulser. The 
50-H resistive gun termination is shunted by the gun 
impedance which will be merely capacitive due to 
cathode-grid capacitance. The high-frequency gun 
impedance depends on the momentary condition of the 
gun because the space charge influences the cathode-
grid capacitance, and the grid current during emission, 
which may become 4 A according to Ramler et al.,3 

adds to the total current load of the discharge pulser. The 
overall impedance for the negative voltage pulse will 
be lower than 50 fl, which results in a lower cathode-
grid voltage pulse and in a reflected pulse with reversed 
polarity. The reflected pulse, which will be again re
flected at the open end of the discharge pulser cable, 
causes no further emission. 

Because the effective negative pulse voltage on the 
cathode will, for the reasons mentioned before, always 
be lower than the original pulse voltage from the pulser, 
the pulser voltage should be well above the bias volt
age. However there is another reason for making the 
negative drive pulse much higher than the bias voltage. 
The fast pulse from the line discharge pulser is deteri
orated by skin-effect of the connection cable and by mis
matching of the gun. This leads to an increase in rise 
and decay time and distortions on the top and base line 
of the drive pulse. Now it is advantageous to choose 
the maximum amplitude of drive pulse at which the base 
line distortions have an amplitude just below the bias 
voltage and do not lead to emission. Then the gun 
triode is switched from zero to full electron current by 
a part of the voltage drive pulse where its rise is very 
steep. Thus the electron beam current rise time may be 
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considerably faster than the rise time of the drive pulse. 
A similar reasoning seems valid for the decay time. The 
modulation on top of the drive pulse does not show up 
in the electron beam pulse because the maximum space-
charge-limited electron current has already been reached 
at a lower grid to cathode voltage. 

IV. SUBNANOSECOND PULSE SHAPER 

The principle of the pulse shaper is based on the 
following reasoning: a long pulse with short rise time 
is split into two equal pulses of half the original ampli
tude and one of the pulses is inverted. These two pulses 
are then added with a relative delay between them 
shorter than the original pulse duration. This results in 
the generation of two short pulses with opposite polarity. 
The delay time between the inverted and noninverted 
pulse determines the pulse duration of the resulting short 
pulses. 

A negative voltage pulse is needed in order to result 
in electron emission from the positively biased Van de 
Graaff cathode. The pulse of positive polarity at the 
moment of decay of the long original pulse gives no 
emission. 

To invert one of the pulses after the pulse splitter, 
a fast coaxial line transformer may be used" [Fig. 3(a)]. 
For initial pulses of several tens of nanoseconds dura
tion very-low-frequency coupling is not necessary. A 
few turns on a ferrite toroid however are required to 
keep the sag or droop on the inverted pulse small.12 In 
practice the rise time of the inverted pulse is limited to 
a few hundred picoseconds because of the transformer. 

The coaxial T-sections T, and T2 are used for pulse 
splitting and addition, respectively. To our knowledge 
wideband directional couplers with low loss to serve the 
purpose of splitting and addition do not exist. TheT-sec-

INVERTING TRANSFORMER 

FERRITE 
V C O R E 

(a) - f ^ f 

S P ^ 
- + • -

T2 

SHORT 

STUB 
Z„=Z5A 

(b) - £ 

/POINT 

MAIN LINE Z n =50Xl 

FIG. 3. Pulse shaper schematic, (a)—inverting coaxial line trans
former with T section Tl as pulse splitter and T2 as adder. Trans
former windings are not shown, (b)—shorted stub with half the 
original line impedance. 

tions with their theoretical reflection coefficient of —Vs 
and necessary geometric separation cause a complicated 
pattern of pulses after the short pulse. 

Pulse inversion without sag and loss of rise time can 
be achieved by using a short in a coaxial transmission 
line. This may be applied to construct a simple device 
as shown in Fig. 3(b) to meet the requirements.13 The 
characteristic impedance of the stub has been made 25 ft. 
Therefore the inverted pulse is not reflected at the 
branching point. 

Pulse splitting and addition both occur at the branch
ing point. Calculating the reflection from the line im
pedances we find a reflection coefficient - ' / i at the 
branching point for the original pulse. This means that 
half of the original voltage pulse is reflected with oppo
site polarity resulting in pulses with half the amplitude 
of the original pulse in the forward direction of the 
main line and in the stub. The duration of the short 
pulse in the forward direction is determined by twice 
the transmission length of the stub. For air dielectric 
line the transmission speed equals the speed of light thus 
1.5 cm of stub length results in a 100 ps duration of 
the short pulse. 

After a preliminary test of a prototype, the final 
construction was made by modification of a General 
Radio 874-T connector as shown in Fig. 4. At the branch
ing point the device is experimentally corrected to 
improve the decay of the short pulse slightly. The 
correction is achieved by decreasing the diameter of 
the inner conductor to 2.5 mm over a length of 8 mm 
on the side of the main line where the original pulse 
is injected. 

For one particular frequency or frequency band the 
theory of shortcircuited stubs as well as branching of 
coaxial lines has been treated and experimentally tested 
by several authors.""16 Exact treatment for very high 
frequencies is complicated because of mode conversion 
at the junction. 

The performance of the stub as pulse shaper is tested 
with a sampling oscilloscope (Tektronix 564 storage with 
plug-ins 3S2 and 3T2) provided with a Tektronix S4 sam
pling head and a S50 pulse generator head. The signal from 
the S50, a 100-ns long pulse of nominal 450 mV with a 
rise time of 20 ps is sent through the pulse shaper after 
traversing a 5 ns small diameter coaxial cable. The 
resulting fast pulse is shown in Fig. 5 for a "500-ps" 
and a " 140-ps" stub. The overall reflection of the initial 
driving pulse at the pulse shaper causes a short pulse 
returning to the generator. If the generator impedance 
is not matched to that of the interconnecting coaxial 
cable then multiple reflections will cause afterpulses. In 
the last section we shall refer again to these afterpulses. 

The original pulse of the S50 pulse generator with 
fast rise and decay time has an amplitude of 450 mV. 
Theoretically we expect a pulse amplitude after the 
pulse shaper of one-half or 225 mV. We find only 160 
mV, probably due to high-frequency ohmic and reflec
tion losses. 
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2 cm 
- j 

FIG. 4. Mechanical construction of the pulse shaper, derived from 
a general Radio 874-T. The length L determines the pulse length by 
defining the distance of the short to the inner conductor of the 50-H line. 
For 140, 200, 300, 400. and 500 ps L is 0.9, 24, 39, and 54 mm, 
respectively. Primary pulse enters from the left. 

nanosecond pulser. However, at present only one fixed 
subnanosecond pulse length can be incorporated. 
Changing of the stub length requires opening the accel
erator insulation gas tank. Remote control of stub length 
variation has not yet been realized. The auxiliary relay 
shunting the 1.5-kfi resistor is actuated together with 
the coaxial high-frequency relays of the pulse shaper 
section, and is open when the circuit is in the nano
second pulsing mode. In this case the maximum out
put of the power supply is -900 V. Pulse amplitude, 
or line charging voltage, for the nanosecond and sub-
nanosecond pulser may be adjusted by the Slo-Syn con
trolled position of the variable transformer. The power 
supply has a ripple smaller than 1% at 3 kV and 1 mA 
out. 

The delay between the subnanosecond pulse and the 
afterpulse is determined by twice the transmission time 
from the pulse shaping stub to the open end of the line 
discharge pulser cable. The delay time is equal to the 
nanosecond drive pulse duration plus twice the trans
mission delay of the cable between stub and mercury-
relay, the latter is 6 ns. The afterpulse will give rise 
to an electron afterpulse if it contains a portion with 
the same negative polarity as the short pulse and its 
amplitude is higher than the cathode bias voltage, 
usually ranging from 165 to 200 V. The afterpulse 
will not interfere with the study of transient effects 
caused by the main pulse on a time scale shorter than 
the delay between main pulse and afterpulse. In experi
ments where secondary dosimetry is performed by 
measurement of the total charge in the beam pulse the 
dosimetry is obscured by the contribution of the after
pulse to the charge. 

The amplitude ratio between the pulse and the first 
afterpulse can be improved by using a longer primary 
pulse which is equivalent to a longer delay between 

V. APPLICATION AND PERFORMANCE OF THE 
PULSE SHAPER FOR GENERATION OF 
SUBNANOSECOND ELECTRON PULSES WITH A 
VAN DE GRAAFF ACCELERATOR 

The existing nanosecond pulser in the Van de Graaff 
high-voltage terminal can be used to provide the pulses 
for driving the pulse shaper. The pulse line voltage of 
about 900 V, however, is too low because the pulse 
shaper reduces the pulse voltage to about one third. The 
resulting 150 V amplitude of the short pulse is too low to 
cause emission from the cathode because of the bias 
voltage of 165-200 V. Therefore a high-voltage power 
supply is introduced giving a maximum voltage of 2.8 kV. 

The mercury relay (C.P. Clare RP5441) and the co
axial relays in the pulse line (Dow Key 77-230232) have 
been tested at a voltage of 3 kV under atmospheric con
ditions. The pulse shaper itself is connected to the 
cathode structure and the line discharge pulser by using 
two high-frequency relays, HP8716A with N-connectors 
as shown in Fig. 6. In this way it is possible to use the 
nanosecond pulser as before and switch over to the sub-

500psec. STUB 

100 psec/div. 
'140 psec.' STUB 

100 p sec./div. 

FIG. 5. Pulse for the 500- and 140-ps pulse shaper as tested with 
the Tektronix S50 generator and S4 sampler. 
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DURATION SELECTION 
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FIG. 6. Circuit for subnanosecond and nanosecond pulsing of Van 
de Graaff electron accelerator. 

short pulse and afterpulse. This has no effect on the 
short pulse but the amplitude of the afterpulse is dimin
ished, due to high-frequency losses during traversal of 
the pulseforming cable. With a pulse line charging 
voltage of 2.8 kV and a cathode bias voltage of 165 V 
we find no afterpulse emission if a primary pulse dura
tion of 50 ns is used. Therefore the subnanosecond 
pulse shaper is preferably used in the accelerator with 
a 50 ns primary pulse at the input. 

For measurement by sequential sampling a repetition 
frequency of 50 Hz is a lower limit while this is the 
upper limit of proper operation for the mercury relay 
used. The repetition frequency of 50 Hz determines the 
maximum value of the charge resistor Rc by the require
ment that a 50 ns pulseforming line, with a line capaci
tance (,C|) of 500 pF, is charged to within 1 part per 
thousand of its maximum voltage within 20 ms. That 
implies that 1RCCX equals 20 x 10~3 or Rc (maximum) 
= 5.7 MO. In the actual circuit Rc is about half the 
calculated maximum value: 2.8 MA. Peak currents of 
about I mA are to be expected. 

The shape of the electron pulse from the accelerator, 
measured by sequential sampling of the coaxial target 
signal, is shown in Fig. 7 for the "500-ps" and "200-ps" 
pulse shaper stub, respectively. The 10%-90% rise time 
of the "500 ps" pulse is 240 ps. The 10%-90% rise 
time of the cables and air line is 100 ps as measured 
with the S50 pulser in a 285 power supply at the end 
of the line (see Fig. 2). The nominal rise time of the 
Tektronix 7M11 delay line is 175 ps. The overall rise 
time of a complete measurement system is approximated 
by the square root of the sum of the squared compo
nent rise times. Because the rise times of the atten
uators and the oscilloscope are relatively short com
pared to the other component rise times and their con
tribution to the result small, we did not incorporate them 
in the approximative calculation. Due to the measure
ment technique the rise time of the oscilloscope and 
even the pulse generator is incorporated in the measured 
cable rise time and with the available apparatus not 

FIG. 7. 
Fig. 2. 

2 0 0 p sec./div. 

Electron beam pulses measured with coaxial target as in 

separable. Thus the calculated rise time of the system 
of Fig. 2 is (1002 + 1752)05 = 202 ps, in good agree
ment with the value of 220 ps measured with the S50 
pulse generator connected to the cable at the place of 
the coaxial target. 

The actual rise time of the electron pulse must be 
very short considering that the electron pulse signal 
displayed by the measurement system (Fig. 7) has a 
rise time almost equal to that of the system. Calcula
tion of the actual electron pulse rise time with the meas
ured values gives a value of (2402 - 2202)05 = 96 ps. 

The electron pulse rise time has been further investi
gated in an experiment where the Cerenkov light, 
produced by the electron pulse passing through 6 mm of 
Suprasil quartz, is delayed for about 75 ns by a mirror 
system and detected by an ITL HSD-1850 vacuum 
photodiode connected to the S4 sample head. The rise 
time of the photodiode is specified as 100 ps at a voltage 
of 4 kV. The resulting signal for the "200-ps" pulse 
shaper is shown in Fig. 8. The 10%-90% rise time is 
150 ps. From the signal after the pulse we see that the 
effect of ringing is negligibly small. The calculated 
actual electron pulse rise time from this measurement 
is (1502 - 1002)05 = 112 ps. The slowly decaying tail 
after the Cerenkov signal is assumed to be caused by 
dispersion due to the use of high aperture mirror optics, 
two additional Suprasil lenses, a large optical bandwidth, 
and 2 m of Polyfoam cable between photodiode and 
sample oscilloscope. 

From measurements with the coaxial target and the 
Cerenkov light experiments the estimated value for the 
actual electron pulse rise time is (100 ± 10) ps. The 
decay time is the same, assuming that the tails visible 
after the pulses are due to dispersion in the measure
ment system. The total charge of the 200 ps pulse used 
in the Cerenkov light experiment measured on a coaxial 
target is 0.18 nC. Correcting for 20% backscattering of 

FIG. 8. Cerenkov light pulse due to 
200-ps electron pulse, measured with 
fast photodiode after optical delay-line. 

200 psec./d 
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3-MeV electrons on the aluminum coaxial target we find 
that the peak current in this case is about I A. 

We conclude that subnanosecond duration electron 
pulses with high peak current and with rise and decay 
time of about 100 ps may be produced by a Van de Graaff 
accelerator by application of the passive pulse shaper 
described. 
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Optically isolated electronic trigger system for 
experiments on a subnanosecond time scale with a 
pulsed Van de Graaff electron accelerator 

L H. Luthjens, M. J. W. Vermeulen, and M. L. Hom 
Interuniversitair Reactor Instituut (IRI), Meketweg IS, Delft, The Netherlands 
(Received 7 April 1980; accepted for publication 29 May 1980) 

An optically isolated electronic trigger system for a pulsed Van de Graaff electron accelerator, 
producing an external pretrigger pulse 75 ns before arrival of the electron pulse at the target, is 
described. The total time jitter between trigger signal and electron pulse is SO ps. The 
measurement of optical and electrical transients on a subnanosecond time scale with a sequential 
sampling oscilloscope is demonstrated. The contribution of various parts of the equipment to the 
total jitter is discussed. Those contributions to the jitter due to the electron transit time 
fluctuations in the accelerator assuming a constant acceleration voltage gradient and to the shot 
noise in the photomultiplier detector of the trigger system are calculated to be 5 ps and 12 to 21 ps 
respectively. Comparison with the experimental results leads to the conclusion that a considerable 
part of the total jitter may be attributed to acceleration voltage gradient fluctuations, to 
accelerator vibrations and possibly to density fluctuations in the insulation gas. Possible 
improvements of the trigger system are discussed. The apparatus is used for pulse radiolysis 
experiments with subnanosecond time resolution down to 100 ps in combination with 
subnanosecond time duration electron pulses. 

PACS numbers: 29.15.Br, 84.30.Wp 

INTRODUCTION 

In the study of physical and chemical processes as a 
result of the interaction of high energy radiation with 
matter pulsed electron accelerators are used in com
bination with a variety of detection techniques. The 
use of a Van de Graaff accelerator for experiments on 
a subnanosecond time scale is however limited due to 
the considerable time jitter of the gun pulsers pres
ently in use.' In order to measure transient optical 
and electrical signals on a subnanosecond time scale 
with the presently available detection equipment (streak 
camera, fast direct oscilloscope, sequential sampling 
equipment) a pretrigger arriving a few tens of nano
seconds before the transient is required. The time 
jitter between pretrigger and signal should be smaller 
than the required time resolution to make feasible 
sequential sampling and improvement of signal to noise 
ratio by averaging. 

Due to the use of a mercury reed switch in the 
gunpulser in our Van de Graaff accelerator (HVEC 
type K3)' the jitter between command pulse and elec
tron pulse is about 30 us. If an external pretrigger 
with low jitter is derived from the transient signal or 
the electron pulse, the signal has to be delayed. De
lay by an electrical cable as well as by an optical 
pathlength both have their disadvantages. A long delay 
cable causes considerable deterioration of the signal due 
to skin effect losses and reflections. For rectangular 
pulse signals these effects may be compensated by 
passive filters,2 however this does not guarantee a true 
representation of an arbitrary input function. The 

realization of a superconducting delay cable3 without 
skin effect losses was not readily feasible in our labo
ratory. Delay of optical signals causes considerable 
intensity losses, especially in the uv region. Also align
ment of multicomponent large aperture systems is 
cumbersome. 

A random sampling unit specially designed for use 
without external trigger for systems with large jitter 
and low repetition frequency, as published by J. R. 
Andrews,4 is less suitable for our application. This 
method requires large numbers of electron pulses, caus
ing extensive damage to the sample studied, and is 
also very time consuming. 

The most direct approach to solve the problem is to 
replace the mercury reed switch of the Van de Graaff 
cathode pulser by some other device which can be 
triggered by the external command pulse with little 
or no jitter. In this way one would be able to derive 
a pretrigger pulse from the command pulse for the com
plete detection equipment including a pulsed high inten
sity light source for absorption measurements. Several 
possible solutions have been considered. 

Combinations of semiconductor chains with avalanche 
transistors and snap-off diodes are limited in rise time to 
a few hundred picoseconds5 and are not easily matched 
to the 50 fl coaxial circuit for the desired high 
voltage and current operation. 

Laser triggered intrinsic silicon switches as designed 
for Kerr and Pockels cell operation6 suffer from leakage 
at room temperature and high power dissipation for 
longer pulses. They require a laser with a peak power of 
several megawatts. The beam divergence of these lasers 
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Terminal 

SIGNAL 

F I G . 1. ' Schematic representation of pulsed Van de GraafT electron 
accelerator with 75 ns pretrigger system for experiments on a sub-
nanosecond time scale. L l - 3 are Suprasil 1 quartz lenses, Tl—2 arc 
Hewlett Packard model I022IA 50 11 coaxial tee connectors. 

and the pointing stability make difficult the use of a 
25 m light path (75 ns delay) between pretrigger pick-
off from the laser beam and the silicon switch, main
taining proper alignment and accurate focussing onto 
the switch. 

Laser triggered spark gaps, if properly designed and 
operated at very high voltage, could meet the desired 
specification.7 For optimal functioning, alignment is 
extremely critical. The high power laser system should 
be similar to that used with the silicon switches and 
suffers from the same trouble. Further, spark gaps 
are notoriously unreliable in a fluctuating radiation 
environment.8 

After consideration of the presently available alterna
tives for replacing the reed switch, we have developed 
a comparatively simple, though very satisfactory trigger 
system, in which the reed switch is maintained. A high 
quality delay line is installed between the reed switch 
and the gun cathode, which causes the cathode gate 
pulse to be delayed for ca 75 ns before firing the 
electron gun. The trigger pulse is derived from the 
cathode gate pulse directly after the mercury switch and 
is converted into a light pulse at the high voltage 
terminal. The light signal is transported out of the ac

celerator and transformed by a photomultiplier into an 
electrical signal which is transported to the trigger 
input of the measuring system (sequential sampling 
oscilloscope). In this way the pretrigger arrives at the 
measuring system a sufficient length of time before the 
transient. 

I. DESCRIPTION OF THE TRIGGER SYSTEM 

The complete pretrigger system is schematically 
represented in Fig. I. The top part represents the 
electronics and optics in the accelerator high voltage 
terminal. Below this the accelerator tank base is shown. 
The section below shows the optical pretrigger trans
mission system, together with the trigger detector 
situated in the accelerator target room which is sepa
rated from the Van de Graaff control room (lower 
part of Fig. I) by a concrete wall. 

The production of an electron beam pulse with its 
75 ns pretrigger is initiated by an output signal from the 
command pulse generator, which is shown in the lower 
right of Fig. 1. This signal triggers an optical laser 
diode pulser module (Optel SLB 520) mounted near the 
tank base inside the accelerator insulation gas tank. The 
laser output pulse of 20 ns duration and 5 W peak power 
is focussed onto a EG & G D T I 10 silicon photodiode 
detector in the terminal. The D T I 10 signal actuates the 
coil driver for the mercury wetted reed switch. Closing 
of the reed switch produces the rectangular high 
voltage gate pulse for the cathode by discharge of a 
section of the nanosecond pulse cable. The pulse length 
is determined by the length of a coaxial cable which 
in turn is determined by the position of the coaxial 
switches Rl and R2 (Radiall R562703). The pulse cable 
is charged through a 10 k f l resistor in an H P 10221A 
oscilloscope Tee (T l ) . For optimum rise time the local 
capacitance close to the top of the mercury switch is 
increased by introducing a short length of teflon (PTFE) 
dielectric into the GR-874 coaxial line section. 

Directly after the mercury switch, a second Tee, T2, 
is provided with a 1 k f l resistor in series with a 
light emitting diode ( L E D ) . Passing this tap-off the 
high voltage pulse produces an intense light pulse, 
which will be used to trigger the detection equipment 
as described below. The high voltage pulse is trans
mitted through a 75 ns delay (15 m of RG 218/U) to the 
subnanosecond pulse shaper section and further to the 
cathode of the triode electron gun. In the pulse shaper 
section the pulse of nanosecond duration may be re
shaped into a subnanosecond duration pulse depending 
on the position of the H P 87I6A coaxial relays.' The 
high voltage pulse causes the emission of an electron 
pulse from the gun into the accelerating tube when it 
arrives at the cathode and is terminated into the 50 Q 
cathode resistor. The disk shaped 50 fi cathode re
sistor used previously' has been replaced by an im
proved design mounted in the side arm of a modified 
50 11 GR-874 tee section. 

The pretrigger light pulse from the L E D in the high 
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voltage terminal is transmitted optically via a lens in the 
terminal (L,). a light rod in the tank base, and via a 
mirror and a lens (L2) to the photomultiplier detector 
(HTV-R928) in the target room. The photomultiplier 
transforms the light pulse into an electrical signal 
which subsequently is transported to the trigger input 
of the sampling oscilloscope in the control room by 
means of 3 m of 50 (I air line (Spinner 7/16). The 
geometry of the trigger transmission path is chosen so 
as to minimize the transmission time for the trigger 
signal. Also for this reason, gas has been chosen as a 
dielectric in the optical path and the coaxial trans
mission line. 

A LED(Litronix RL2-04) has been chosen because of 
the short rise time and high intensity of the light output. 
Full use of the aperture of the beam emitted by the LED 
is prevented by the available space and the requirement 
of imaging the LED into the 14 mm free aperture of the 
window (HVE P-14436) at a distance of 230 cm in the 
accelerator base. The window consists of a 11 cm long 
lucite light rod, polished on both ends, and acts as a 
lens with a focal length of 35 cm. The photomultiplier 
detector (HTV-R928) is situated at an optical path length 
of 3 m from the window. As is shown in Fig. 2, six out of 
nine dynodes are used at relatively high voltages in 
order to obtain an improved rise time (2-3 ns) and 
short signal delay. A change of photomultiplier voltage 
from 1000 to 1200 V shortens the electron transit time 
by I ns. A fluctuation of I V in this voltage would 
introduce a delay time fluctuation, or jitter of 5 ps. Con
siderable jitter due to photomultiplier supply voltage 
fluctuations is improbable because a well stabilized 
power supply is used. The photomultiplier is thoroughly 
shielded against electromagnetic interference and 
ambient light. 

In order to make installation of the described system 
possible in the limited space of the high voltage ter-

Ftc;. 3. Modified high voltage terminal electronics of a High Voltage 
Engineering Corporation K3 Van deGraaffacceleralor wi th pulser and 
prelrigger system. On the left is Ihe main electronics with its 
metal shield removed. The delay cable is mounted on the r im of the 
upper terminal plate. The trigger pick-off lee with its connection 
lo the L E D can be seen on Ihe right. 

minal of the accelerator, the terminal had to be rede
signed and all-semiconductor circuits had to be used. 
The thick coaxial cable (RG 218/U) is coiled and 
stacked on the rim of the upper terminal plate. Figure 
3 shows the terminal with the metal screen of the main 
electronics removed. 

Space has been reserved to enable replacement of the 
subnanosecond pulse shaper section with the coaxial 
relays by a compact switching unit allowing for 5 
different subnanosecond pulse lengths (custom made by 
Spinner. Miinchen, Germany). 

K = CATHODE 
Rl =22ku;2W 

■= 5kO;.25W 

C3»4700pF 
(ceramic disk) 

DI-9 = DYNODES 
A = ANODE 

F I G . 2. Circuit for Hamamalsu R92R photomultiplier for optical 
prelrigger detection. 

II. CONSIDERATIONS ON THE TIME JITTER 

The total jitter in the measurement of a transient 
originating from a sample irradiated with a pulse of high 
energy electrons is thf. sum of the respective time 
jitters of the electron beam pulse, the signal detection 
system and the trigger system. 

We first consider the time jitter of the electron beam 
pulse. For the transit time i, of the electron in the 
linear gradient accelerating tube we can write 

I, = (I + Inut-T,-')"- (I) 

where \ = length of the accelerating tube (1.7 m), m„ 
= rest mass of the electron, c = speed of light, T, 
= kinetic energy of the electron at the end of Ihe ac
celerating tube (3 MeV). For T, = 3 MeV a value of the 
transit time i, = 6.6 ns is found. 

The transit time jitterdue to fluctuations in accelerator 
voltage, which is proportional to 7\. is given by 
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= -m0cs7-,-2(I + 2m0c*T,-'r°isc-<AT, (2) 

which for our case of T, = 3 MeV is calculated to be 
i r , = (280 x AT,) ps (AT, in MeV). The terminal 
voltage is stabilized to 3%o around the set value of 3 
MV giving a total fluctuation of. 18 keV in the value of 
T,. The electron beam jitter contribution due to ac
celerator voltage fluctuations is thus found to be 5 ps. 

Further contributions to the electron transit time jitter 
can be caused by transit time fluctuations of the 
electrons in the gun. Due to the high voltage of more 
than 10 kV per cm applied, the transit time is a few 
hundred picoseconds. With 1% of the high voltage 
fluctuation of the gun electrodes the transit time jitter 
is a few picoseconds. 

We now consider the jitter of the signal detection 
system. When a sampling oscilloscope is used, the 
electronics of the oscilloscope adds 25 to 30 ps to the 
jitter. If the signal produced by the electron beam 
pulse is directly transmitted to the entrance of the 
oscilloscope by a coaxial cable, no addition is made to 
the total jitter. In cases where fast transient light 
signals due to the electron pulse are to be measured 
(Cerenkov light or fluorescence) a fast photodiode is 
used. The transit time of the electrons in the diode is 
of the order of 100 ps. This means that with a few 
percent voltage fluctuation the additional jitter is only a 
few ps. Due to the short travel distance of a few meters 
through air, transit time fluctuations of the light are not 
considered to contribute significantly to the jitter. 

The trigger system uses a photomultiplier detector 
with a transit time of several nanoseconds. At the trig
ger pick-off before the delay line the jitter between 
trigger and high voltage pulse going to the cathode is 
zero. Transit time jitter of the electrons in the photo-
multiplier is not the only source of jitter. The trigger 
moment is determined by the interaction of a level dis
criminator with the trigger signal. Any change in the 
rising slope of the trigger pulse signal from pulse to 
pulse contributes to the jitter or fluctuation in the 
trigger moment. Such changes in the rising slope may be 
caused by several effects such as electromagnetic 

FIG. 4. Schematic drawing of the rising slope of the trigger signal 
at the photomultiplier output. The solid line is the mean amplitude 
value of the voltage V(t) = V„„<l I erf\at\)l2. The dotted lines 
give, strongly exaggerated, the cr value (standard deviation) of 
the noise amplitude. Ar(r) is the effective jitter due to the effective 
noise value o(/) at time r. 

interference, amplitude changes caused by fluctuations 
in light intensity, geometry changes due to vibrations. 
stray light on the photocathode and the natural 
noise on the signal. The last contribution can be 
treated theoretically. 

The noise of the trigger signal from the photomul
tiplier detector is due to current shot noise from the 
photocathode and thermal noise from Ihe photode-
tector load resistor. 

The mean square values of the noise currents at the 
anode output can be written as 

7^7 = 2ei„GB (3) 
7^7 = 4kTBIR„, (4) 

where („,„ = anode noise current from shot noise. 
e = charge of the electron, /„ = anode current. B 
= noise bandwidth, <'„„ = thermal anode resistor noise 
current, it = Boltzman constant. T = absolute tempera
ture, /?„ = anode load resistor, G = gain of photo
multiplier. The shot noise contribution is predominant if 

i„R„G S> 2kTle (5) 

or 
i„R„G = V„G s> 50 mV (at 300 K). 

In this case the noise current is approximately given 
by expression (3). We assume that the rising slope of 
the trigger pulse signal may be represented by an error 
function with the signal half amplitude height at ( = 0." 

V(') = Vm„(l + erf|n,|)/2 

( - for( < 0: + for f > 0) (6) 

The Elmore rise time, which in this case is equal to the 
10%-90% rise time, is given by I.Ha. 

In Fig. 4 the trigger pulse rising slope is drawn with 
exaggerated noise. The trigger jitter is determined by the 
"width" of the signal at the trigger level. Assuming a 
Gaussian noise amplitude distribution the effective noise 
voltage, [(V„,„(r))2]0s, which is identical to the standard 
deviation ail) of this amplitude distribution, follows 
from Eqs. (3) and (6) 

(V„.„(r))2 = eBR„Vm^G(\ + erf\al \). (7) 

For a trigger level voltage V,, triggering takes place at a 
time / where the mean trigger signal voltage V(r) 
= V,. The effective jitter is the horizontal width \i(i) 
and is given by 

dV(t)ldl 

(1 + erf la; I)"-5 

= 2a-<(eBR„Vm„-<G)°■» \ J ' . (8) 
d erf|fl/ |/d|a!| 

Equation (8) provides the general requirements for the 
photomultiplier for minimal jitter. R„ is necessarily 50 O 
to provide the proper termination for the 50 fl charac
teristic impedance transmission system for the output 
pulse. Vmax should be large and G small, which is 
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equivalent to a high photocathode current. This can be 
achieved by using a high light intensity and a photo-
cathode with high quantum efficiency. The factor a 
should be large which represents the obvious require
ment that the pulse rise time is short. The bandwidth 
B can only be considered in combination with the 
factor 11 because, provided the LED pulse rise time is 
sufficiently short, rise time and bandwidth are linked 
together such that a is proportional to B. Therefore 
the jitter is proportional tofl""-3, which means that the 
bandwidth B should be large. 

The best trigger level V, is the level for which 
\t(t) is a minimum. The value of |(1 ♦ erf \al |)"'5]/ 
[(/ erf \at \lj\tii\) can be obtained from numerical 
tables" and the minimum value is found for 

at = -0 .435 and erfal = 0.4616 

The trigger level with minimum jitter is found by sub
stitution of erfal = 0.4616 in formula (6): 

V, (minimum jitter) = 0.27 Vmas 

The jitter can now be obtained from Eq. (8). With 
V , = I V. a rise time l.8/« = 2.10"» s, B = 150 MHz 
and G = 10:' a value for the minimum effective jitter 
■i'min = 1-9 ' o ' " s ' s found. This means that, at the trig
ger level for minimum jitter for this signal, the jitter due 
to the noise amplitudes within the standard deviation <T 
around the mean value of the signal or 73% of the 
amplitudes, is equal to 2:ifmin = 3.8 ps. For noise am
plitudes within 3<r this value for the trigger jitter is 12 ps. 
For a trigger level V, = 0.73 Vmax the respective values 
are ca 7 and 21 ps. 

III. PERFORMANCE OF THE TRIGGER SYSTEM 

The trigger system has been tested by connecting the 
output of the line pulser, after suitable attenuation, to 
a Tektronix S4 sampling head in a 564 storage oscil
loscope with 3S2 and 3T2 plug in units.' The oscil
loscope is triggered by the trigger signal from the 
photomultiplier of about I V, with the geometry and 
distance of the optical system as required for installa
tion in the accelerator and the photomultiplier specifica
tions as given above. The unavoidable reflection at the 
subnanosecond pulse shaper causes a multitude of trig
ger light pulses generated per electron pulse. The hold-
off of the oscilloscope trigger system causes triggering 
at the first pulse only. The line width of the rising 
slope of the pulse from this test setup at the most 
favorable trigger level is 28 ps. With a Tektronix S50 
pulse generator connected to the sampling oscilloscope 
the horizontal line width of the rising pulse trace is 
25 ps. This proves that the jitter contribution of the 
trigger system is negligible in this case. 

Figures 5(a) and (b) show a 200 ps and a 500 ps elec
tron pulse respectively, as measured by collecting the 
electron beam current on a coaxial target,1 which is 
connected to the S4 sampling head in the Tektronix 
564 storage oscilloscope by means of 5 m of RG 218 co-
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I00 ps/div. 

200 ps/div. 
FIG. 5. Electron beam pulses of 200 ps (a) and 500 ps (b) duration 
measured with a coaxial target and a sequential sampling oscilloscope 
(Tektronix 564. 3S2, 3T2, S4 sampling head). 

axial cable, two lOx attenuators (Spinner BN94130/ 
20db, 50f2, 0-6 GHz) and a 2 ns special cable with 
SMA connectors (Tektronix 015-1005-00). The oscil
loscope is triggered by the system installed in the 
accelerator. The jitter determined from the line width is 
50 ps in both cases. This means that a jitter of (502-
282)05 ps = 41 ps has to be attributed to the accelerator 
and the trigger system in this case. The approximate 
rise time of the electron pulse, calculated from the sig
nal and the measuring system rise time, is 120 ps. 

For a check of the complete measuring system for 
optical detection the system has also been tested with 
the Cerenkov light obtained from a 3-mm thick Suprasil 
1 quartz plate (Heraeus) (Fig. 6). The Cerenkov light 
has been measured at 310 nm with a Bausch & Lomb 
33-86-25-01 High Intensity Monochromator by means 
of an ITL HSDI850-UVS photodiode detector at 4 kV, 
with specified rise time of 100 ps, connected to the S4 
through 130 cm of Spinner 7/16 airline and a 2 ns cable 
(Tektronix 015-1005-00). After the pulse signal a decay 
signal and some ringing is seen. The fast part of the 
rising slope has a rise time of 180 ps. The rise time for 
the photodiode detector is known to be 100 ps. For the 
coaxial lines and the sampling head 80 ps rise time is 
measured. The electron pulse signal rise time is cal
culated to be (180* - lOO2 - 802)1" ps = 126 ps, in good 
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200 ps/div. 
F I G . 6. Cerenkov light pulse produced by a 500 ps electron beam 
pulse in a 3 mm thick Suprasil I quartz target, measured at a 
wavelength of 310 nm with fast photodiode (1TL HSD 1850-UVS) 
connected to a sequential sampling oscilloscope (Tektronix 564. 3S2. 
3T2, S4 sampling head). 

agreement with the value calculated from the electron 
pulse on the coaxial target. 

The electron pulse rise time of 126 ps measured with 
the present setup is somewhat longer than the 110 ps 
found before installation of the trigger system.' This is 
due to the deterioration of the cathode gate pulse by the 
RG 218 cable delay line and the use of a lower 
pulse amplitude voltage of 2.1 kV instead of the 2.8 kV 
used previously. The long cable delay line introduces 
ringing on the cathode gate pulse. At higher voltages 
this leads to electron emission after the rectangular 
pulse thus causing serious deterioration of the resulting 
electron pulse width and shape. 

IV. DISCUSSION 

In the test setup outside the Van de Graaff accelerator 
the measured jitter contribution due to the electro-
optical trigger system was found to be about 10% of the 
25 ps oscilloscope jitter under the most favourable 
conditions with a 1 V signal out of the photomultiplier, 
an electron multiplication of 1000 and a trigger signal 
rise time of 2 ns. Calculation has shown that under 
these conditions time jitter as a result of the shot noise 
of the photomultiplier output, taking 99.5% of all pos
sible noise amplitudes into account (3rr limits), is 12 ps 
at the optimum trigger level which would cause a total 
jitter of 28 ps. This shows that choice of the 3c limits 
for the jitter calculation is reasonable. 

The electron beam pulse transit time jitter for a 
constant voltage gradient along the acceleration tube 
has been calculated to be 5 ps and can be neglected. 
The referee has brought to our attention that this 
gradient will fluctuate locally even if the terminal 
voltage remains constant. This will cause additional 
electron transit time jitter. To get an impression of the 
magnitude of this effect we can assume a temporary 
short circuit between two successive electrodes of the 
acceleration tube and the accelerating voltage constant 
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'at 3 MV. The resulting effect on the transit time 
depends on the local velocity of the electrons. Taking 
the injection velocity of the electrons due to the 30 kV 
gun anode voltage into account we calculate the transit 
time change due to a short circuit between the first two 
electrodes or the last two electrodes to be respec
tively + 149 ps and -14 ps. It seems that a consider
able contribution of voltage gradient fluctuation to the 
electron transit time jitter cannot be excluded. Further 
study to determine the limits set by this effect to further 
improvements of the total system jitter is needed. 

It is also possible that a major fraction of the 41 ps 
additional jitter found with the system installed in the 
accelerator originates from the conditions under which 
the trigger system operates in the accelerator. 

All effects causing fluctuations of the photomul
tiplier output contribute to trigger jitter. It is suspected 
that at least part of the additional jitter is caused by 
apparent intensity fluctuations of the optical trigger pulse 
detected by the photomultiplier. This may be caused by 
effects on the geometry of the light path resulting from 
the vibrations of the accelerator and density fluctuations 
of the insulation gas. 

Since the time resolution presently attainable with our 
accelerator and measuring equipment is approximately 
100 ps, the total time jitter of 50 ps can be considered 
adequate. If future development of beam pulse and 
detection equipment makes faster time resolution meas
urements possible then decrease of the trigger system 
jitter is desirable. The additional jitter due to operation 
of the trigger system in the accelerator is the first 
problem to be attacked. In order to achieve a time 
resolution better than 25 ps the jitter due to the shot 
noise of the photomultiplier should also be decreased. 
The effective jitter, expressed by formula (8), is propor
tional to fl~"5 and can be decreased by increasing the 
bandwidth of the photomultiplier until the rise time of 
the LED light signal limits the trigger signal rise time. 
Another method is to improve the signal to noise ratio by 
increasing the cathode current of the photomultiplier. 
This can be done by increasing the light intensity of 
the LED, decreasing light losses in the optical system 
and using a photocathode with a higher quantum 
efficiency. 
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Remotely controlled passive pulse-shaping devjce for 
subnanosecond duration voltage pulses with stepwise 
selectable pulse length 
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Described in this paper is the construction, the electric selection circuit, and the performance of a 
remotely controlled device that produces subnanosecond duration pulses with fast rise and decay 
times with stepwise selectable pulse length. Coaxial line pieces with a short-circuited side branch 
of definite transmission length are inserted in a coaxial pulser output cable. The device can be 
used in combination with a 50-/2 coaxial line pulser for nanosecond pulses and pulse voltages up 
to several kilovolts. More than 1000 h of successful operation in the terminal of a Van de Graaff 
electron accelerator has proven its reliability. 

PACS numbers: 84.30.Jc 

INTRODUCTION 

In order to produce electron-beam pulses with sub
nanosecond duration from our Van de Graaff accelerator 
for short time resolution relaxation experiments after ir
radiation,' we have introduced a 25-fi shorted coaxial 
line stub in parallel to the 50-fl output cable of the ex
isting nanosecond coaxial line pulser.2 This method has 
been chosen because: 

(a) the existing nanosecond coaxial line pulser which 
functions quite adequately for several experiments car
ried out with the accelerator, is also a most suitable pri
mary pulse source for high-voltage pulses with short rise 
time for the subnanosecond pulse shaper; 

(b) the nanosecond duration primary pulse can be 
used to provide an optically coupled (pre)trigger pulse 
with very small jitter in order to trigger the (sampling) 
detection equipment of the experiments with readily 
available components3; 

(c) the shorted stub device is a purely "mechanical" 
construction with no moving parts, which does not in
terfere with the proven long term reliability of the coaxial 
line pulser. 

Soon after installation of a coaxial line stub it was 
found useful to change the subnanosecond pulse length 
regularly. Therefore, a remotely controlled unit has been 
developed which enables us to change the length of the 
25-fl shorted stub and to switch it in and out of the 
nanosecond pulser circuit. 

I. DESIGN 

Because reliable operation is necessary under the se
vere environmental circumstances of the Van de Graaff 
accelerator high-voltage terminal at 2 MPa of insulation 
gas pressure, several design proposals have been discussed 
with specialists in the field. Eventually production of a 
prototype by Spinner GmbH (Miinchen, Germany) was 
decided. The principle of operation is insertion of one out 

of S coaxial shorted stubs, for pulse durations of 100 to 
500 ps, in the coaxial output cable of the line pulser. 
Therefore, five pulse shapers have been constructed at 
equal spacings in a massive block sliding between in and 
output connector of the unit (Fig. 1, right-hand side). 
For use of the nanosecond pulses, a piece of 50-fi coaxial 
line has been added in a sixth position. The block is 
moved by a rack and pinion mechanism. For more ac
curate mechanical positioning the pinion is intermittently 
rotated by a six point driven Geneva mechanism of which 
the zero rotation velocity positions at the output accu
rately correspond with the properly aligned insertion of 
the units in the block. The Geneva mechanism input is 
connected to the slowly rotating (20 rpm) gearbox shaft 
of the 24 V dc electric motor. Figure 2 shows details of 
the device in a disassembled (a) and partly assembled 
(b) condition. The insertion pieces have been based on 
Spinner 7/16 50-ft air line dimensions for use in a coaxial 
system with small high-frequency losses using large di
ameter RG 218/U cable. This is advantageous for ac
curate alignment but necessitates a rather space consum
ing, heavy device. The weight of 14 kg of the first 
prototype has been reduced to 6 kg by using a silver 
plated magnesium-aluminium alloy for the block and 
some minor construction changes.4 

For the remote control system only mechanically op
erated switches and two relays have been used, thus 
avoiding electronic devices liable to failure in the Van 
de Graaff accelerator terminal (Fig. 1). The choice of 
the desired insertion unit is initiated by the position of 
the rotating switch SI applying current to the coil of 
relay RL1 (SDS type S2-24V). The heavy duty contact 
rl of relay RL1 then applies power to the electric motor. 
After a small angular rotation from the start position, 
the cam on the gearbox shaft allows contact c2 to take 
over the current through RL1. Contact c2 is switched 
at every rotation of the gearbox shaft and stops the elec
tric motor only in the position where the cam switch cl 
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o24VDC. 

BLOCK 

(100 ps) 

(500ps) 

CABLE 
CONNECTORS 

- L GROUND 

FIG. 1. Schematic representation of 
the insertion device for pulse shapers 
with mechanical drive mechanism 
(right-hand side) and electric position 
control circuit. Si is the position se
lector switch. The contact assembly 
c 1,1 -6 is the rough block position dis
criminator with 6 contacts on the six
fold cam of the pinion shaft. Contact 
c2 on the gearbox cam ensures accu
rate positioning and switches the com
mutator in the extreme positions. Con
tacts cl,7 and cl,8 (combined with 
contacts cl.1 and cl,6, respectively) 
are closed in the respective extreme 
positions. Relay RLl runs and stops 
the electric motor by contact rl. RL2 
is a magnetic latching switch which 
determines the direction of motor ro
tation by commutator r2. Drawn is the 
situation after stopping in position 1. 
The arrow near the block indicates the 
direction of the next movement deter
mined by rl. 

on the pinion shaft has opened its contact, powered by 
SI. Then RLl is deactivated and rl switches off the 
power to the motor and also shortcircuits the motor wind
ings causing it to stop almost immediately. The necessary 
reversal of the direction of motion when the block reaches 
one of the two extreme positions, 1 or 6, is simply ob
tained by reversal of rotation of the dc motor by the 

a 

commutator r2 of the magnetic latching relay RL2 (SDS 
type S2-L2-24V). The condition of RL2 is determined 
by a short current pulse which can only effect the latch
ing relay if either one of the limit switches cl,7 or cl,8 
is closed in the corresponding extreme position of the 
block. This current pulse is generated at the end of the 
rotation of the gearbox shaft by the cam switching con
tact c2. All switch positions in Fig. 1 are representative 
for the situation that the device has stopped for the 500 

FIG. 2. Pulse-shaping device disassembled in major parts (a) and partly 
assembled (b). 

t i m e , 100 ps / d i v. 

FIG. 3. Output pulse shape of the pulse-shaping device with 100 ns 
pulse with less than 20 ps rise time of Tektronix S50 pulser at the input. 
Measurements have been made with a Tektronix sequential sampling 
system with 25 ps rise time (564 storage oscilloscope, S4, 3S2, 3T2). 
Shown are the pulse shapes at 100 ps per division for the positions 1-
6 of the device, respectively. For the rise time of the primary 100 ns 
pulse in position 6 (50 fi feedthrough) the vertical sensitivity has been 
altered by a factor of about 2. 
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ps pulse shaper (position 1). For clarity some additional 
features for the specific use of the device in our accel
erator have been left out of the circuit drawing (auto
matic change of the coaxial line pulser charging voltage 
and choice of a 10-ns primary pulse for the subnano-
second pulse shapers). Because the 200-V positive bias 
voltage for the electron gun cathode in our accelerator 
is applied via the outer conductor of the line pulser which 
is in electric contact with the outside of the insertion 
device, cam switches and motor have been electrically 
insulated from the housing using Pertinax. 

The final alignment accuracy of the insertion units 
with the pulser cable is determined by the tolerance in 
the rack and pinion and in the Geneva mechanism. Mea
surement of the possible misalignment has been per
formed by measuring the displacement of the block in 
all six positions when a reasonable force of 50 N is ex
erted alternatively on both ends. The resulting total dis
placement has been found to be 0.4-0.8 mm. Considering 
the large size of the coaxial lines with the inner conduc
tor's diameter of 7 mm and the outer conductor's inside 
diameter of 16 mm, this misalignment seems negligible. 
The electric contact between cable plugs and insertion 
units is provided by a knife contact at the inner conductor 
and contact springs for the outer conductor. 

II. PERFORMANCE 

The high-frequency performance has been tested using 
the 100-ns pulse of a Tektronix S50 pulser with less than 

20 ps rise time and monitoring the output pulse with a 
Tektronix S4 sampling head with 25 ps rise time in a 
sampling system (Tektronix 564 Storage oscilloscope. 
3S2 and 3T2 plug ins). The device has been connected 
to the S50 and S4 by a length of 1-m RG 8/U Polyfoam 
cable. Figure 3 shows the resulting output pulses. The 
amplitude of the 100-ps pulse is somewhat lower due to 
the fact that the overall pulse rise time is about 100 ps. 
Intentional maximum mechanical misalignment permit
ted by the tolerance as described before did not result 
in any considerable deterioration of the output pulse. 

The pulse shaping device with remote control has per
formed in our accelerator for more than 1000 h without 
failure. We believe that it may be applicable to other 
short pulsed high- or low-voltage systems. 
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Electronic analyzing light signal subtraction and measuring device for 
transient absorption spectrophotometry 

L. H. Luthjens, M. L. Horn, and M. J. W. Vermeulen 

Interuniversitair Reactor Instituut, Mekelweg IS, 2629 JB Delft, The Netherlands 
(Received 13 June 1983; accepted for publication 5 December 1983) 

An electronic system is described that subtracts the analyzing light signal level from the analyzing 
light signal modulated by a transient absorption signal at the output of a photodetector in a 
transient absorption spectrophotometer. The system enables sensitive measurement of the 
transient with simultaneous measurement of the analyzing light level immediately before the 
transient. The shortest rise time is 50 ns. The time window for the measurement can be selected to 
a maximum of 20 ms with a droop of 20/j.\. Input signals of 10 V of either polarity are permitted. 
The minimum detectable absorption signal is determined by the noise of the photomultiplier used 
and can be about 0.2% for an experiment without signal averaging. 

PACS numbers: 07.65. - b, 07.60.Dq 

INTRODUCTION 

The accurate measurement of small transients on top of a 
high-level analyzing light signal is important in the spectro-
photometric absorption experiments of pulse radiolysis' and 
flash photolysis.2 For experiments on a nanosecond3 and 
subnanosecond4 time scale transmission line inverting 
transformers have been used in combination with high-in
tensity pulsed light sources.5,6 Study of microsecond to milli
second kinetics' of reactions of light-absorbing species has 
made an analyzing light signal subtraction device for longer 
times a necessity. Maugham et al* have shown that the time 
window for ac-coupled transformer devices can be extended 
into the millisecond region. More flexibility in the choice of 
detector termination and time window with minimum sag 
can, however, be obtained with an electronic system. 
Switched compensation or feedback systems as proposed by 
Wilkinson,9 Whyte,'0 and Ross et al." have settling times 
depending on the load resistor, require adjustments for opti
mal performance for a given load resistor, and produce con
siderable transients at the output at the moments of switch
ing. A more versatile circuit by Keene et a/.12 uses voltage 
feedback to the opposite end of the load resistor. In our de
sign, straightforward subtraction is performed by a fast-dif
ferential amplifier as basically proposed by Selkirk and Sed-
don.13 It has a number of advantages as it has been 
constructed with commercially available, stable, fast-set
tling, low noise integrated circuits, performs within a wide 
range independent of detector load and measuring instru
ment input impedance, requiring no tuning, has negligible 
transients at the output due to switching, and no feedback 
loop between output and input. It can operate for input sig
nals from + 10 to — 10 V and has negligible output offset 
which is maintained at every calibrated amplification level. 
The automatic digital readout of the analyzing light intensi
ty signal level is optically isolated. The actual analyzing light 
pulse shape can be monitored without influencing the oper
ation for check, adjustment, and calibration during experi
ments. 

I. SPECIAL FEATURES OF THE TRANSIENT 
ABSORPTION SPECTROPHOTOMETER 

The transient absorption spectrophotometer in use at 
the Inveruniversitair Reactor Instituut has been originally 
designed for nanosecond pulse radiolysis with a 3-MV Van 
de Graaff electron accelerator. '4 A short description of the 
relevant features is given to characterize the working condi
tions for the electronic analyzing light signal subtraction de
vice (EAS). The spectrophotometer is composed of a high-
intensity light source, a sample cell with quartz windows, a 
high-intensity monochromator, and a photodetector. The 
light source is an Osram XB0 450-W xenon short arc lamp in 
a lamp housing with an efficient air-cooled metallic ellipsoid 
condensor mirror oflarge size." The lamp can either be used 
in a pulsed mode6 or with a continuously stabilized light 
beam output.16 

Between experiments the analyzing light is intercepted 
by a special fast-acting light shutter15 driven by pressurized 
air and electronically triggered. The monochromator is a 
Jobin Yvon HL 300 with a computerized remote control. 
The photomultiplier detector circuit is a modification to a 
design of Ellison and Wilkinson17 to give a linear output 
current of 50 mA maximum into 50 II for 1 ms duration 
analyzing light pulses. 

The complete spectrophotometer is positioned in the 
irradiation room. For shielding against electromagnetic in
terference (EMI) generated by the pulsed electron beam the 
photodetector, all incoming and outcoming connections to it 
and the EAS, outside the radiation shielded area, are con
tained in a Faraday cage system. 

II. CIRCUIT FUNCTION OF THE ANALYZING LIGHT 
SIGNAL SUBTRACTION DEVICE 

The operating principle is explained with the diagram 
of Fig. 1. The analyzing light current signal (pulse) from the 
photodetector, modulated by the transient absorption, is 
transformed into a voltage signal by the termination resistor. 
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MONITOR 

FIG. 1. Block diagram of complete analyzing light signal subtraction device. 

This signal goes directly to the inverting ( —) input of the 
differential amplifier, and via a sample-and-hold gated oper
ational amplifier in the tracking mode to the noninverting 
( + ) input. Tracking of the analyzing light signal has the 
advantage that the signals to the differential amplifier inputs 
are equal, except for the small absorption transient during 
the gated hold time. No relatively large transients at the rise 
and fall of the analyzing light signal level or at the start and 
end of the time-window gate pulse are generated at the out
put, provided the gate pulse coincides with a portion of the 
light pulse at its maximum, constant level. Thus, overload 
and performance distortion during recovery times and possi
ble permanent damage of the sensitive transient measuring 
device is prevented. Shortly before the moment that the tran
sient signal arrives at the sample-and-hold device, the exter
nal gate trigger switches this device from the track to the 
hold mode, keeping the signal at the + input of the differen
tial amplifier constant for a selected window time. During 
this time the differential amplifier gives the transient signal 
with its base line at zero voltage level. The transient signal 
can now, if necessary after amplification, be recorded with 
great sensitivity by the data storage system (oscilloscope, 
transient recorder, and computer). After the desired time-
window period the sample-and-hold device is switched to 
the tracking mode again before decay of the analyzing light 
pulse. 

In quantitative absorption experiments it is necessary to 
know the analyzing light intensity signal I0 accurately be
cause the time-dependent concentration of the absorbing 
species c(t) is proportional to 

l o g / 0 - I o g [ / „ - 4 / ( 0 1 , 
where AI(t) is the transient absorption signal. Therefore, a 
second sample-and-hold device monitors the analyzing light 
signal and holds it long enough to be read by a memory 
digital voltmeter. The termination block contains the choice 
of detector terminations used in our experiments, 50 ii as 
normal termination and 1 k/2 for measurements with longer 
time windows with reduced bandwidth and lower analyzing 
light level to prevent overload of the. photomultiplier. An 
additional l-M/2 resistor is included to be used in combina

tion with the modified reversing transmission line trans
former3 to monitor the I0 value at the tap-off in the primary 
winding as shown in Fig. 2. The experimentally determined 
tap-off voltage attenuation with respect to the value for the/„ 
signal over 50 O is corrected by the 52 X amplification in 
sample-and-hold device 2. 

To enable monitoring of the input signal for calibration 
without interfering with the termination impedance, a unity 
gain impedance transformer with a high input impedance is 
inserted between the input termination and the monitor out
put. 

The timing unit provides the electronic pulses necessary 
to operate the subunits of the subtraction device in the de
sired way at the moments as given in the total timing event 
schematic for an experiment shown in Fig. 3. For the shorter 
time windows of maximum 100-^s duration the high-inten
sity light source may be used in the pulsed mode. In this case 
an additional delay fires the lamp pulser. 

The trigger D4, activating the timing unit, is set to en
sure holding at the maximum level of the light intensity sig
nal. The gate pulse to the TH1 returns it to the tracking 
mode before the decay of the light pulse. The hold pulse to 
TH2 lasts at least 200 ms to allow the DVM to read the 
proper signal height. After completion of the cycle of about 
250 ms (delay plus hold time of TH2) the EAS is automati
cally set for the next cycle. 

III. DETAILED ELECTRONIC CIRCUIT 

The detailed electronic circuit is given in Fig. 4, omit
ting the fiber-optic data transmitter which links the DVM 
readout to the computerized data storage system without 
ground loops. The components of the EAS have been chosen 
to enable use with a linear dynamic range of the whole circuit 
from — 10 to + 10 V. The detector termination is chosen by 
the position of switch SI. The shortest possible rise time of 
the absorption signal at the output is 50 and 300 ns, respec
tively for the 50 O and 1 k/2 termination with about 3 m of 
RG 58/U coaxial cable from the photodetector output. By 
switch S2 the amplification of TH2 is chosen to be 1 X or 
52 X for measurement of the analyzing light signal voltage 
on the DVM directly from the photodetector or from the 
transmission line transformer primary tap-off. In the latter 
position S2 actuates relay RL1 to disconnect the TH1 and 
differential amplifier circuit. The device is then only used to 
measure /0. 

soft 

"I „"-OUT 

FIG. 2. Schematic circuit for modified reversing transmission line trans
former with 52 X attenuated analyzing light signal output from primary 
coil. Practical device has, for example, 16 turns of RG 174/U coaxial cable 
on a ring core of 3E1 ferrite with dimensions 36x23x 15 mm (r0xr, Xh). 
Former construction is described in detail in Ref. 3. 
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COMMAND PULSE. 

ELECTRON PULSE -
D l 

DEFLECTOR OFF 
DZ 

LIGHT SHUTTER 
D3 
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D4 
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READ DVM 
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_TT 
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0 time 5 ms /d iv 

FIG. 3.Timing diagram for transient absorption experiment using the 3-MV 
Van de Graaff accelerator and the absorption spectrophotometer with the 
electronic analyzing light signal subtraction device {EAS). 

Selection of the trigger mode is made by switch S3. In 
the position shown in Fig. 4 the time window for observation 
of the absorption signal is determined by the internal timing 
circuit and set by the 20-kfl, ten-turn variable resistor to a 
maximum of 20 ms. In the alternative position the time win
dow is determined by the duration of the external trigger 
pulse. 

The track-and-hold amplifiers AD 583 have a low sam
ple-to-hold offset error of 1 mV and negligible droop over 20 
ms of 20//V with a hold capacitor value of 10 nF. This means 

that the sag on a 1-mV transient signal is only 2% after 20 
ms. 

The differential amplifier AD 46J is an ultrafast FET 
amplifier with a 10-ns rise time, a high slew rate of 1000 V/ 
(is, large dynamic range ( ± 10 V), and a low noise of less 
than 200-/* V rms. The input and feedback resistors are accu
rate, stable, have low temperature coefficient, and are 
matched by selection to give minimum offset at the output. 
Not shown in Fig. 4 is a matched resistor network with a 
rotary switch to select the amplification of the difference 
signal in steps between 1 and 50 times. 

The complete analyzing light signal subtraction device 
has been built into a standard cabinet with a 23- X 14-cm 
front panel containing the LCD display óf the DVM and all 
switches and connectors. 

IV. PERFORMANCE AND DISCUSSION 

With a stable voltage applied to the 1 -k/2 termination of 
the subtraction unit it was established that the sag at the 
output was 1 mV s~', in agreement with the specifications 
for the sample-and-hold device at room temperature, with a 
hold capacitor of 10 nF. This sag depends on the drift cur
rent, which is temperature dependent, and the value of the 
hold capacitor. According to the specification, the drift cur
rent may become 1 nA at the maximum permissible tem
perature of 70°C, leading to a sag of 100 mV s~' . For a 1% 
step absorption signal at an analyzing light signal of 1 V this 
would mean 5% sag (0.5 mV) after 5 ms. Since sag in the 
electronic system is a constant change in output level per 
unit time it can be corrected by subtraction of the relevant 
base line, the device output without the absorption present. 
This is fundamentally different from the action of backing-

© — 
INPUT 

Hfe^i|e^^:i, 
"«G3 , "<T^1 

-fajj-
20K | S7uF | 

' T . ra 
__K!±_ 

-J-t. 

FIG. 4. Electronic circuit of the analyz
ing light signal subtraction device 

tzM/» (EAS). Signal lines are 50-/2 coaxial ca-
I 4 ^ bles connected directly to the amplifier 

J- innuts. k and M are abbreviations for 

220V SCHAFFNER FN 332- t/01 

KRf> 990 AT 

POWER SOURCE 

-I9V t-ISV + SV QNO 

J i l l 
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off devices with a low-frequency cutoff that causes sag effects 
which do not allow simple correction. 

Using the EAS in combination with the photomulti-
plier detector as described before and an ultrastable light 
source (Volpi Intralux 150H, powered by Delta D50-10 cur
rent-stabilized supply) deviations from a flat base line are 
found to be larger than expected from the sag of the EAS. 
Since the output base-line level was found to increase with 
time during the light pulse and more prominent at higher 
light level, we suspect feedback from light emission of excit
ed rest-gas molecules in the detector or an increase in secon
dary electron emission to be the cause. At 5 V over 1 VII 
analyzing light signal, this rise can amount to 1 mV/ms. 
Therefore, it is necessary in any absorption experiment to 
measure the base line first and decide whether it is necessary 
to subtract it from the signal. With a computerized measur
ing and storage system this can be easily performed. An in
crease in the noise by a factor of 1.4 due to subtraction of two 
noisy signals can be compensated for by the averaging of two 
signals. 

The mean-square value of the signal-noise voltage at the 
output of the detector can be written as 

J%=2eBV0R0G, (1) 
where Vn0 — the output noise voltage, e = charge of the 
electron, V0 = output voltage, Ra = output load resistor, 
G = gain, and B = bandwidth. 

Taking practical values valid for a photomultiplier cir
cuit as described before, the detector noise is found to be 
considerably larger than the EAS noise, and determines the 
minimum detectable signal. For a 5-V analyzing light signal, 
Ra — 1 k/2 and B = 106 Hz, this becomes about 0.2%, in fair 
agreement with the measurements. Further reduction of 
noise is possible by limiting the bandwidth of the oscillo
scope by high-frequency filtering. 

Using the computerized signal-averaging system the 
signal-to-noise ratio can be improved allowing measure

ments of absorption signals of 0.05% at an analyzing light 
signal of 5 V over 1 k/2 by averaging of 16 signals.7 

The hold offset error of 1 mV is very small compared to 
the value of the analyzing light signal and can be neglected. 

The use of the device described is not necessarily limited 
to transient absorption spectrophotometry, but could find 
general application as an instrument to measure small tran
sient modulations on relatively high backgrounds, provided 
the background is constant during the time of the measure
ment or can be measured separately and subtracted. 

ACKNOWLEDGMENTS 

We acknowledge the stimulating interest of Dr. A. 
Hummel and Dr. M. P. de Haas during development of the 
analyzing light signal subtraction device. We acknowledge 
gratefully the assistance of R. van Ewijk in computerization. 

'J. P. Keene, in 1st International Symposium on Pulse Radiolysis, edited by 
M. Ebert (Academic, London, 1965). 

2G. Porter, Techniques of Organic Chemistry (Intersciencc, New York, 
1963), Vol. 8. 

3L. H. Luthjens and A. M. Schmidt, Rev. Sci. Instrum. 44, 567 (1973). 
4C. A. M. van den Ende, L. H. Luthjens, J. M. Warman, and A. Hummel, 
Radiat. Phys. Chem. 1», 455 (1982). 

3L. H. Luthjens, M. L. Hom, and M. J. W. Vermeulen (unpublished). 
6L. H. Luthjens, Rev. Sci. Instrum. 44, 1661 (1973). 
'J. B. Verberne, thesis, Amsterdam, 1981. 
"R. L. Maughan, B. D. Michael, and R. F. Anderson, Radiat. Phys. Chem. 
11,229(1978). 

'F. Wilkinson and D. H. Ellison, Int. J. Radiat. Phys. Chem. 5, 513 (1973). 
'°D. A. Whyte, Rev. Sci. Instrum. 47, 379 (1976). 
"C. K. Ross, K. H. Lokan, and G. G. Teather, Comput. Chem. 3. 89 (1979). 
I2J. P. Keene and C. Bell, Int. J. Radiat. Phys. Chem. 5,463 (1973). 
"E. B. Selkirk and W. A. Seddon, Report No. AECL-4134, 1972 (Chalk 

River, Ontario). 
"L. H. Luthjens, M. J. W. Vermeulen and M. L. Horn, Rev. Sci. Instrum. 

51, 1183(1980). 
"L. H. Luthjens (to be published). 
I6J. J. Langerak, Radio Electronica. 18, 139 (1970) (in Dutch, modified). 
,7D. H. Ellison and F. Wilkinson, Int. J. Radiat. Phys. Chem. 4,389 (1972). 

498 Rev. Sci. Instrum., Vol. 55, No. 4, April 1984 Absorption spectrophotometry 498 



77 

PAPER 7 



78 

Feasibility of obtaining short electron-beam pulses from a Van de Graaff 
3-MV accelerator using laser-photoelectron emission from a cold triüxide 
cathode 

L. H. Luthjens, M. L Horn, and M. J. W. Vermeulen 
Interuniversitair Reactor Instituut, Mekelweg 15. 2629 IB Delft, The Netherlands 
(Received 11 March 1986; accepted for publication 21 May 1986) 

Production of electron-beam pulses with a 700-ps FWHM duration, using laser-photoelectron 
emission from a cold trioxide cathode in a 3-MV Van de Graaff accelerator has been 
demonstrated. At 70-kW laser power (A = 337.2 nm) a current of about 1 mA has been 
measured which means a cathode quantum efficiency of 10 - 7 . An electron transit time jitter of 
about 40 ps has been measured, to be attributed to voltage fluctuations on the accelerator tube 
electrodes resulting from the charging belt system. The results are discussed with respect to the 
feasibility to produce short pulses with a 1-nC total charge, taking into account the quantum 
efficiency of 10 - 4 measured in a test setup for the cold trioxide cathode. Larger quantum 
efficiency for the accelerator cathode and decrease of the transit time jitter are the main goals 
set for development of the Van de Graaff accelerator as a radiation source for very high time-
resolution experiments in radiation chemistry and physics. 

INTRODUCTION 

Experiments have been performed in order to study the fea
sibility of obtaining very short, intense, electron pulses with 
a jitter-free pretrigger from a 3-MV Van de Graaff accelera
tor for short time-resolution experiments in fundamental ra
diation chemistry and physics research. The accelerator at 
the Interuniversitair Reactor Instituut (IRI) can, at pres
ent, provide subnanosecond duration rectangular pulses of 
several amperes using thermionic electron emission of a tri
oxide cathode-grid structure (Machlett EE-55 or Eimac 
Y646) pulsed by a mercury-wetted switch-driven, coaxial 
line pulser as described before.' A pretrigger, suitable for 
sequential sampling measurements, is derived from a LED 
in a pickoff from the line pulser in the accelerator high-vol
tage terminal by detecting the LED light flash which is syn
chronous with the cathode pulse, using a photomultiplier. In 
this system a jitter of 50 ps between electron pulse and pre
trigger has been found which had to be attributed either to 
electron transit-time fluctuations caused by accelerator in
stabilities or to an unknown deleterious effect of the accel
erator on the trigger system. Practically the shortest usable 
pulse is 300 ps 3 A. The command-pulse jitter is 32 /is be
cause of the mechanical reed switch of the line pulser. 

In all experiments, where many pulses are necessary, to 
reconstruct one signal as with sequential sampling or to 
average many signals to improve the signal-to-noise ratio, a 
time jitter which is larger than, or comparable to, the excita
tion pulse width determines the ultimate time resolution ob
tainable. Use of pulsed laser-photoelectron emission from 
the accelerator cathode2,3 with a trigger pulse for the detec
tion equipment derived from the laser pulse could provide 
conclusive information whether the jitter in the present sys
tem originates from the trigger or from transit-time fluctu
ations. Once this has been established, it can be decided if it is 
necessary to deal with transit-time fluctuations of the elec

trons in the accelerator; first of all to make any very short 
pulse system useful and attractive for high time-resolution 
experiments with a Van de Graaff". 

An important factor in this feasibility study is whether 
the total charge of an electron pulse can be large enough to 
produce irradiation products sufficient for detection and ki
netic measurements. Experience with fluorescence detection 
from excited states formed by irradiation,4 supported by 
photon-flux-transmission calculations, indicate that a 
charge of 1 nC per pulse is required. For a 10-ps pulse this 
means a peak current of 100 A. Currents of such magnitude 
have been obtained by laser-photoelectron emission from 
different types of cathodes as reported in literature.2,5 The 
maximum pulse current obtained from an Eimac Y646 cath
ode (0.8 cm2) from thermionic emission, after proper for
mation in a test setup, has been found to be 12 A.6 

I. EXPERIMENT 

The laser used in these experiments is a Nitromite LN 
100 (PRA) short-cavity nitrogen laser optimized for homo
geneity of the output beam intensity and pulse height repro-
ducibility. Homogeneity has been checked visually from the 
blue fluorescence of paper caused by the 337-nm nitrogen 
emission. The best visual homogeneity at the highest intensi
ty has been found to coincide with a homogeneous purple 
discharge obtained in a thoroughly cleaned cavity. 

Pulse height fluctuations have been monitored roughly 
using the signal obtained from the laser pulse reflected from 
a sand-blasted aluminum plate, detected by an ITL 
HSD1850-UVS vacuum photodiode at 2 kV connected to a 
Tektronix 7912AD Transient Digitizer with a fast 7A19 
plüg-in (r, = 700 ps), the fastest single-shot recording de
vice available in our laboratory. A peak height reproducibil-
ity better than 10% could be obtained after fine tuning at a 
gap voltage of 16.3 kV, nitrogen pressure of 1.82x10s Pa 
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(25.5 lb/in.2) and a gap setting of 2.350 and 2.325 mm for 
the left and right micrometer screws respectively. 

The output pulse power P has been determined by actin-
ometry using 2.5-ml 10 - 3 mol I - 1 Aberchrome 540 in to
luene,' integrating 4500 pulses (25 Hz, 3 min with shaking of 
solution every 30 s). From measurements of the optical den
sity at 494 nm (OD494) of 0.391 the absorbed energy per 
pulse has been calculated, using the information that 100 mJ 
at 355 nm in 2.5 ml gives an OD494 of 0.194, and assuming 
that the quantum efficiency of the actinometer is the same at 
337 and 355 nm. The value ofP has been found to be 47.2/iJ 
per pulse. This agrees reasonably well with the specifications 
given by the manufacturer (PRA). 

The setup for the fast time-resolution measurements as 
schematically represented in Fig. 1 has been used in direct 
connection with the accelerator. Measures are not to scale; 
the most significant distances have been given in the figure 
legend. 

The Galilean telescope in front of the laser (negative 
lens/—50 mm, positive l e n s / + 250 nim) has been ar
ranged to produce a slightly convergent beam with a circular 
diameter, limited by the opening of the lens L2 of 1 cm at the 
distance of the cathode. By looking at the hot cathode 
(860 °C, light red) the iris diaphragms D1 and D2 have been 
centered around the line of vision to the cathode. The laser 
beam has been directed to the cathode by visual alignment 
with the center line through the diaphragms. Minor correc
tions have been made by optimization of the photo electron 
pulse signal, using the remote control of mirror M. 

About 8% of the light has been reflected from the 45° 
Suprasil 1 quartz plate S to a scatter plate P (sand-blasted 
aluminum) and detected by a vacuum photodiode (ITL, 
HSD1850-UVS-M20at2kV;r, = 140 ps) connected to the 

EÜ 
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1 

«PL ING 
ILLOSC 

E K . S 4 
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S GNAL 

DELAY 
CABLE 
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FIG. 1. Simplified diagram of setup to measure electron pulse transit-time 
jitter by laser-photoelectron emission (not to scale). LI,2: lenses with focus 
length of, respectively, —50and -f 250mm; Dl,2: iris diaphragms aligned 
with line of vision of red-hot cathode; S: Suprasil 1 quartz plate of 1 mm 
thickness; M: remotely controlled mirror; W: vacuum tight glass window; 
PR: Suprasil I quartz 90° prism; C: cathode in top of accelerator tube; P: 
scatterplate of sand-blasted aluminum; FD: ITL HSD1850-UVS-M20 
vacuum photodiode; CT: 50-fl coaxial target for electron-beam pulse; 
', = 18 cm,/ , = 21cm, !, = 400 cm, /, = 5 0 0 cm. /, = 50 cm, / , ,= 280 cm, 
and /7 = 410 cm. 

input of the 25-ps sequential sampling system (Tektronix 
7623A mainframe with 7S11 sampling unit provided with S4 
sampling head, and 7TU sampling time base) to measure 
the shape of the light pulse. In this case a 75-ns loss-free 
delay cable (Tektronix type 113, r , = 60 ps) has been in
serted in the signal line and the trigger picked off from a 
1 : 100 pickoff (EH Research Lab's Inc) before the delay. 

For measurement of the electron pulse signal this has 
been picked up by a fast coaxial target (CT) connected to the 
sampling system via the delay line (TEK. 113). In this case 
the photodiode signal has been used as a pretrigger to mea
sure the effect of transit time fluctuations. Since the electron 
pulse signal was very small because of a low quantum effi
ciency of the Machlett cathode in use during the experi
ments, it has been amplified by a fast amplifier (HP 8447D) 
to prevent problems due to the 4-mV noise of the sampling 
system. 

II. RESULTS AND DISCUSSION 

Figure 2(a) shows the light pulse signal which deviates 
considerably from the specification of a 250-ps FWHM 
pulse as specified by PRA. The same shape has been mea
sured with a fast silicon avalanche detector (Spectra Physics 
model 403), however with some additional tailing due to 
slow carriers in the detector. The laser pulse has been found 
to have 300-ps rise time and a FWHM of 700 ps. The total 
system jitter determined from the width of the blownup sec
tion of the rising slope shown in Fig. 2(c) has been found to 
be about 10 ps, in agreement with the specifications given by 
Tektronix if an ideal trigger is provided. 

Figure 2(b) shows the electron pulse measured using 
the light pulse signal as trigger. The cathode surface tem
perature has been 30 °C and the cathode-grid bias voltage 0 
V. The shape of the electron pulse is very similar to the light 
pulse signal. From the blownup section of the rising slope 
shown in Fig. 2(d) the jitter has been determined to be about 
40 ps. 

From these results we conclude that the jitter of about 
40 ps observed in these experiments is transit-time jitter of 
the electron-beam pulse. Because it is almost equal to the 
jitter observed in the present system using the LED trigger,' 
we conclude further that the main source of jitter in this 
system is also the electron-beam pulse transit-time jitter. 
Earlier transit-time calculations' have suggested that tran
sit-time fluctuations of this magnitude cannot be explained 
by the normal accelerating voltage fluctuations of about 10 
kV. Only rather large fluctuations in the upper electrode 
sections of the constant gradient acceleration tube, where 
the electrons have not yet reached relativistic speed, could be 
responsible for this jitter. 

Since changes in the anode and focus voltage resulted in 
considerable changes in the delay between laser trigger pulse 
and electron pulse as observed on the sampling oscilloscope, 
we have performed delay difference measurements at differ
ent anode and focus settings given in Table I. Straightfor
ward transit time calculations, taking relativistic effects into 
account, have been performed on the 70-electrode accelera
tion system with the upper part as shown in Fig. 3 which is 

2231 Rev. Sci. Instrum., Vol. 57, No. 9, September 1986 Short electron pulses 2231 



80 

FIG. 2. Sequential sampling measurements with Tektronix S4 sampling unit: (a) laser-light pulse triggered by itself, (b) electron-beam pulse generated by 
laser pulse, triggered on laser-light pulse, (c) expanded section of rising slope of laser-light pulse, (d) expanded section of rising slope of the electron-beam 
pulse to measure jitter. 

representative for the situation in our accelerator. Anode, 
focus, and fifth-electrode voltages have been monitored dur
ing full accelerator operation using a microprocessor (Ana
log Devices/iMAC-4000) installed in the high-voltage ter
minal. The analog-to-digital converted voltages from 
calibrated voltage dividers (Victoreen HVC resistors) have 
been transmitted through a fiber-optic system and stored in a 
computer. Values have been sampled with a repetition rate 
of 30 Hz and a sample width of several milliseconds. From 
Table I we see that the calculated and measured delay values 
agree within 25%. 

The fluctuations of anode, focus, and fifth-electrode vol
tages have been found from these measurements to be 0.1 %, 

T A B L E I. Calculated and measured relative electron transit-time delay with 
respect to standard anode and focus voltage setting of 38 677 and 25 230 V, 
respectively, at accelerator voltage of 3 M V. 

Anode 

38 677 
33 307 
27 661 
38 667 
38 667 

Voltage (V) 
Focus 

25 230 
25 230 
25 230 
21 595 
17214 

Af(calculated);' 
(ps) 

0 
+ 63 

+ 150 
+ 36 
+ 92 

A(( measured)" 
(ps) 

0 
+ 55 

+ 135 
+ 35 
+ 70 

'Delay Ar relative to standard at 3-MV accelerator voltage with anode 
38 677 V and focus 25 230 V, total transit time to the last electrode of the 
accelerator tube is 7.374 ns, electron velocity 2.966 X 10M m s~ ' (99% of 
the speed of light in vacuum). 

0.1%, and 12% respectively. Because of effects of filtering 
and integration by the measuring device, these fluctuations 
are much smaller than the actual values. From direct mea
surements with the accelerator open we know that the actual 
fluctuations on anode and focus, measured with an oscillo
scope, are about 1%. Transit time calculations for 1% syn-

VAN DE G R A A F F ELECTRODE S Y S T E M 

> 

/ 

J 
CATHODE ANODE 

VOLTAGE (V): 

0 VAR 
DISTANCE (mm): 

i i i 
0 14 46 .7 

FOCUS 

VAR 

ACC. ELECTR 

E Q ( n - 4 ) / 6 5 

72.1 97.5 122.9 148.3 
(D =46.7. (n-2)25.4) 

Fly. 3. Diagram of electrode structure in the topof the Van de Graaff accel
erator with voltage and distance parameters used for simple paraxial elec
tron transit-time calculations as used in Table I of this paper. The voltage on 
the n'" accelerator electrode V„ (n = 5 — 69) is given by E,(n - 4) /65, 
where £„ is the accelerator voltage, normally 3 MV. The distance of the « ,h 

electrode to the cathode is D, = 46.7 + (rc - 2) 25.4 mm (n = 3 _ 69). 
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chronous fluctuations of anode and focus show that this may 
cause about 6-ps transit-time jitter. 

Since the fluctuations on the accelerator tube electrodes 
are obviously more serious, we have also calculated the effect 
of a 20-kV oscillation between two adjacent electrodes of the 
accelerator system. For the top electrodes 5 and 6 the calcu
lated jitter is found to be 57 ps. A 20-kV oscillation on the 
electrodes 8 and 9 causes only 3-ps jitter, and on the elec
trodes 36 and 37 in the middle and 67 and 68 near the end of 
the electrode system, less than 1 ps. This shows that the top 
electrode fluctuations are most important for the transit-
time jitter. 

Measurements with a 1 -MHz bandwidth voltage-to-fre
quency converter system have been planned for further anal
ysis of these fluctuations in a study for stabilization to de
crease the transit-time jitter. The effect of this stabilization 
can be tested using the existing LED trigger because the 
results presented here have shown that the contribution to 
the jitter of this pretrigger system can be neglected relative to 
the transit-time jitter. 

Using the HP 8447D amplifier, the peak height of the 
electron-beam pulse at 12 X amplification is around 400 mV, 
before amplification, 33.3 mV over 50 O, which means a 
peak current ƒ of 6.66 lO - 4 A. Assuming that half the ener
gy of the laser pulse reaches the cathode through the optical 
system of two lenses, one plate, one mirror, one window, and 
one 90° prism (see Fig. 1), the maximum photon stream Nf 
(photon energy 3.68 eV) at the cathode is given by the rela
tion 

C-. 0.5XPX6.24X101* . . _ , . , M 
Nf = [photons s ] , (!) 

where P is the laser pulse power (47.2 /iJ/pulse), tp the 
FWHM pulse duration (7X 10~'0 s), and Ex the photon 
quantum energy (A = 337.2 nm, SA = 3.68 eV). The value 
found for Nf is 5.7X 1022 photons s~'. The quantum effi
ciency for photoelectron emission 0[c can be calculated using 
the relation 

/„X6.24X10"1 _, 
(p(c = - ~ [electrons photon ] , (2) 

Nf 
and is found to be 7.2X 10-*, which is extremely low. Good 
formation of similar cathodes (EimacY646) as can be done 
in a test setup that gives a quantum efficiency of 1 0 - 4 or 
better.'' In that case the given peak power of about 70 kW 
would produce about 1 A. This means that if linear scaling is 
permissible, 28 A per MW laser power at the cathode sur
face. One MW per cm2 has been assumed not to damage the 
oxide cathode surface in nanosecond pulses. 

At the present state of detection sensitivity pulse 
charges of 1.5 nCinaO.5 ns pulse (IRI, Delft), 0.6 nC in a 
30-ps pulse (HM1, Berlin, Germany), 2 nC in a 18-ps pulse 

(NERL, Tokyo, Japan), and 10 nC in a 30-ps pulse (ANL, 
Argonne, IL) are used. Therefore, we consider a charge of 1 
nC per pulse, e. g., 100 A for a 10-ps pulse, a minimum 
requirement. 

The method of laser-photoelectron emission seems 
promising even for very short, several ps-duration pulses to 
be used in radiation chemistry, provided that a tenfold in
crease in current can be obtained by increased quantum effi
ciency or laser power. 

We have shown that laser photoelectron emission puls
ing of the Van de Graaff accelerator is feasible and may be 
promising to create a short-pulsed high-current electron ir
radiation facility comparable to the most advanced sources 
elsewhere. It requires, however, investing considerable effort 
in a project to diminish the transit-time jitter, increase the 
photoemission quantum efficiency of the cathodes in the ac
celerator, and test the accelerator system for its capacity to 
accelerate short, high-current pulses without broadening 
and extreme parasitic losses. Part of the experiments neces
sary to diminish the transit-time jitter can be done without 
having an expensive picosecond, high-power laser system 
available as we have shown. For the crucial high-current 
test, however, a power laser system is indispensable. 

An interesting perspective for the use of laser-photoelec
tron emission pulsing of accelerators in the future may be the 
possibility to keep pace with the laser development of ex
tremely short pulsing and time resolution. A very small pre
trigger jitter and a command-pulse jitter of only 2 ns, the 
jitter between the laser pulse and the laser command pulse, 
has obvious advantages above the present system for syn
chronization of detection equipment. 
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Abstract—The average lifetime of the fluorescence of liquid cyclohexane was determined by means 
of pulse radiolysis with a time resolution of ca. 100 ps and found to be 0.95 ns. 

INTRODUCTION 
FOR THE lifetime of the fluorescent excited state of 
liquid cyclohexane values of 0.3,(,) 0.68™ and 
0.9nso> have been reported by different authors. 
These values have been determined by studying 
the decay of the fluorescence of the pure liquid 
after a short burst of radiation, using different 
radiation sources and employing different detec
tion techniques. A value for the lifetime of the 
solvent excited state in solutions of scintillators in 
cyclohexane has also been obtained from the 
study of the growth of the solute fluorescence 
after a short pulse of radiation, and has been 
found to be 0.3 ns.14" 

We report results on the fluorescence of the 
pure liquid after pulsed irradiation with high 
energy electrons, observed for the first time with a 
sufficiently high time resolution to allow deter
mination of the lifetime of the fluorescence 
without the necessity of applying deconvolution 
techniques. 

EXPERIMENTAL 
The results have been obtained at the Interuniversitair 

Reactor Instituut in Delft and the Hahn-Meitner Institut 
in Berlin. In the experiments carried out in Delft electron 
pulses of 0.5 ns duration from a 3 MeV Van de Graaff 
accelerator were used. In order to minimize the con
tribution of Cerenkov light, the fluorescence light into 
the direction opposite to the direction of the electron 
beam was measured, using a specially designed cell. The 
light passes through a Bausch and Lomb high-intensity 
monochromator with UV grating (B & L 33-86-01) 
and a band width of 32 nm. An ITL HSD 1850 M20 UVS 
vacuum photodiode was used, together with a sequential 
sampling system with a Tektronix S4 sampling head. The 
over-all time response of the detection equipment was 
lOOps."' Details about the experimental method will be 

presented elsewhere. The experiments in Berlin were 
carried out with trains of 5 fine structure pulses of 30 ps 
duration and 770 ps spacing from a 14 MeV L-band linear 
accelerator. The same fluorescence cell was used as 
employed in Delft. An Oriel narrow band filter was used, 
centered at 225 nm and with a band width of 41 nm. An 
ITT F-4014 vacuum photodiode and a sampling system 
with a Tektronix S4 sampling head were used with an 
over-all time response of 60 ps.(7,g) 

The cyclohexane (Merck, Uvasol) was distilled using a 
Fischer "Spaltrohr System" and stored for several days 
on NaK in a vacuum line before use. Measurements 
were carried out with degassed samples. 

RESULTS AND DISCUSSION 
The results are shown in Fig. l(a, b). The signal 

represented in Fig. 1(a) has been obtained by 
averaging of 10 signals, each obtained with a set of 
100 Van de Graaff pulses of 0.5 ns duration with a 
repetition rate of 20 Hz and with a beam charge of 
approximately 1 nC per pulse. In Fig. 1(b) the 
result is shown obtained with one set of 1024 
pulses from the linear accelerator with a repetition 
rate of 50 Hz and with a beam charge of the fine 
structure pulse of approximately I nC. The signal 
due to the first fine structure pulse is given. At the 
bottom of the figures the signals resulting from the 
Cerenkov light are shown, as obtained with cells 
filled with isooctane (which does not fluoresce). It 
has been established that a major fraction of the 
Cerenkov signal is due to Cerenkov light generated 
in the entrance window. The effect of accumulated 
dose on the decay as well as effects of interpulse 
absorption have been shown to be negligible. 

In Fig. 2 semi-logarithmic plots of the decay of 
the fluorescence are shown for times where the 
contribution of Cerenkov light is negligible. Values 
for the average lifetime of 0.95 ± 0.05 ns and 1.1 ± 
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FIG. 1. Fluorescence signals from liquid cyclohexane 
(curve I) observed al 230nm as a result of irradiation 
with a 0.5 ns pulse of 3 MeV electrons (a) and at 225 nm 
with a 30 ps pulse of 14 MeV electrons (b). The Cerenkov 
light signals, as obtained with cells filled with isooctane 

are drawn at the bottom of the figures (curve 2). 

FIG. 2. Semilogarithmic plot of the decay of the fluores
cence signal from liquid cyclohexane as a result of 
irradiation with a 0.5 ns pulse (a) and with a 30 ps pulse 

(b). 

0.15 ns are found from the results obtained with 
the 0.5 ns pulse (Fig. 2a) and the 30 ps pulse (Fig. 
2b) respectively. The results suggest that the rate 
of decay observed at times of the order of a few 
hundred picoseconds after irradiation is somewhat 
smaller than observed on a nanosecond time scale. 
If the solvent excited states are formed due to the 
recombination of excess electrons and electron 
holes, a delayed formation of excited states is 
expected. This effect can be evaluated using the 
lifetime distribution of the charged species as 
obtained from charge scavenging studies.""" The 
profile of the fluorescence signal has been cal
culated by convolution with the radiation pulse for 
the case where all the excited states are assumed 
to be formed as a result of charge recombination 
as well as for the case where they are formed 
without delay during the irradiation pulse. The 
calculated curves show that as a result of the delay 
in the formation of excited states due to the 
recombination of the charged species a decrease in 
the decay of approximately 10% is expected dur
ing the time interval observed in the experiments 
with the linear accelerator, while for the experi

ments on the nanosecond time scale the effect is 
expected to be negligible. The present experimen
tal results do not enable us to draw firm con
clusions about the contribution of charge recom
bination to the formation of the fluorescing solvent 
excited states in cyclohexane. In liquid cis- and 
rra/w-decalin however the effect of delayed for
mation of excited states has been found to be 
more pronounced. The fluorescence signal from 
trans -decalin shows in fact a growth during a few 
hundred picoseconds after the pulse. This has 
been attributed to charge recombination, which in 
this case is known to take place an order of 
magnitude slower than in cyclohexane at room 
temperature."" We shall return to this problem in 
a future publication when discussing the results on 
the solvent fluorescence of the decalins."2' 
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LARGE REACTION RADII FOR THE QUENCHING OF FLUORESCENT EXCITED STATES 
OF LIQUID CIS-DECALIN AND CYCLOHEXANE 
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The large rates of quenching by different solutes of the fluorescent solvent excited state in liquid cis-decalin and cyclo-
hcxane as observed by pulse radiolysis are explained by large reaction radii. Values of 14,13, and 15 A are found for the 
quenching of the excited state in cis-decalin by CCU, in cyclohexane by CCI4, and by 02 respectively. 

Several authors have reported the occurrence of 
anomalously large specific rates of reaction of solvent 
excited states in hydrocarbon liquids, i.e. rates several 
times larger than estimated for diffusion controlled 
reactions of molecular species. Most of the experi
ments have involved steady-state measurement of the 
yield of solvent [1.2) or solute [3] fluorescence in the 
presence and absence of a quencher or the yield of 
products which results from reaction of the solvent 
excited state on steady irradiation with either UV or 
ionising radiation [4-7]. Some experiments have been 
performed using pulsed irradiation [8-11). Energy 
migration has been considered as a possible explana
tion for the large reaction rates. While the results of 
some brief experiments by Lipsky [1,2] and Helman 
[8) seemed to provide evidence against this explana
tion. the situation with respect to the large rates re
mains unclear. We have investigated this problem in 
some detail, a short report of which follows below. 

We have measured the quenching of the solvent 
fluorescence in liquid cyclohexane at room tempera
ture. in cis-decalin at different temperatures, and in 
mixtures of cis-decalin and isooctane by means of 
pulse radiolysis, employing a 0.5 ns pulse of 3 MeV 
electrons and a detection system with a time resolu
tion of ^100 ps [12]. An example of a fluorescence 
signal obtained from a 1.52 X 10~2 mol/C CC14 solu
tion in cis-decalin is shown in fig. 1. The Cerenkov 
light signal, as obtained with cells filled with isooc
tane , is drawn at the bottom of fig. 1. From semi-

80 r- 1 lO2 

t ime, 10 s 

Fig. 1. Fluorescence signal obtained from a 1.52X 10"2 mol/C 
solution of CCI4 in cis-decalin, as measured (0) and corrected 
for Cerenkov light (•). Logarithmic plot of the decay after 
the Cerenkov signal_(-) with least mean-squares fit giving the 
average decay rate k. At the bottom the signal due to Cerenkov 
light, as obtained from a cell filled with isooctane, is given. 
Curves (a), (b) and (c) have been calculated using for the reac
tion radius (R) values of 12,14 and 16 A respectively (see 
text). 

logarithmic plots of the decay of the fluorescence sig
nals the rate of decay k can be obtained and from a 
plot of k versus concentration the specific rate of 
quenching ki can be determined. In fig. 2 the values 
of ks for quenching of the cis-decalin fluorescence by 
CC14 in cis-decalin at different temperatures (263. 
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03 04 06 08 I 2 4 6 8 10 
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Fig. 2. The value of ks for the quenching of the fluorescence 
of cis-decalin by CCI4 in cis-decalin at different temperatures 
(o) and in mixtures of cis-decalin and isooctane (X), as a func
tion of viscosity, The value of 4TT/?£WV71000 for the quench
ing of the fluorescence in cis-decalin as a function of the vis
cosity (•). Experimentally obtained values of the diffusion 
coefficient of CCU in cis-decalin and various hydrocarbon 
liquids against the viscosity (o); (1) "hexane" [13], (2) n-
heptane [13], (3) isooctane [13], (4) cyclohexane [13,14], 
(5) tetralin [13], (6) "decalin" [13], (7) cis-decalin at 25 and 
5°C (this work). 

293, 313 and 333 K) are shown as a function of the 
viscosity of the liquid. Also the values of ks obtained 
with mixtures of cis-decalin and isooctane (20,41 
and 91 volume percent) are shown in fig. 2. 

We have measured the diffusion coefficient of 
CCI4 in cis-decalin at different temperatures. These 
values, together with some values of the diffusion co
efficients of CCI4 in other liquids, as obtained from 
the literature, are also shown in fig. 2. The diffusion 
coefficient is approximately proportional to the in
verse of the viscosity. The dependence of ks on TJ_1 

does not obey this relationship however. The values 
of ks are considerably larger than the value of the dif
fusion controlled rate fcD = 4naD, when for a the 
average diameter of a solute and a solvent molecule 
in the ground state is taken (5.3 X 10 - 8 cm [15] and 
6.4 X 10~8 cm respectively [16]), and for£> the sum 
of the diffusion coefficients of CCI4 (fig. 2) and the 

self-diffusion coefficient of the solvent (3.0 X 10 - 6 

cm2 s - 1 at room temperature [16]). The value of kD 
calculated for cis-decalin at room temperature is 3.2 
X 109 C/mol s,_while the value found for Tcs is 1.4 X 
1010 K/mol s. fcs would be expected to be larger than 
kD due to the time dependence of the specific rate. 
As we shall see below the observed difference between 
ks and kD cannot be explained on the basis of this 
time dependence with the values of a and/5 given 
above. 

The agreement between the values of ks obtained 
in cis-decalin and in the mixtures at the same viscosity 
is striking, and seems to rule out the possibility of 
energy migration as an explanation for the large values 
of ks. We have carried out a detailed kinetic analysis, 
taking into consideration the time dependence of the 
specific rate of reaction, and assuming for the diffusion 
coefficient of the solvent excited state the value of 
the self-diffusion coefficient of the solvent. The pos
sible complications arising from the delayed formation 
of excited states as a result of recombination of 
charged species have been considered, and found to 
be negligible for the range of concentrations of solute 
used (>5 X 10""3 mol/£). This will be discussed in a 
future publication. 

The fluorescence signal has been calculated by 
convolution with the radiation pulse, using different 
values for the reaction radius/? in the expression for 
the time dependence of the specific rate of quenching 

k = 4ïïRD[l+RI(nDt)1'2]. 

Examples of calculated curves are drawn in fig. 1. Ex
cellent fits could be found in this way for cis-decalin 
with different concentrations of solute and at differ
ent temperatures for/? = (14±2) X 10"8 cm. This 
value is considerably larger than the average diameter 
of solute and solvent molecule in the ground state 
(5.9 X 10-8 cm). The value of 4irRD has been 
plotted in fig. 2 in order to show the effect of the 
time dependence of the specific rate. 

Similar results have been obtained for the 
quenching of the solvent excited state fluorescence in 
liquid cyclohexane by 0 2 as well as by CC14 (15 ± 2 A 
and 13 ± 3 A respectively). 

In conclusion it appears that the solvent excited 
state in cis-decalin manifests itself as a species with a 
diameter of «20 A. Further experiments are needed 
in order to try to establish to what extent these large 
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reaction diameters are due to an orbital extending over 
the neighbouring molecules and/or to a void around 
an excited solvent molecule [17,18]. An extensive ac
count of this work will be published elsewhere. 

We acknowledge the help of Dr. M.P. de Haas for 
the computer programming and the assistance of Z. 
Kolar for the measurement of the diffusion coeffi
cient. 
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FORMATION OF FLUORESCENT EXCITED STATES 
OF LIQUID cis- AND frans-DECALIN BY 

HIGH ENERGY RADIATION 

L. H. LUTHJENS, H. D. K. CODEE, H. C. DE LENG and A. HUMMEL 
Interuniversitair Reactor Instituut, Mckelweg 15, Delft, The Netherlands 

and 

G. BECK 
Hahn-Meitner Institut fur Kernforschung, Glienickerstrasse 100, West-Berlin, Germany 

Abstract—The formation of fluorescent excited states of liquid cis- and rrans-decalin by high-energy 
radiation has been investigated. The fluorescence resulting from pulsed irradiation in the presence 
and absence of solutes as well as the reaction of the solutes with the geminately recombining charged 
species is studied. The efficiency of formation of the fluorescent excited states as a result of 
recombination of excess electrons and electron holes in cis-decalin is 0.85. The delayed formation of 
fluorescent excited states as a result of charge recombination after a 30 ps pulse is observed and 
compared with calculations. 

THE FORMATION of the fluorescent excited states 
resulting from high energy radiation in liquid cis-
and trans-decalin has been investigated by study
ing the fluorescence as a result of pulsed irradia
tion in the presence and absence of solutes. The 
role of the charged species in the formation of the 
excited state has been investigated by com
paring the dependence of the yield of fluorescence 
on solute concentration with the yield of scaveng
ing of excess electrons, as obtained from product 
analysis. 

The fluorescence has been measured using a 
vacuum photodiode and a sampling system with an 
over-all time response of approximately 100 ps. 
Single pulses of 3 MeV electrons and 0.5 ns dura
tion from a Van de Graaft accelerator (IRI, Delft) 
and trains of 5 fine structure pulses of 14 MeV 
electrons and 30 ps duration from a linear ac
celerator (HMI, Berlin) have been employed. 

In Fig. 1 (insert) we show fluorescence singnals 
obtained from cis-decalin in the presence and ab
sence of a solute. The solute causes an enhance
ment of the decay rate after the pulse, due to 
reaction with the fluorescent excited state."' It can 
be seen that the considerable decrease of the 
maximum cannot be explained by the increase of 
the decay rate of the fluorescent excited state due 
to reaction with the solute, and it may be con
cluded that reaction with a precursor takes place. 

The fluorescent excited states may be formed 
directly due to the interaction of the high-energy 
radiation with the medium, or indirectly via decay 
of (directly formed) higher excited states, or as a 
result of recombination of charged species (excess 
electrons and electron holes). The yield of 
fluorescent excited states in the absence of solute, 
M'(c = 0), may be written as 

(1) M'(c = 0) = M" + M-fu + M% 

where M,d is the yield of fluorescent excited 
states directly formed, Mh and Af' are the yields 
of higher excited states and charged species that 
are formed initially, fhf and ƒ,-/ are the efficiencies 
of formation of the fluorescent species from the 
higher excited state and on charge recombination 
respectively. Only one higher excited state is con
sidered. It is assumed that the fluorescent excited 
state formed as a result of charge recombination is 
formed with negligible delay. In-the presence of a 
scavenger the yield of fluorescence is given by 

(2) M'(c) = M'(0) - M,"(c)fhl - M,'(c)flt 

where M,k and M,' are the yields of excited states 
and charged species respectively having reacted 
with the solute. 

21 
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time, 100 ps/div. 
Fic. 1. The ratio of the fluorescence integrated over time 
in the pure liquid and in the presence of CO;(0), 
CCI4(0), NHj(V) and 0;(A), against solute concen
tration, as obtained experimentally in cij-decalin. Cal
culated curves are presented for CCWD and CO;(2), (a) 
where the quenching of the fluorescent excited state 
takes place with a specific rate kD - ATTRD, (b) with a 
time dependent specific rate of quenching and (c) with a 
time dependent specific rate and also the static quench
ing taken into consideration. Insert: Typical fluorescence 
signals for pure c/s-decalin and ci's-decalin with 2.07 x 

10": M CO: as fluorescence quencher. 

For the fluorescence integrated over time we 
can write 

Uc) = AM'(c)\ expj-fc,» 

(3) - ƒ kh(t)c<it}dt.exp(-vc) 

= AM'(c)F(c) 

where k, is the decay constant of the fluorescence 
in the absence of solute, kh(t) the specific time 
dependent reaction rate of the quencher with the 
fluorescent excited state,121 u the volume of the 
liquid within the reaction radius,'31 and A a con
stant of the apparatus. The term exp(-uc) 
represents the probability that at t — 0 no quencher 
molecule is found within the reaction radius. For 
the ratio of the fluorescence integrated over time 
in the absence and presence of a solute, we have 

HO) = M '(0) 1 
He) WïF)'k,F(c) 

In practice, even in highly purified liquids, there 
will be a small concentration of impurities present, 
which may affect the formation of fluorescent 
excited states. While the number of excited states 
reacting with the impurity, present in a vanishingly 
small concentration, will be extremely small and 
can be neglected ( M . V - O ) = 0, k,F(c-0) = 1), 
due to the long lifetime of the charged species 
that escape geminate recombination, the latter 
species will be scavenged even at a very low 
concentration of impurities. Therefore we take for 
the yield of charged species reacting with im
purities M,'(c->0)= N'„r, where N'„r is the yield 
of charged species escaping geminate recom
bination, and it can be shown that we can now 
write for the ratio of the fluorescence in the liquid 
with a small concentration of impurities to that in 
the solution of quencher with concentration c 

/ ( c - 0 ) _ M'(c->0) 
He) M'(c->0) + NUch - M"(c)f„, - M,'(c)/„ 

(5) 

which can also be written as 

k,F(c) 

(6) /(C-.0) 
/(c) M'(c) 

0) 
k,F(cY 

(4) M'(0) 
' M ' ( 0 ) - M , " ( c ) / w - M , ' ( c ) / „ ' k,F(cY 

In equation (6) the effect of a scavenger on the 
formation of the ecxited state appears in the term 
M'(c-»0)/M'(c), while the quenching of the 
excited state is represented by the term \lk,F(c). 
The latter can be calculated with equation (3) 
provided kh kh(t) and t; are known. In Fig. 1 we 
have plotted the experimentally determined He-* 
0)//(c) as a function of concentration for CO; and 
CCU in c/s-decalin. Also is shown \lkrF(c) as 
calculated using k, = 4.6x10* s~', as obtained 
from the decay in the pure liquid, in agreement 
with the result of Ware el al.,'4' and taking for the 
reaction radius of quenching by CCU and CO: 

values of 14 x 1(T8 cm'" and 5 x 10"" cm"' respec
tively, and for the sum of the diffusion coefficients 
of the solute and the excited state 0.8 x 10~5 

cm' s~' and 2.4 x 10"! cm2 s"1 for CCI/" and CO;'5' 
respectively. The large difference between the 
curves for 7(c->0)//(c) and \lk/F(c) shows that 
the effect of the solute on the formation of the 
excited states is considerable. It can be seen from 
equation (5) that this is due to either M,h(c) 
(scavenging of higher excited states), or M,'(c) 
(scavenging of charged species) or both. In the 
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following we shall compare this effect of the 
scavenger oh the formation of excited states with 
the scavenging of charged species (M,'(c)). About 
the latter we can obtain information from product 
analysis. 

In general we may write for the yield of product 
formed as a result of reaction with excited states 
and charged species 

(7) M„(c) = M/(c)f,p + M,\c)f>, + MHc)f„ 

where ftp is the probability that the product p is 
formed on reaction of ƒ with the scavenger. At low 
concentrations of solute, where the reaction of the 
solute with excited states can be neglected we 
have Mp(c) = Mj(c)f,p. For the formation of CH< 
resulting from the reaction of CH3Br with excess 
electrons in several saturated hydrocarbons it has 
been established that ƒ,„ = 1.<" Assuming this also 
to be the case for cis- and (rans-decalin we find 
that the yield of CH4 in CH3Br solutions is equal 
to the yield of scavenged excess electrons, 
M„(c) = M,\c). 

Because of the absorption of CH3Br in the 
wavelength region of the fluorescence this solute is 
not very suitable for reliable quenching experi
ments, therefore C02 has been used as a quencher. 
The yield of scavenging of excess electrons by 
C02 can be calculated, using the CH3Br results 
together with the specific rates of reaction of 
CH3Br and C02 with excess electrons (1.1 x 10u 

1/mol.s and 1.6 xlO'2 1/mol.s respectively for cis-
decalin, measured by means of the microwave 
absorption technique."' The yield of charge 
scavenging is given by 

M,'(c) = ƒ N'(c = 0,t)ki,(t)cexpj-f' fc„(r)cdr}df 

(8) 

where N'(c = 0,0 is the yield of charged species 
that has not recombined at time t after having 
been formed in the pure solvent. At low scavenger 
concentrations the effect of the time dependence 
of the specific rate of reaction of the scavenger 
with the charged species, MO, is small, and since 
ki, and c appear together as a product the 
scavenging yield M,' can be written as a function 
of ki,c. In this way the yield of electron scavenging 
by C02 can be simply calculated from the yield of 
electron scavenging by CH3Br. The experimental 
methods for the determination of the CH<Br yield in 
CH3Br solutions have been described before.'8' The 
yield of CH4 in CH3Br solutions in cis-decalin is 

solute concentration, mol / l 
FIG. 2. The yield of CH, in solutions of CH,Br in 
ris-decalin at room temperature in excess of the yield of 
escaped ions, Af j(c)- N',„, against solute concentration 
in units of CH< molecules formed per 100 eV absorbed 
(O), together with the yield of excess electrons 
scavenged by C02 as calculated (curve a) and the esti
mated yield of electron holes scavenged by NH3 (curve 
b) (see text). Also is shown the value of the l.h.s. of 
equation (9), 

M'(c-0){l--^ He) 
c-»0)k,F(c)J' 

for C02(+), CO/x) and NH3 (V, as obtained from the 
results shown in Fig. 1. 

shown in Fig. 2. Also is shown the yield of excess 
electrons scavenged by (C02) (curve a). 

In order to compare the effect of the solute on 
the fluorescence yield with the yield of electron 
scavenging it is convenient to rewrite equation (5) 
as 

(9) +{M,\c)-NL}fif-

In Fig. 2 we have plotted the l.h.s. of equation (9) 
for (C02), using J(c)//(c-*0) and \lk,F{c) as 
given in Fig. 1, and taking for M'(c -»0) a value of 
3.4 (100eVr'.'" It can be observed that the ratio 
of this quantity and the yield M,'(c)-N',IC, with 
N',« = 0.12 (lOOeV)"1, for C02 is approx. 0.85 
over a remarkably large concentration range. This 
suggests that in this concentration range reaction 
of the solute with a higher excited state does not 
play an important role and that 0.85 is the value of 
ƒ,/ (equation 9). The value of 0.85 is in close 
agreement with the value of 0.8 reported by Lip-
sky et al.'"" for bicyclohexyl, which was estimated 



95 

24 L. H. LUTHJENS et al. 

Flo. 3. Fluorescence signals from franj-decalin at -27°C 
(a), and at 24°C (b), from cis-decalin at - 40°C (c) and at 
22°C (d) obtained experimentally with 30 ps pulses of 
irradiation with high energy electrons. Also calculated 
curves are shown assuming no delayed formation; for 
/rans-decalin at —27°C a calculated curve obtained with 

function (3) (fig. 4a) is also plotted (see text). 

by comparing the yields of quenching of pre
cursors and of charged species at infinitely large 
concentration determined by extrapolation. 

The results obtained with NH 3 in cis-decalin are 
also shown in Figs. 1 and 2. The lower efficiency 
of reaction with the precursor of the fluorescent 
state by about a factor of ten of NH3 as compared 
to CHjBr and C 0 2 is in agreement with expec
tation, since the reaction of NH 3 with the electron 
hole is expected to be at least about a factor of ten 
slower than the reaction of the CH,Br and CO; 
with the excess electron, due to the difference in 
mobility of the electron hole and the excess elec
tron."1 

Also results on the integrated fluorescence 
obtained with 0 2 are shown in Fig. 1. From preli
minary results obtained by means of pulse 
radiolysis we can conclude that in trans -decalin 
and in cyclohexane an efficient reaction with the 
precursor of the fluorescent excited state takes 
place. We know that in cyclohexane the reaction 

with excess electrons is rather slow. It appears 
therefore that the quenching of the precursor of 
the fluorescent excited state by O; cannot be 
explained by reaction with the thermalized excess 
electron. This remarkable effect, which might in
dicate the quenching of a higher excited state by 
0 2 , will be investigated in more detail. 

While it is clear that a significant fraction of the 
fluorescent excited states is formed by charge 
recombination, contribution of other processes of 
formation cannot be excluded. Using the value of 
0.85 for f„ together with M'(c -»0) = 3.4(100 eV)-'1"' 
an upper limiting of 4.1 (100 eV)~' is found for the 
yield of excess electrons and holes, with an esti
mated error of ca 15% due to the errors in f„ and 
Af'(c-»0). It should be realised however that the 
value of 0.85 determined above applies to the 
relatively long lived charged species; it may well 
be that for the shorter lived species another value 
applies. 

It has been attempted to experimentally 
observe the formation of fluorescent excited states 
as a result of charge recombination after pulsed 
irradiation and to compare the results with what is 
known about the lifetime distribution 
of the charged species. The yield of 
charged species surviving recombination as a 
function of time, N'(c = 0, t) at comparatively 
long times can be obtained from studies of the 
yield of electron scavenging by CH3Br and using 
equation (8). At short times N'(c = 0, 0 is un
certain however. This is partly due to the fact that 
no plateau is reached for Af„(c) at high concen
trations, however also the stationary scavenging 
sets a limit to the possibilities of obtaining in
formation about the lifetime distribution of the 
charged species from the charge scavenging yield 
at high concentration (this effect is not included in 
equation (8)). It has been found that for different 
hydrocarbons for relatively large values of t the yield 
of survival of charged species is quite well 
represented b y " " 

(10) Af'(c = 0,t) = N U ( l + 0 . 6 ( § ) " ° 6 ) 

where D is the sum of the diffusion coefficient of 
the charged species and rc is the onsager radius 
(rc = e'lekT). 

We have investigated the time dependence of 
the fluorescence signal resulting from a 30 ps 
pulse. In Fig. 3 we show results obtained with 
frans-decalin at -27°C (a) and 24°C (b) and with 
cis-decalin at —40°C and 22°C (c and d respec
tively). We also show in this figure calculated 
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curves obtained by carrying out a convolution with 
the pulse shape and the response of the detection 
system with the assumption that no delayed for
mation of fluorescent excited states takes place. It 
can be seen that in cis-decalin at room tem
perature the delayed formation is negligible, while 
in trans-decalin at -27°C it is in fact rather 
pronounced; cis-decalin at -40°C and trans-
decalin at 24°C present intermediate cases. This 
trend is qualitatively in agreement with expec
tations for formation of fluorescent excited states 
from charge recombination, as can be seen by 
inspection of equation (10) using the known values 
of the mobilities of the charge species"2'5'. The 
value of (Dlri) for cis-decalin at 22 and -40°C is 
3.0 x 10s s~' and 6.1 x 10' s~' respectively, and for 
/rans-decalin at 24 and -27°C 8.1 x 107 s"' and 
3.2 x 107 s"' respectively. Assuming a total yield of 
charged species of 4.1 (lOOeV)"' and N'ac = 0.\ 
(lOOeV)"', using the values given above for Dlrl 
we find for the fraction of charged species 
recombining between f = 150ps and 770 ps (the 
spacing of the fine structure pulses) in cis-decalin 
at 22 and -40°C 0.06 and 0.15 respectively and in 
trans-decalin at 24 and -27°C 0.13 and 0.22 res
pectively. It may be pointed out here that the 
perturbation of the kinetics of the quenching of the 
fluorescent excited state at this time scale is rather 
small for the case of cis-decalin at room tem
perature, for frans-decalin however the effect is 
much larger, especially at low temperature. 

The fluorescence signals have also been 
calculated assuming that at comparatively long 
times the formation of fluorescent excited states is 
entirely due to recombination of charged species 
with a lifetime distribution given by equation (10). 
The rate of formation of fluorescent excited states 
due to charge recombination as a result of an 
infinitely short pulse of radiation is given by 

(ID n { , ( f ) = - / „ ^ N ' ( c = 0, () 

where it is assumed that no intermediate state is 
formed with considerable lifetime. The value of ƒ,/ 
can be obtained as we have shown above. The 
lifetime distribution function N'(c = 0, t) is known 
for comparatively large values of t (equation 10), 
while for short times it is very uncertain, as we 
have pointed out above. Also the total yield of 
fluorescent excited states is known, M'(c -»0) = 
/0"n'(r)dt, where n'(t) is the rate of formation of 
fluorescent states from all sources. For large 
values of t the formation will be due to charge 
recombination, n'(() = n{,(t). No a priori know-
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FIG. 4. Calculated fluorescence signals for /rans-decalin 
at -27°C (b) for different assumed functions that des
cribe the formation of fluorescent species after an 

infinitely short burst of radiation (a) (see text). 

ledge about the form of n'(() at short times is 
available. We therefore have used for n'(t) for 
long times the function given by equations (11) and 
(10), while for short times different trial functions 
have been employed. In Fig. 4 we show examples 
of calculations for three different trial functions. 
In Fig. 4(a) we have plotted ƒ," n'(t) d/ against time 
for the three cases. Curve (1) is obtained using 
equations (10) and (11), with a cut-off at ( = 0 of 
3.4 (100 eV)~'; curve (2) represents the case of 
formation of a large fraction of the excited states 
at very short times (direct formation) together with 
the same tail as in (1), while curve (3) pictures a 
case with some delay in formation of excited 
states."" 

For cis-decalin at room temperature very little 
effect is found with any of the three functions, in 
comparisons with direct formation, due to the 
relatively fast recombination of the charge car
riers. This has been discussed above. In Fig. 4(b) 
the results obtained for the case of frans-decalin 
at -27°C are shown. In all three cases the delayed 
formation found at a time scale of a few hundred 
picoseconds is quite well in agreement with 
observation. Comparison of the rising part of the 
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signal with the calculated curves suggest that the 
functions (1) and (2) are somewhat less satis
factory than function (3). The calculated curve 
obtained with function (3) has been plotted in Fig. 
3(a). which shows that rather good agreement is 
obtained. Considering the time resolution of the 
equipment, detailed information about the short 
time behaviour of n'it) cannot be obtained 
however. It is hoped that in the near future results 
with an improved time resolution will become 
available, that will enable us to get a deeper insight 
in the early processes of charge separation. 
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DISCUSSIONS 
A. SINGH: YOU have mentioned that some recombination 
may take place between cations and energetic (non-
thermal) electrons—which would then give superexcited 

states. Why do you. then, neglect superexcited states that 
should be formed directly on radiolysis? 

A. HLMMEL: 1 do not discard that possibility. In fact one 
of the assumed functions for the formation of 
excited states shows a large fraction of excited states 
formed at time t = 0. However from our experiments we 
do not get much information about the processes hap
pening at a time scale much shorter than 100 ps. We only 
claim that the behavior of the fluorescence signal at 
times exceeding that is in agreement with formation from 
charge recombination. 

S. SATO: When you estimated 4.1 as the total G for 
ion-pairs, have you assumed that only isolated spurs exist 
in solution? 

A. HUMMEL: The efficiency of 0.85 has been determined 
from scavenging results obtained at not too high concen
trations. and therefore we have been dealing primarily 
with isolated ion pairs. It is quite possible that this 
efficiency would be different for recombination in a 
multiple ion pair spur. 

S. LIPSK'I : What's responsible for the vield between U.S5 
and 1.00? 

A. HUMMEL: I do not know the answer to that. One can 
think of different decay channels of the excited states 
initially formed and it would seem to me that chemical 
reaction may take place. Also the ion may have reacted 
before recombination. 

B. BROCKLEHURST: IS the figure of 859É for the yield of 
excited states independent of time? 

A. HUMMEL: You make a very good point. I think it is 
rather unlikely that for the extremely short lived charge 
pairs the same figure holds as for the relatively long lived 
pairs, that we have been considering. 

P. AUSLOOS: Your total ion recombination G-value of 4.1 
only applies to the parent ions which have not undergone 
unimolecular or bimolecular reactions prior to charge 
recombination. 

A. HUMMEL. We are comparing the decrease of the yield 
of fluorescence with the yield of scavenging of electrons. 
and we find that the electrons give an excited state with a 
probability of 0.85. It could well be that part of the 15% 
of the charge recombination that does not lead to excited 
state formation is due to fragmentation of the positive 
ton. The yield of 4.1 is found by assuming that all 
fluorescent excited states (G = 3.5) are formed by charge 
recombination and by also assuming that for all recom
binations the same efficiency of 0.85 applies. Both 
assumptions may not be true. 
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THE YIELD OF CHARGED SPECIES PRODUCED BY IONIZING RADIATION AT 
VERY SHORT TIMES IN LIQUID DECALINS 

L.H/LUTHJENS,, H.C, de LENG, C.A.M. van den ENDE AND A, HUMMEL 
Interuniversity Reactor Institute, Mekelweg 15, 2629 JB Delft, 
The Netherlands 

Introduction 
Little information is available about the yield of charged species in 

liquid hydrocarbons at early times after the interaction with high energy 
radiation. Many years ago it has been shown that the yield of charged 
species, surviving recombination at time t, in the pure liquid, N (t), is 
related to the yield of reaction of one of the charged species with a 
scavenger at concentration c in a solution, M (c), by [13 

M*(c) = f N1(t)kDc exp(-kDct)dt (1) 

where k_ is the specific rate of reaction of the scavenger with the charged 
species. 

Recently it has been shown that for moderately long times the yield of 
charged species in pure CC1, at different temperatures [2] as well as in 
solutions of n-hexane, cyclohexane and isooctane [3] can be written as 

Nl( t ) = B è s c f u o ' V t ) } (2) 

where N is the yield of charged species escaping recombination, r the 
Onsager radius and D the sum of the diffusion coefficients of the positive 
and negative species. 

It has also been shown [3,4] that for moderately small concentrations 
the yield of CH, formation in CH„Br solutions of n-hexane, cyclohexane and 
isooctane is within experimental error equal to the yield of excess 
electrons scavenged as expected fromEqs. (1) and (2): 
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Mi(c) = N 1 {1 + l.33(r2k_c/D)0-6} (3) 
s esc c D 

In an earlier paper [5] we have determined the efficiency of formation 
of the fluorescent solvent excited states in cis-decalin as a result of 
recombination of excess electrons and electron holes to be 0.85. Assuming 
that the fluorescent excited states originated from the recombination of 
charged species only, an initial yield of ions of 4.1 (100 eV) was found. 

We have also reported results on the solvent fluorescence in cis- and 
trans-decalin as a result of 30 ps pulses, with 100 ps time resolution. It 
could be shown that the observed delayed formation of fluorescent excited 
states was in agreement with expectation from Eq. (2). 

In this paper we analyze the relation between the yield of charged 
species scavenged by a solute and the yield of charged species surviving 
recombination in more detail. We propose a simple expression for N (t) at 
short times. The solvent fluorescence signals from pulsed irradiation, 
calculated using this expression, are compared with experimentally obtained 
results. 

Experimental 
Cis- and trans-decalin (Merck) were distilled using a 90 theoretical 

plate column (Fischer "Spaltrohr-system"). After distillation the liquids 
were passed through a column of activated silica gel, bubbled with N_, 
transferred to a grease-free vacuum line, and distilled into a bulb 
containing NaK (MSA Research Corp.) where they were stored for several days 
before transfer to the sample cells. For the product analysis experiments 
samples of ca. 3 cm were irradiated in a Gammacell 200 Co irradiation 
facility (AECL) with a dose of 1.4 k Gray. After irradiation the products 
were analyzed by injecting 0. 1 ml aliquots into a gas liquid chromatograph 
(Packard Becker 433 GLC) as described before [63. 

Specific reaction rates of CH.Br with excess electrons were obtained by 
measuring the decay of the electron signal after pulsed irradiation in the 
presence of different CH.Br concentrations using the microwave absorption 
method [7,3,8], 

Results and Discussion 
In Eq. (1) which expresses the relation between the yield of charged 

species reacting with a solute, M (c), and the yield of charged species 
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surviving recombination, in the absence of a scavenger, N (t), a specific 
rate of reaction independent of time has been used. When considering 
sufficiently short lived species the time-dependence of the specific rate 
of reaction cannot be neglected, and we therefore write 

Mx(c) = r Nx(t)k(t)c exp{-/ k(t)c dt}dt (4) 
s o o 

The specific rate of reaction as a function of time can be written as 

k(t) = kjjW/O+Y)} (1+Y exp x2 erfc x) (5) 

where k_ = 4TTRD is the diffusion controlled specific rate at infinite time 
with R the reaction radius and D the sum of the diffusion coefficients of 
the reaction partners, y = k/k_ with k the rate of reaction at t = 0 and 
x = (1+Y) R *®t C93. Except for extremely small values of t Eq. (5) may 
be written as 

k(t) = 4nRD (1 + — R-) (6) 
/Föt 

In the derivation of Eqs. (5) and (6) the reaction radius R is the distance 
between the centers of the reacting partners at which the reaction takes 
place, either with a rate k (Eq. (5)), or with an infinitely large rate 
(Eq. (6), Smoluchowski boundary condition), while at a distance larger 
than R no reaction occurs. In the case where reaction takes place while 
the reaction partners are at some distance away from each other, Eqs. (5) 
and (6) may not be correct. Equation (4) in combination with either Eq. (5) 
or (6) in this case underestimates the yield of scavenging, because 
reactions between reaction partners at a distance smaller than R is not 
accounted for. Following André et al. DO] this effect of static 
scavenging, which plays an increasingly important role at larger scavenger 
concentration, may. be accounted for by writing 

Mx(c) = exp(-vc)/° Nl(t)k(t)c exp{-/t k(t)cdt}dt + N1(t=0){1-exp(-vc)} 
(7) 

where exp(-vc) is the probability that a solute molecule is not found 
within the volume v within a reaction radius R, and where for k(t) Eq. (5) 
or (6) is used. 
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In our attempt to investigate which information about N (t) in the 
decalins can be obtained from the yield of electron scavenging by CH,Br, 
M1(c), we have used eq. (6). For the reaction radius the value was taken 
as obtained from the experimentally determined diffusion controlled 
specific rate of reaction k_ of the electron with CH,Br and the mobility 
of the electron y, assuming k ■ 4ifRD together with D/p = kT/e. 

For the yield of electron scavenging, M (c), the yield of CH, formation 
has been used. For comparatively small concentrations this is certainly 
a good assumption [13, for large concentrations it cannot be excluded 
that CH, arizes also from processes other than electron capture. 

Trial functions for N (t) have been chosen that for low concentrations 
approach to Eq. (2), and for large concentrations approach to a yield of 
approximately 4 (100 eV) . It has been found that the function 

N 1^) = "Ljl + n (. 2 rwr) <8> 
p0-° + ( P + A )0.6 

with 
1.67 

2N* 
P - 2.34 ^j and A • esc 

Nx(0)-NL 
esc 

satisfies well in cis-decalin, as can be seen in fig. 1, where M (c) as 
calculated with Eqs. (7) and (8) has been plotted together with the 

_g 
experimentally determined yields of CH,. A value of R = 7.2 x 10 cm 
was used, obtained from k = 1.1 x 10 dm mol s and y(-) = 8 x 10 

2 - 1 - 1 cm V s , as determined with microwave absorption experiments. The 
calculated curve was obtained with Nl(0) = 4.0 (100 eV) and 
N1 = 0.16 (100 eV)~'. esc . 

In fig. 1 we have also plotted N (t). It should be realized that for 
very short times the function NL(t) is rather uncertain. The value 
N (0) = 4 has been chosen in order to obtain a good fit for M (c) in the 
concentration region where experimental results are available, and has no 
detailed predictive value for N1(t) at t = 0. 

For comparison the scavenging yield has been calculated without taking 
the immediate scavenging of electrons within the reaction radius at t = 0 
into account (Eq. (4)), the result of which is shown in fig. 1, curve b. 
We see that this effect causes only very minor changes in M (c). In fig. 1 
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time.s 

5 o o 

2 
a> 

concentration, mol/dm 

Figure 1. CH, yield as a function of CH.Br concentration in cis-decalin at 
room temperature M (c), 0 experimental results, calculated curves for 
NL(t=0) = 4 (100 eV) ; curve a calculated with specific reaction rate 
k = 4TTRD and without static scavenging, curve b calculated with time 
dependent specific reaction rate k(t), curve c with k(t) and static 
scavenging (lower horizontal scale). Yield of survival from recombination 
of charged species as a function of time N (t), according to equation (8), 
to be used to calculate curves a, b and c with Eq. (7) using N (0) = 4 
and N = 0.16 (100 eV) (upper horizontal scale). 
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we also show M (c) as calculated without taking the time dependence of the 
specific reaction rate into account (Eq. (1), curve a). The expression used 
for k(t) is not correct for extremely short times. However, comparison of 
curve a and c in fig. 1 gives an impression of the order of magnitude of 
the effect of the time dependence on M (c). We see that this effect 

s - 2 - 3 
manifests itself even at rather low concentrations, at 10 mol dm 
amounting to ca. 15 percent. 

For trans-decalin at room temperature we have found good agreement 
between the scavenging yield as calculated with Eqs. (7) and (8) and the 
experimentally determined yields of CH, from CH„Br solutions. For N (0) 
a value of 3.2 (100 eV)~' was found, with Nl . = 0.14 (100 eV)~', k = 

11 3 -1 -1 e s c . 
2.3 x 10 dm mol s , as obtained from a microwave absorption experiment, 
and v(-) = 12 x 10~3 cm^'s" 1 [8], \i(+) = 910~3 cmV^s"' [8], resulting 

In an earlier paper we have presented results on the solvent fluores
cence in cis- and trans-decalin at different temperatures as a result of 30 
ps irradiation pulses, and obtained with a detection equipment with 100 ps 
time resolution [5]. Assuming that the formation of the fluorescent excited 
states is entirely due to recombination of charged species, we can calcu
late the expected time profile of the fluorescence signal using the expres
sion for the yield of survival of the charged species given by Eq. (8) and 
carrying out the proper convolutions [5]. In figure 2 we show experimental
ly obtained results for cis-decalin at room temperature (a) and for trans-
decalin at -27 C (b), together with calculated curves. The heights of the 
calculated curves and the experimentally obtained signals have been normal
ized at 300 ps after the rise of the excitation pulse. The calculated 
curve for cis-decalin, as obtained with Eq. (8), using D/r = 3 x 10 s 

8 — 1 ** 
and kf = 4.6 x 10 s [5] for the decay of the fluorescent excited state, 
is indistinguishable from the one obtained when using for N (t) an 
infinitely fast decaying function (5-function). For trans-decalin we have -4 plotted the curve obtained with Eq. (8), using D = D(-)+D(+) = 2.9 x 10 
2—1 8 — 1 

cm s C8] and k_ * 3.5 x 10 s f 11] together with the one obtained with 
a 6-function. It is shown that the delayed formation of solvent fluorescent 
excited states observed is in agreement with expectation. A further check 
of the model may be obtained by comparing the absolute height of the 
signals and the calculated curves. Also results with a time resolution 
shorter than 100 ps are needed. 
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Figure 2. Fluorescence signals obtained with a 30 ps electron pulse from a 
linear accelerator with a 100 ps overall time resolution detection system 
(HMI, Berlin): 
a. cis-decalin at room temperature with calculated fit using N (t) of fig. 

1; 
b. trans-decalin at -27°C with calculated fit using N* = 0.06 (100 eV) 

2 7 - 1 and D/r£ - 3.2 10 s . 
The full line curve, normalized to the signal at 300 ps after the 
beginning of the rise, which obviously rises too fast and decays too fast 
has been calculated assuming direct formation of the fluorescent excited 
states. 
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DISCUSSION 

R. SCHILLER: You used the Smoluchowski equat ion , i . e . you 
n e g l e c t e d the e l e c t r i c i n t e r a c t i o n s between the i o n s ; at l e a s t 
that i s one can conclude from the a n a l y t i c a l forms of the equa
t i o n s you have shown. Could t h i s n e g l e c t account for the un
expected exponent of 0 .6? what about the use of the Debye 
equat ion which i s apparent ly more appropriate for d i f f u s i o n 
c o n t r o l l e d recombination of ions? 

L.H. LUTHJENS: A c t u a l l y I have on ly mentioned the Smoluchowski 
boundary c o n d i t i o n . However, for the f i r s t c a l c u l a t i o n s by van 
den Ende and o t h e r s , which r e s u l t e d in the semi-empir ica l r e 
l a t i o n with exponent 0 . 6 , numerical c a l c u l a t i o n s us ing the 
Smoluchowski equat ion w i t h a term f o r e l e c t r i c a t t r a c t i o n were 
performed. This modif ied Smoluchowski equat ion could indeed 
very appropr ia te ly be named as Debye-Smoluchowski equat ion . 
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R. MEHNERT: You compared the growing part of the decalin e-
mission with calculations assuming ion pair recombination. Do 
you expect also deviations in the decaying part of the fluor
escence time profile between directly formed emission and 
emission resulting from ion pair recombination? 

L.H. LUTHJENS: We have calculated the complete fluorescence 
signal, the growing and decaying part, as a result of a 30 ps 
electron pulse and detected by a detection system of a 100 ps 
time resolution. Assuming that all fluorescent excited states 
are formed by ion recombination we expect to see, with this 
system, a clearly visible deviation in the decay, due to de
layed formation of excited states; as compared to the assump
tion that all excited states are formed directly; only for the 
fluorescent signal of trans-decalin at -27 C. This is what is 
shown in Fig. 2b. 

F. BUSI: Do you have definite experimental results to support 
your assumptions on: 1. the unit efficiency of CH. formation in 
the CH,Br scavenging proqess; 2. the fluorescence yield of cis-
decalin being completely formed by ion recombinations; 3. the 
yield of 3.4 for the fluorescence of cis-decalin? Do you helve 
other results than Lipsky's? We have obtained results which 
indicate that these assumptions might be incorrect. 

L.H. LUTHJENS: The unit efficiency of CH. formation from 
CH,Br scavenging of the electron has been proven for low con
centrations. We do not exclude a possible contribution to CH. 
formation of other processes at high concentrations. We have 
not yet been able to detect such reactions, although we have 
tried it very hard. 

A definite proof for the assumption that all fluorescent 
excited states in cis-decalin are formed by ion recombination 
does not result from the present experiments. Fluorescent ex
periments with shorter time resolution would be of good help 
to clarify this point. 

About the total fluorescence yield of 3.4 in cis-decalin 
found by Lipsky, I can only say that we have so far no reason 
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to- doubt this value. If, however, you can provide strong 
arguments in favor of other values I should be eager to be in
formed about it. 

J. Bednaf: What do you call "long" and "short" times in your 
considerations about the experiments? 

L.H. LÜTHJENS: In this case we consider long times those which 
are 100 ns or longer. Short times are all which are shorter 
than a nanosecond. 
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Energy transfer in cyclohexane solutions 
L.H. Luthjens, H.C. de Leng, H.D.K. Codee and fit. Hummel. 
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ENERGY TRANSFER IN CYCLOHEXANE SOLUTIONS 

L.H. Luthjens, H.C. de Leng, H.D.K. Codee and A. Hummel 
Interuniversitair Reactor Instituut, Mekelweg 15, 2629 JB Delft, 
The Netherlands 

Solvent and solute fluorescence in cyclohexane solutions, resulting from a 
0.5 ns duration irradiation with high energy electrons, is measured with 100 ps 
time resolution over the spectral range of 180 to 250 nm (L.H. Luthjens et al., 
Chem. Phys. Letters, 19_: 444, 1981). From the rate of fluorescence intensity 
decay as a function of time in the presence of different concentrations of 
quenchers, the specific rate of quenching of the solvent excited state k is 
determined. We have found for CO, and cyclopropane (C.H,) values for k of 
(3.2 + 0.3J1010 and (1.1 ± 0.2)1010 1 mol - 1s - 1 respectively and for cis-decalin 1 0 — 1 — 1 an upper limit of 1.2 x 10 1 mol s . These values are used to correct the 
decrease of the fluorescence yield for the fraction resulting from quenching of 
the solvent excited state (L.H. Luthjens et al., Radiat. Phys. Chem., to be 
published). For CO, and cyclopropane the remaining fractional decrease of the 
yield of formation of the solvent excited state is found to be approximately 
proportional to the yield of scavenging of excess electrons and electron holes 
respectively. Assuming a total yield of fluorescent excited states in cyclo
hexane of 1.7 (100 eV)" 1 (L. Walter et al.,- Int. J. Radiat. Phys. Chem., 7_: 175, 
1975) we have calculated the decrease of the yield of formation due to 
scavenging of the precursors, excess electrons and electron holes, as a 
function of solute concentration for CO, and cyclopropane respectively. 

The total scavenged yield of geminately recombining charged species in 
cyclohexane as a function of solute concentration is known for the electron 
scavenger CH-,3r and the electron hole scavenger cyclopropane (S.J. Rzad et al., 
J. Chem. Phys., 5_1_: 1369, 1969 and H.C. de Leng et al., unpublished results, 
this laboratory) . The specific rate of reaction of CO,, with the excess electron 

12 - 1 1 ^ 
in cyclohexane is 4.3 x 10 1 mol s , approximately equal to the value of 
(4.1 + 0.1)10 1 mol s for CH,Br, therefore the yield of electron scaveng
ing by C02 is taken to be equal to the yield of CH^Br scavenging. 

Both for the electron scavenger CO, and for the electron hole scavenger 
cyclopropane a ratio of the decrease of the yield of formation of excited 
states and the yield of scavenging of charged species of 0.3 to 0.5 is found, 
which we conclude is the value of the efficiency of formation of the fluores
cent excited state in cyclohexane from geminately recombining charged species. 
This value is considerably lower than the value of 0.85 found previously by us 
in cis-decalin, using CC1. as a quencher (L.H. Luthjens et al. , Chem. Phys. 
Letters, 19_: 444, 1981). 

Using cis-decalin as a solute in cyclohexane we have found that the yield 
of cis-decalin fluorescence is much higher than expected from hole scavenging 
and transfer of energy from the fluorescent solvent excited state to cis-
decalin. At a concentration of 1.1 mol 1 cis-decalin in cyclohexane more than 
90% of the total cis-decalin fluorescence as observed in neat cis-decalin is 
found as shown in Figure 1. 
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Figure 1: Relative fluorescence yield as a function of molar fraction of cis-
decalin in cyclohexane, measured at 2 30 nm with 20 nm optical bandwidth at room 
temperature. 

At 0.1 mol 1~ a yield of at least 0.8 of cis-decalin fluorescence is 
found that is caused by another mechanism; possibly energy transfer from a 
higher excited state is involved. 
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ENERGY TRANSFER IN IRRADIATED CYCLOHEXANE 
SOLUTIONS 

L. H. LUTHJENS. H. C. DE LENG, L. WOJNAROVITS and A. HUMMEL 
Interuniversitair Reactor Instituut. Mekelweg 15. 2629 JB Delft. The Nelherlands 

Abstract—From the decrease of yield of solvent fluorescent excited states in cyclohexane by the 
electron scavenger CO; the efficiency of formation of this excited state from ion recombination is 
found to be 0.4 ±0 .1 . Energy transfer studies using cis-decalin as a solute seem to provide evidence 
for the formation of higher excited states in irradiated cyclohexane with a yield of 0.8 (100 eV)~'. 
These states are capable of fast energy transfer to the solute. 

THE SOLVENT fluorescence in cyclohexane solutions 
after a 0.5 ns pulse of 3 MeV electrons from a Van 
de Graaff accelerator"'21 has been measured with 
subnanosecond time resolution. From the decay 
rate of solvent fluorescence at different solute con
centrations the specific rate of quenching by the 
electron scavenger CO; and the positive-ion-scav
enger cyclopropane has been determined as (3.2 ± 
0.3) x 10'° l -mo l - ' - s - ' and (1.1 ± 0.2) x 10'° 
l - m o l " ' s " ' respectively."' From the relative de
crease of the integrated fluorescence intensity, 
knowing the decrease of integrated intensity due to 
excitation energy transfer only, the decrease in flu
orescence yield due to scavenging of the precursor 
by the solute can be determined,141 assuming a total 
yield of cyclohexane fluorescent excited state of 1.5 
(100 eV)- ' . 1 5 ' Curves a3 and b3 in Fig. 1 show re
sults for CO; and cyclopropane respectively. The 
shape of these curves in comparison with the 
known scavenging curves for electrons by CO; and 
positive ions by cyclopropane in cyclohexane 
(curves at and bl) and their relative position pro
vide good evidence for the formation of the cy
clohexane fluorescent excited state from ion re
combination. From the CO; results by comparing 
curve a3 with curve a2 we calculate for the effi
ciency of formation of fluorescent excited states of 
cyclohexane from ion recombination a value of 0.4 
± 0.1. 

In mixtures of cyclohexane and cis-decalin the 
fluorescence yield of cis-decalin rises steeply be
tween 0 and 0.1 molar fraction and is then almost 
constant to pure cis-decalin. The rate of decay of 
the cis-decalin fluorescence remains the same over 
the whole concentration range and also the emis
sion spectrum as determined by the relative in
tensities at wavelengths of 200, 230 and 260 nm. 
Measurement of the fluorescence signal of the cis-

decalin cyclohexane mixture at 180 nm and 260 nm 
allows us to determine the decay of cyclohexane 
and cis-decalin fluorescence separately. The fluo
rescence signal measured at 260 nm gives only the 
cis-decalin emission and is after reduction to equal 
height at 4 ns subtracted from the signal at 180 nm. 
The resulting signal gives the cyclohexane fluores
cence decay at a solute concentration of 4.8 x 10 ~2 

m o l l " ' with a decay rate of 1.83 x 10' s~ ' and a 
value for the transfer rate parameter of k, = 1.6 x 
1010 l -mo l - ' - s - 1 . Fo ra simple model that only con
siders the reactions 

C* + D-
D*-
C*-

D* + C, 

• D + hv', 

■ C + hv", 

it can be shown that the light intensity after a very 
short pulse is given by 

(1) = \_AB_ __B k,c, 1 

-ktl - ktcs)t + — x exp(-

B 
1 + AB kn - k, ̂  1 

tri - <:,csJ 

AB 

exp(-kni), 

where A is the ratio of the cyclohexane over the 
cis-decalin signal at equal concentrations of excited 
molecules, B the relative yield of cyclohexane and 
cis-decalin excited states at I = 0, k, the transfer-
rate parameter of excitation energy from cyclo
hexane to the cis-decalin solute, c, the solute con
centration and Arri and kn the decay rates of the 
fluorescence of cyclohexane and cis-decalin 
respectively (1.05 x 10 'and 4.6 x I 0 8 s _ l ) . The 
averaged signals obtained at 180 nm for 4.8 X 10 - 2 
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Fig. 1. Yields of charged species scavenged by CO; (a) 
and cyclopropane (b) in cyclohexane. I. Measured by 
product analysis for cyclopropane: for CO; assumed to be 
the same as the yield of electron scavenging by CHjBr. 
since the scavenging efficiencies of CHjBr and CO; have 
been shown to be the same. 2. Free-ion yield of 0.12 (100 
eV)"' subtracted. 3. Calculated from decrease of cycloh
exane" fluorescence yield, taking G(CHT = 1.5 1100 

eVr'. 

mol l - 1 cis-decalin in cyclohexane can be fitted 
with the signal calculated including convolution of 
/(() over a 500 ps square pulse, for a value of k, = 
(1.4 ± 0.4) x 10'° Imor ' - s" 1 , which is in good 
agreement with the result obtained by the direct 
method used before. 

Assuming the quantum efficiency and spectral 
emission of cis-decalin in cyclohexane to be inde
pendent of concentration, we can calculate the 
yield of cis-decalin excited states as a function of 

-4 - 3 -2 -| 
10 10 10 10 
solute concentration, mo l / l 

Fig. 2. Charge-scavenging yields in cyclohexane. la) Elec
tron by CH3Br (or CO;). (b) positive ion by cyclopropane: 
(c) positive ion by cis-decalin (k = 1.8 x 10" 
l-mol~'-s-1). Excited-state yields in cyclohexane: (d) cis-
decalin fluorescent excited slate: (e> cis-decalin fluores
cent excited slate resulting from other precursor than the 
fluorescent solvent excited state or the solvent positive 

ion (possibly a higher excited state). 
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solute concentration from the ratio of the integrated 
solute fluorescence in the solution of decalin in cy
clohexane and the integrated fluorescence of pure 
cis-decalin. In cis-decalin the yield is known to be 
3.4 (100 eV)- '> ' In Fig. 2 the results are shown 
(curve d). We see that the cis-decalin fluorescence 
yield is only slightly lower than the yield of electron 
scavenging by CH3Br (with a specific rate of (4.1 
± 0.1) x 1 0 ' - I m o r ' s - ' ) . 

Fluorescent excited states of the solute are 
formed as a result of charge transfer followed by 
recombination, and energy transfer from the sol
vent to the solute. The rate parameter of reaction 
of cis-decalin with.the cyclohexane positive ion has 
been determined to be (1.8 ± 0.1) x 10" 
lmol~ ' s~ ' from competition experiments with cy
clopropane. The yield of positive cis-decalin ions 
formed at solute concentration c . G(CD~. c,). is 
given by curve c of Fig. 2. The cis-decalin fluores
cent excited state yield from charge transfer fol
lowed by recombination. Gr(CD*. r,). can be cal
culated. Assuming that the efficiency of formation 
of excited cis-decalin from ion recombination of a 
positive decalin ion with an excess electron in cy
clohexane is the same as in pure decalin (ƒ = 
0.85"") and that the homogeneously recombining 
ions (Gn = 0.12 (100 eV)"1) do not contribute to 
the fluorescence yield measured, we use the 
relation 

(2) Gr(CD*. c j = (GlCD-.c-,) - 0.12) x 0.85. 

For a total ion yield of 4 (100 eV)"' in cyclohexane 
and a value of 1.5 (100 eVr 1 for the total cyclo
hexane excited-state yield in pure cyclohexane'5' 
we can calculate the yield of the cyclohexane 
fluorescent excited state at different cis-decalin 
concentrations G(CH*. rs) as follows: 

,„ «CH>. f . , - 4 - 4
g .C

0
D , - -^x. .3 . 

The fraction F,(cs) of the solvent fluorescent states 
that transfers the excitation energy to form a fluo
rescent decalin can be calculated, including the 
effects of time-dependent reaction rate and static 
quenching.17-81 using the relation 

[ A-nRDc% k, 

x p\/-rr exp p2 erfc p 

x exp(-;'<\) + (1 - exp l - i r j ) . 

where p = 4/?-csVirD/VAr + 4-nRDc\. R is the re
action radius 7.7 x 10"8 cm calculated from the 
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quenching rate parameter of 1.4 x 10'° 
I m o r ' s " ' , D = D(self) + D(cis-decalin in cy-
clohexane) = 2.4 x K T ' c n r - s - 1 , k, = 1.05 x 109 

s " ' , « = iir(/?3 - r3) with r the sum of the radii of 
the reacting species of 6 x 10"8 cm. Assuming an 
efficiency of 1 for the formation of a fluorescent 
decalin by energy transfer from a solvent fluores
cent state we calculate the yield of fluorescent 
decalin from this energy transfer as G,(CD*, c ) = 
G(CH' , c,) x F,(cs). The sum of the cis-decalin 
fluorescent excited state yield resulting from sol
vent charge and energy transfer, Gr(CD*, cs) + 
G,(CD*, cs), thus obtained is found to be lower than 
the fluorescent cis-decalin excited-state yield ob
tained from the fluorescence measurements and 
represented by curve d in Fig. 2. The additional 
solute excited-state yield above G r ( C D \ cs) + 
G,(CD*, c) is represented by curve e which levels 
off at a yield of about 0.8 (100 eV)" ' , and must be 
due to an energy-transfer process hitherto not taken 
into account by us. 

From curve e it is apparent that the energy-trans
fer process concerned must be very fast. Energetic 
solvent species causing this fast transfer could be 
the fast hole, the excited positive ion or a higher 
excited state. In Fig. 3 we have plotted the ratio of 
the plateau value of curve e, H0, over the plateau 
value minus the value at solvent concentration c,, 
ƒƒ,, as a function of c5. Stern-Volmer kinetics is 
obviously not applicable and the upward bend at 
higher solute concentration might be an indication 
for a reaction of a higher excited state with a large 

solute concentration, 10" mol / l 
Fig. 3. The yield of cis-decalin fluorescence at large cis-
decalin concentration in cyclohexane resulting from other 
precursor than the fluorescent solvent excited state or the 
solvent positive ion, the plateau value of curve e in Fig. 
2 divided by the difference between the yield at concen
tration c„ and the plateau value (Wo/«s). Also shown are 
two curves calculated with the assumption that this pre
cursor is a higher excited state with a decay rate parameter 
kh and interacts with cis-decalin with a reaction radius R, 
using *„ = 1 x 10'° I m o l - ' s " ' and R = 39 A ( ), 
andJt„ = 1.05 x 10' I-mop ' s " ' and H = 31 A( ) 
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reaction radius. In that case the ratio of the yield 
of this hypothetical higher excited state of cyclo
hexane HJH%, without and with solute present, 
against the solute concentration can be calculated 
using the formula 

Ha I 4-rrRDcA,, ,- , - . - , 
—° = e " ( l + — ; s (1-pVirexpp-erfcp) ', 
H> \ th / 
(5) 

where the parameters are defined as before in 
expression (4) and k* is the decay rate parameter 
of the higher excited state. The solid line in Fig. 3 
is a fit using *:„ = 1 x 1 0 ' ° s - ' a n d « = 39 x lO ' 8 

cm and the broken line using kb = 1.05 x 109 s~' 
(equal to the decay rate parameter of the relaxed 
cyclohexane excited state) and R = 31 x 10" 8cm. 
The values for the reaction radius result in a radius 
of the excited state of 36 x I0~8 and 28 x 10~8 

cm respectively, in good agreement with the mean 
radius of 30 A of a Rydberg state of cyclohexane 
observed by Kimura el al.m The rate parameter of 
energy transfer for long times after the irradiation 
follows from the expression kt = 4vRD, and is 
found to be 7.1 x 10'° I m o l - ' s " ' a n d 5.6 x 10'° 
l m o l " ' s " ' respectively. This is almost an order of 
magnitude faster than the value obtained for trans
fer of energy from the normal fluorescent excited 
state of cyclohexane to cis-decalin. 

The results presented in this paper suggest that 
after irradiation of cyclohexane, along with ions 
and fluorescent excited states, a considerable yield 
of other energetic species, capable of fast energy 
transfer to a solute, is formed. More research is 
needed to establish the nature of these species 
firmly and include their effect on the radiation 
chemistry of cyclohexane with and without solutes 
present. 
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J. Radioan. Nucl. Chem. 101. 1986, 293., in press. 

Abstract 

Experimental evidence shows that rapid transfer 
of charge between parent positive ions and 
neutral molecules in liquid cis-and trans-decalin 
and cyclohexane (electron-hole migration) takes 
place. The existence of two conformations of the 
parent positive ion of cyclohexane, of which one 
does not transfer charge, is suggested. 
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The first evidence for the fast migration of the positive charge in 

liquid cyclohexane emerged from the product analysis experiments of 

solutions of cyclopropane in the absence as well as in the presence 

of CC1, . The increase of the yield of scavenging of the positive 

species by cyclopropane due to the scavenging of the excess electron 

by CC1,, resulting in an increased lifetime of the positive charges, 

could be satisfactorily explained if for the ratio of the sum of the 

diffusion coefficients (or the mobilities) of the charged species in the 

absence and presence of CC1, , {D(+)+D(-)}/{D(+)+D(Cl~)}, a value of 

17 was taken. Since the mobilities of molecular ions in cyclohexane 
-3 2 were known to have values around 1x10 cm /Vs, from this value of 17 a 

2 mobility of the excess electron of around 0.01 cm /Vs followed if 

it were assumed that D(+)~D(C1 ). A few years later however the 

mobility of the excess electron was measured directly by drift time 
(2) 2 

experiments and was found to have a value of 0.2 cm /Vs, and 

therefore an order of magnitude larger than expected on the basis of 

the product analysis experiments. One way to accomodate the large 

value of the electron mobility in the interpretation of the scavenging 

results was to assume the mobility of the positive species to be an 

order of magnitude larger than that of a molecular ion. The existence 

of such fast migrating positive species in liquid cyclohexane was 

confirmed experimentally in pulse radiolysis experiments from the fast 
rate of growth of the absorption signal of the positive ions of pyrene, 

(3 4) 
TMPD and biphenyl in dilute solutions of these compounds ' . Succes
sively electrical conductivity measurements were carried out, both by means 
of microwave absorption and dc conductivity ' with cyclohexane 
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with and without scavengers present, and the mobility of the fast 
2 migrating positive species was found to be 0.01 cm /Vs, m excellent 

agreement with expectation on the basis of the product analysis 

experiments. Fast positive charge migration on a nanosecond time 

scale was also found in the conductivity experiments with methyl-

cyclohexane and the decalins. In all cases the mobility was found to 

be approximately the same and with very little temperature dependence, 

this in contrast to the pronounced decrease of the mobility of the 

excess electron with decreasing temperature in these liquids. 

For cyclohexane, methylcyclohexane and cis-decalin at room tem

perature the mobility of the excess electron is considerably in excess 

of that of the positive species; in trans-decalin at room temperature 

however they are approximately the same, and at low temperature the 

mobility of the electron is even considerably smaller than that of the 

positive species. We may expect, that in trans-decalin at low temper

ature the scavenging of the positive species increases the lifetime of 

the geminately recombining charge pairs and therefore enhances the 

electron-scavenging. This effect has indeed been observed; in the 

presence of NH„ the yield of electron scavenging by CH.Br is found 

to increase 

The yield of solvent fluorescence in cyclohexane as well as the 

decalins is depressed in the presence of both electron scavengers and 

scavengers of the positive species, both due to quenching of the 

fluorescent excited state and due to scavenging of the charged species, 

which are the precursers of this excited state. In figure 1 the decrease 

of the fluorescence yield in the present of charge scavengers is shown 

for cis-decalin; the fluorescence yield has been corrected for 
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quenching of the excited state, and the remaining effect is therefore 
(8) due to reaction with the precursers . It is observed that in cis-

decalin the decrease of the fluorescence yield in the presence of the 

electron scavenger CO. is proportional to the electron scavenging 

yield, over the range of concentrations studied, which shows that the 

fluorescent solvent excited state is formed by recombination of the 

excess electron with the positive ion, which must be the parent positive 

ion. The efficiency of formation of the fluorescent excited state by 

this process is 0.85 as estimated from these results.(Assuming that all 

fluorescent excited states are formed this way with the same efficiency 
-1 . ] 
(9) 

factor a yield of charged species of 3.5/0.85 = 4.0 (100 eV) is 

found.) Similar results have been obtained for trans-decalin 

Apparently in these liquids fragmentation of the parent positive ion 

isaminor process (except possibly for very short lived ions), and the 

fast migrating positive species observed in these liquids is therefore 

ascribed to (resonant) charge transfer between parent positive ions 

and neutral molecules, often called (electron) hole migration. The 

effect of positive charge scavengers on the fluorescence yield in the 

decalins confirms that we are dealing with fast migrating positive charge. 

In cis-decalin NH„ is roughly a factor 10 less efficient than CO„ in de

creasing the fluorescence, while in trans-decalin the efficiency is 

(9) 
about the same for these two scavengers , in agreement with expecta
tion on the basis of the mobilities of the excess electrons and holes 
obtained in the conductivity measurements. 

Fluorescence yield experiments have also been carried out with 

cyclohexane (Fig. 2). Although the accuracy of these results is 

lower than those of the decalins, due to a smaller emission in cyclo-
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hexane, it may be observed that the depression of the fluorescence 

yield by CO. is approximately proportional to the electron scavenging 

yield, with a proportionality factor of ca 0.4. A considerable 

fraction of the positive ions on recombination therefore does not lead 

to the fluorescent excited state, which may mean that the parent 

positive ion decomposes, however it may also be caused by competing 

decay processes of the initially formed excited state of cyclohexane 

after recombination. In figure 2 we also show the effect of cyclopropane 

on the fluorescence yield together with the yield of positive charge 

scavenging by this solute, as obtained from product analysis measure

ments and which was found to be caused by reaction of the cyclopropane 

with a fast migrating positive species. The high efficiency of this 

solute in decreasing the fluorescence indicates that the fast migrat

ing species is also a precurser of the fluorescent solvent excited 

state and therefore must be the parent positive ion. If partial 

fragmentation of the parent positive ion would occur, resulting in a 

fast and a slow migrating positive species, the concentration depen

dence of the scavenging of these two species would be shifted with 

respect to one another, the scavenging of the slow species being 

expected to occur at higher concentration. Although the results are 

not conclusive at this point, it would appear that the ratio of the 

decrease of the yield of fluorescence due to the presence of cyclo

propane to the yield of product formation from positive ion scavenging 

is somewhat larger than that found for CO.. This could mean that some 

fragmentation occurs, leading to slowly migrating ions that are 

scavenged at higher concentrations, with the result that the ion 

scavenging by cyclopropane at lower concentrations would involve a 
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relatively larger proportion of parent positive ions than found in 

the overall proportion for all the ions. 

It is of interest to note that in the gas phase efficient transfer of 

positive charge has been observed between parent ion and molecule in 

experiments with mixtures of deuterated and undeuterated cyclohexane ' 
(13) Recently Trifunac et al , on the basis of time resolved 

fluorescence detected esr measurements, have suggested that the fast 

migration of positive charge is caused by another process than hole 

migration (H transfer of C,H . or H transfer involving C,H ) and 

that the parent positive ion does not transfer charge. If however 

the parent positive ion would be a slowly moving species, the decrease 

of the fluorescence yield by cyclopropane would be expected to be 

shifted to higher concentrations as compared to the over-all yield of 

positive ion scavenging by cyclopropane. It would appear that the 

present results are in disagreement with this hypothesis. 
(13) If the conclusion of Trifunac et al is correct and there is a 

contribution of slowly diffusing parent positive ions on a time scale 

of a few tens of nanoseconds after ionization in cyclohexane (which 

however may be a small contribution since they have not been able to 

measure the yield) it may be speculated that there exists two parent 

ions with slightly different conformations, possibly a chair and a 

boat form. The charge-transfering type slowly may convert to the 

non-charge-transfering type or, which seems more likely, a small 

fraction of the non-transfering type is formed immediately after 

ionization, while the ion possesses some excess energy. 

It may be concluded that in liquid cis- and trans-decalin electron 

hole migration is well established. In cyclohexane there is evidence 

both for hole migration and for the existence of parent positive ions 

that do not transfer charge. 
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and NH, (V), corrected for the quenching of the fluorescent excited 
state. 
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The yield of scavenging in cyclohexane of electrons by C09 (a) and of 
the positive species by cyclopropane (b), compared with the decrease 
of the yield of solvent fluorescence in the presence of CO. (•) and 
of cyclopropane (D); the arrows indicate the correction for quenching 
of the fluorescent excited state and the lower curve indicates the 
decrease due to reaction with the precurser of the excited state. 
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ABSTRACT 

Results of photodecomposition studies of liguid 
cyclohexane. n-octane, n-decane and methylcyclohexane with 7.6 
eV photons are reported for various temperatures. In all cases 
the yield of molecular elimination decreases with decreasing 
temperatures. In the presence of xenon this yield is also found 
to decrease. The fluorescence decay rate of cyclohexane and 
methylcyclohexane as obtained from pulse radiolysis measure
ments. shows a considerable temperature dependence, and is 
increased in the presence of xenon. The results of the 
photodecomposition experiments and of the fluorescence experi
ments are compared and discussed. 

INTRODUCTION 

The photochemistry of alkane molecules in the liquid phase 
has been studied for nearly 20 years *. The photodecomposition 
experiments have revealed several primary decomposition 
processes which may be classified into two groups: decomposi
tions giving stable endproducts directly and scissions to 
radical intermediates*»2,3_ 

Flamigni et al.4-6 found that the rate of decay of the 
fluorescence^ of several linear and cyclic alkanes showed a con
siderable temperature dependence, and that the decay constant kf 
could be described as a sum of a temperature independent and an 
Arrhenius type temperature dependent term: 

kf = kD + A exp C-Ea /RT) (1) 
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They suggested that the temperature dependent process repre
sents an internal conversion (IC) process leading to a chemical 
decomposition that yields molecular elimination products whereas 
the temperature independent process is attributed to an inter— 
system crossing (ISC) process, giving a triplet that decomposes 
into radical intermediates. It -follows from this assumption that 
the primary yields of chemical decomposition and also the dis
tribution of final products should exhibit a temperature 
dependence. 

In order to test this proposition we have investigated the 
temperature dependence of both the chemical decomposition and 
the fluorescence decay for some alkanes. Furthermore we have 
studied the effect of the presence of xenon on decomposition and 
fluorescence, since it may be expected that xenon, because of 
the heavy atom effect, may enhance the singlet-triplet ISC 
rateB'9. 
In this paper we present some preliminary results. 

EXPERIMENTAL 

The alkanes investigated (Merck or Fluka) were purified by 
distillation and were stored on NaK. The xenon concentrations 
(Matheson) were calculated using the Ostwald absorption 
coefficients. The iodine concentrations (Fluka) were measured 
spectrophotometrically. 

The photodecomposition was investigated by means of a 
bromine lamp (7.6 eV) photolysis setup 3,10, jhe actinometry was 
based on the H2 production from liquid cyclohexane where the 
quantum yield is reported to be 1.0 at 293 K 3> 

In the fluorescence measurements the samples were ir
radiated with 0.5 ns pulses of 3 MeV electrons delivered by the 
Van de Graaff accelerator of the IRI and the emission was 
measured by a vacuum photodiode connected to a Tektronix sam
pling equipment Hil2_ 
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RESULTS 

Photodecomposition studies 
In the photolysis of the alkanes investigated, the main 

decomposition product is hydrogen <Fig. 1). In cyclohexane the 
hydrogen yield was -found to be independent of the temperature 
and Xe concentration. In the other alkanes investigated (n-
octane, n—decane and methyl cyclohexane) the quantum yield o-f 
hydrogen, ï (H2> , was -found to be smaller than in cyclohexane 
and dependent on both temperature and Xe concentration. In these 
alkanes products resulting -from C—C bond scission were also ob
served. 

The hydrogen is known to be produced by two mechanisms 
1.2,3. i_ unimolecular elimination o-f hydrogen (this reaction 
yields H2 and alkene), and 2. atomic elimination o-f hydrogen 
(this reaction yields H + al kyl radical), -followed by H— 
abstraction -from an alkane molecule. 
The alkyl radicals react to -form al kenes and alkanes by dis-
proportionation reactions (rate constant k^ ) and dimers by 
combination reactions <k c). The quantum yields o-f primary H 2 

and H formation can be obtained from the product yields by the 
relations3: 

$(H 2) U = S(alkene) - - ^ i(dimer) 
kc 

= $(H2) ~ <1 +£d—> ï(dimer) (2) 
kc 

§(H)= !(H2> - K H 2 ) U = (1 + N - ) $ (dimer) (3) 

The kjj/kt- ratios for the radicals produced in cyclohexane, n— 
octane, n-decane and methylcyclohexane at 20°C are known from 
the literature and have the values 1.1, 1.0, 1.0 and 3.0 
respectively3'!-1"15. j n e ratios are known to be slightly tem
perature dependent *^ with an Arrhenius type activation energy 
of ca 4 kJ mol - 1. 
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In n—octane and n—decane the C—C decompositions yield a 
large number of products that are -formed by alkane elimination, 
in reactions between fragment alkyl radicals, and in reactions 
o-f fragment radicals with CnH2n+i radicals, the latter of which 
being formed by atomic elimination of hydrogen from the parent 
molecule. The overall yield of C-C bond breakage was found to be 
0.1 at 293K and 0.2 at 253K for both n-octane and n-decane. In 
the presence of 1-3.10-3 mol l - 1 I2 this yield decreased to ap
proximately 0.04 in all cases, indicating that the C-C 
decomposition occurs to a considerable extent by radical 
formation. The contribution of this process at 293 K is at least 
507., at 253 K it is more than 80X, and therefore increases with 
decreasing temperature. In the calculation of 5<H2>U and <§(H) of 
n-octane and n-decane a correction .was made for the reaction of 
CnH2n+l radicals disappearing in reactions with fragment alkyl 
radicals. 

As we see in fig. 1 the calculated $(H2>U values in all 
alkanes decrease with decreasing temperature. The ï(H) values in 
cyclohexane, n-octane and n—decane increase with decreasing T; 
in methylcyclohexane this yield seems to be independent of T. In 
the presence of Xe K H ) shows a small increase (cyclohexane, 
methylcyclohexane), while S(H2>U is decreased (cyclohexane, n— 
decane, methylcyclohexane). 

As was shown in earlier publications ->?10 in the alkyl — 
cyclohexane photodecomposition ring-opening takes place. In the 
case of methylcyclohexane ring decomposition products are formed 
resulting from isomerization to 1- and 2-heptenes (with a yield 
of 0.11 at 293 K) and from multiple C-C scissions (1 = 0.02). As 
is shown in figure 1 the ring decomposition yield increases with 
decreasing T; Xe is found to increase this yield. Biradicals 
have been suggested as intermediates of the ring cleavage; the 
biradicals undergo rearrangement to linear C n alkene and scis
sion to smaller alkenes but also reclosure of the ring may take 
place, giving rise to the original cycloalkane1^. In methyl
cyclohexane however the yield of this reaction is very low as 
can be concluded from the material balance. 
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Fluorescence measurements 

As is shown in fig. 2 the temperature has a considerable ef
fect on the fluorescence decay of cvclohexane and 
methylcyclohexane. Since liquid cvclohexane has a boiling point 
of 351 K and a freezing point of 2B0 K the temperature range for 
investigations in the liquid is rather narrow. Therefore also 
experiments were carried out with mixtures of cvclohexane and 
cyclopentane 20 and 50X, with mp. 253 and 231 K respectively. 
The behaviour of kf , the decay rate constant, is rather similar 
to what has been observed earlier for other saturated 
hydrocarbons. By fitting according to equ. (1) we obtained the 
parameters collected in Table 1. 
Our results for methylcyclohexane agree rather well, with the 
data published by Flamigni et al. The results reported for 
cyclohexane by Wickramaaratchi et al.*^ differ somewhat from 
ours. At high temperatures our values of kf are somewhat larger 
than theirs. It should be realized that the values of k0, A and 
E a are extremely sensitive to experimental errors. 

In the presence of xenon the fluorescence decay rate kf was 
found to increase. The quenching obeys the Stern-Volmer law as 
it is shown in fig. 3 

kf = kf,o + kq t*e] (4> 

The specific quenching rates (kq) as determined from fig. 3 are 
7.8xlOB 1/mol.s for cyclohexane and 9.2x10s 1/mol.s for 
methylcyclohexane. 

The temperature dependence of kf has been studied with 
samples containing 0.4 mol l - 1 Xe (fig.2). Writing the tempera
ture dependence of kq as 

kq = kq,o e*P (-Ea/RT> <5> 

kg Q and E a can be obtained. For E a a value of appromimately 4 
kJ/mol is found in both cases. 
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For cis—decalin, also shown in figures 2 and 3,. kg = 4. 10° 
1/mol. s, 
small as found by others ^>!5. 

Discussion 

If we follow the suggestion of Orlandi et al 4 - 6 that the ob
served fluorescence decay reflects a competition of a 
temperature independent ISC process (kD> giving rise to radical 
formation and an activated IC process <ka) resulting in 
molecular elimination, and furthermore that the photodecomposi-
tion takes place from the same (population of) state(s) as the 
fluorescence, we can express the quantum yields for the 
photochemical processes in terms of k D and ka. Far the molecular 
elimination, which is the activated process, we have now 

*act " k^ + k ; >-o "a 

= - ^ exp(-Ea/RT) (6) 

The yield of the radical formation process is $ = 1 — 3>act since 
the fluorescence yield is very small and can be neglected. The 
value of $act has been calculated for the four liquids using the 
parameters given in Table 1, and the results have been plotted 
in fig. 1. It may be seen that the yields of molecular elimina
tion calculated in this way show qualitatively the same 
temperature dependence as the experimentally observed values of 
£CH 2) U. 

We now proceed to make a somewhat more detailed comparison 
for cyclohexane. At room temperature (293K) 3>act = 0.66 is cal
culated, using the parameters of Table 1, while experimentally a 
yield of molecular elimination ï(H2>u = 0.B1 is found. One 
reason for this discrepancy may be that the use of results ob
tained with cyclohexane-cyclopentane mixtures at temperatures 
below the melting point of cyclohexane may introduce an error in 
the determination of k0.-Also the assumption of a contribution 
by a temperature-independent and an activated process may not be 
correct in this case. 
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We may also reverse the argument and assume that the quan
tum yields for the two decomposition processes reflect the 
relative rate constants for the decay of the fluorescent excited 
state into the two channels (k^ for molecular elimination, k^ 
for radical formation) and calculate the rate constants from the 
photochemical quantum yield $ = ï(H2>u anc' t n e overall fluores
cence decay rate constant kf = kM + kpj. 
Using $(H2>u

 = 0-sl a* room temperature we find now 
kR = 0.19 x 109 s _ 1 and kM = 0.B6 x 109 s"1. 

If it is assumed that quenching by xenon results in forma
tion of a triplet that subsequently gives decomposition into 
radicals the yield of molecular elimination is given by 

Using the value of kM = 0.86 x 109 s _ 1 , for CXe 1 = 0.15 mol/1 we 
find $(H2>u = 0.73. The experimentally obtained value is 0.76. 
The difference is estimated to be in excess of the experimental 
error, however more detailed experiments have to be carried out 
in order to clarify this point. If this difference is sig
nificant, this may point to a contribution of a second process 
of molecular elimination in the photochemical experiments, due 
to the fact that in these experiments decomposition takes place 
from a population of excited states that is different from that 
from which the fluorescence takes place. 
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Table I 

Fluorescence decay parameters 

Cyclohexane 

Methylcyclohexane 

n-Octane 

n-Decane 

k 3 

0 

-1 s 

3.6xl08 

5.3xl08b 

3.Axl08 

8C 3.4x10 

2.9 108° 

l.5x!08c 

A a 

-1 s 

l.6xlo" 

4.2x.012b 

3.7xlo" 

7.5xl0"C 

1.1 10,lc 

5.3xl0"C 

E a 
a 

kJ mol 

13 

2.b 

15.5 

16.4C 

' 14C 

18C 

k d 

q 

kJ mol 1 s 

7.8xl08 

9.2xl08 

k e 

q.o 

mol 1 s 

9 4x10 

9 5x10 

kJ mol 

4 

4 

a 
Parameters of equ. (I); b ref. 16; c ref. 4-6; 

rate constant for quenching by Xenon, obtained at 293 K from the fluorescence decay, using equ. (4) 

6 preexponencial coefficient and activation energy of quenching rate constant, equ. (5). 
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Cyclohexane 
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Temperature dependence of alkane photodecomposition. 
The yields o-f unimolecular and atomic hydrogen elimina
tions, KH2>u a n d ï'H)i were calculated by Eqs. (2) and 
(3), lact w a s calculated by eq. <6) 
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k f.s-' 

2.4-109 

20-109 

lfi-109 

12109 
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4-10° 
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'.\ ?~~"^Cyclohexane ♦ Xe Vv 

Cyclohexane 
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cis-Decal in 

Methylcyclohexane +Xe 
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m 
T 
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Fig. 2 Temperature dependence of the fluorescence decay. In 
case of cyclohexane o refers to the pure compound, -o-
and 3> to cyclohexane diluted with respectively 20 and 
50V. of cyclopentane. Xe concentration 0.4 mol 1 — *. The 
solid curves were calculated using Eqs. <1), <4) and 
(5) . 
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F i g . 3 E f - fec t xenon on t h e - f luorescence decay r a t e a t 293 K. 
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