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of the incisors of a number of rodents. The technique 
has obvious uses in identifying dust particles in 
atmospheric pollution and related problems. The 
recent extension of its scope to the lighter elements, 
beryllium and carbon, makes an investigation of the 
possibilities of organic analysis desirable. However, 
it i~ doubtful if it can be of value in cytochemistry 
until the spatial resolving power is improved appre-

ciably beyond the present limit of 0·25µ and the 
detection limit to better than one part in ten 
thousand. 

The conference was throughout stimulating, and 
provoked much lively discussion, which often led 
back to fundamentals. It was the first meeting of 
its kind, and very much justified the initiative of the 
organizers. V. E. CossLETT 

TIME-RESOLVED SPECTROSCOPY 

ACONFERENCE on "Spectroscopic Studies 
using Time-Resolved Techniques" was held in 

Manchester on June 16, under the auspices of the 
Institute of Physics and the Physical Society. 

A brief introductory address was given by 
Prof. H. S. Lipson, president of the Manchester 
Literary and Philosophical Society, who welcomed 
members of the conference to the new rooms of the 
Society. He pointed out that the meeting was the 
first to be held there by the Institute of Physics and 
the Physical Society since these new buildings were 
completed, and which indeed had only been opened 
in September 1960. 

The joint secretaries of the conference were Dr. L. 
Bovey, Atomic Energy Research Establishment, 
Harwell, and Dr. A. H. Gabriel, Atomic Weapons 
Research Establishment, Aldermaston. On the 
programme seven communications were listed and an 
eighth was added by Dr. C. Breton, who described 
some recent French work on plasma. As in other 
recent international conferences the scope of time
resolved spectroscopic work on plasmas, or indeed 
on discharges in general, has been sho~'Il to have 
extended very widely since the end of the Second 
World War, at which time very little work in this field 
had been done. This new work has, of course, 
largely been prompted by the rapidly growing 
interest in high-temperature plasmas, partly because 
of the widespread interest in the possibility 
of obtaining thermonuclear reactions and, more 
recently, partly because of work on the so-called 
magnetohydrodynamic conversion of energy. In 
both these closely related fields spectroscopic tech
niques are pre-eminent. This is because such 
techniques do not normally interfere with the 
discharge being investigated and because of their great 
range and power. The need for time-resolved studies, 
often on a sub-microsecond scale, has also led to the 
development of advanced optical techniques, and the 
latter were very much in evidence at the present 
conference. 

Although speakers from France, the United States 
and South Africa all made contributions, the majority 
were provided by various workers from the 
Atomic Energy Authority at Harwell and Alder
maston. 

The first paper was given by Dr. A. H. Gabriel, who 
has been responsible at the Atomic Weapons Research 
Establishment for the development of much striking 
optical apparatus for plasma work. He spoke 
about a system incorporating a fast-rotating mirror 
camera and a medium quartz spectrograph, used, for 
example, in work on fast pinched discharges with 
electron densities varying in the region 1015- 1018 per 
c.c. and lasting a few µsec. and time resolutions of the 
order of O· l µsec. or less. Dr. Gabriel then proceeded 
to describe various other optical techniques available, 

namely, an image-rotating device in which three 
mirrors are used with a vertical slit, and an apparatus 
for work in the vacuum ultra-violet region using near 
normal incidence and covering the wave-length 
range 2000-5000 A. In such an instrument it was 
pointed out that astigmatism of the concave grating 
presents a difficulty. The spectrum is recorded near 
the base of the normal on to the Rowland circle and 
since only a limited wave-length range can be covered 
on one setting the position of the entrance slit assem
bly is made movable. A resolution of 3-mm. image 
displacement per µsec. is obtained. In connexion 
with all this work a precision capillary light source for 
calibration in the visible and quartz ultra-violet has 
been developed which gives virtually uniform illumina
tion for about 12 µsec. and with an effective black
body temperature of about 25,000°. Another source 
for vacuum ultra-violet work, based on that of 
W. R. S. Garton at the Imperial College of Science 
and Technology, was also described by Dr. Gabriel. 
Experiments at the Atomic Weapons Research 
Establishment that were mentioned include measure
ments of excitation temperatures, that is, state 
populations, etc., for various discharges, and studies 
of free-free continua in the temperature-range 
105-2 x 108 degrees, and finally, Dr. Gabriel men
tioned experiments involving observation of emission 
spectra of rapidly pinched discharges, for example, the 
influence of impurity lines at different times, and 
work on absorption spectroscopy using axial viewing 
from a hollow pinch in which electron densities could 
be obtained from a. study of line widths. 

The next speaker, Prof. J. D. Craggs of the Univer
sity of Liverpool, described recent experiments on the 
measurement of line broadening due to the inhomo
geneous field Stark effect in spark discharges (trans
ient arcs). He briefly summa.rized the historical 
development of this technique, which is now widely 
used in plasma investigations, from the days when the 
statistical theory was considered adequate to the 
present time when a more accurate realization of the 
complexities of the effect, particularly with regard to 
the contribution made by electrons in the impact 
broadening process, has been reached. Recent 
experiments in Liverpool, nota.bly by Dr. E. E. L. 
Mitchell, strongly support the recent theoretical work 
of Griem and Kolb in the United States. This is for 
the Balmer lines of hydrogen, but in view of the 
present importance of the impact broadening contri
bution of electrons, experiments ha.ve been carried 
out over the past two years in Liverpool by Mr. 
Lim, who has simultaneously studied sodium and 
argon lines (notably the former) broadened by the 
impact effect and the statistical-impact broadening 
of the Balmer lines. These results again support 
the Griem-Kolb theory and direct attention to the 
possibility of making electron density measurements 
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with the use of impact-broadened lines. The use of 
sodium-hydrogen discharges has led to a number of 
interesting excitation effects which are being studied 
and Prof. Craggs briefly referred also to measure
ments of de-ionization of plasmas, with electron 
densities varying from about 1016 to 1018 per c.c., in 
relation to the recent work of Prof. D. R. Bates and 
Dr. A. E. Kingston in Belfast and Dr. R. W. P. 
Mc Whirter in Harwell. 

Dr. F. D. Harrington of the United States Naval 
Research Laboratory proceeded to describe a series of 
time-resolved spectrographs developed and used in 
recent years at that Laboratory. In particular, the 
applications included investigations of exploding 
wires and high-velocity luminescent plasmas. The 
instruments broadly fall into three general groups : 
(a) the moving film type; (b) the rotating drum type; 
(c) the rotating mirror type. Instruments in the first 
category are somewhat unusual in this respect, at 
least in European studies, and the technical excellence 
of the design and optical work was very apparent. 
For example, Dr. Harrington described an f6·6 cine 
high-speed prismatic spectrograph for use in the near 
ultra-violet and visible region with film speeds of 
9 ft./sec. and 90 ft./sec. giving respectively 460 and 
4,600 frames/sec. The resolving power was about 
5 A. at a wave-length of 4000 A. with a dispersion of 
125 A./mm. Another striking instrument described 
was a rotating drum continuous writing f /2·0 ultra
violet spectrograph. Experiments were then described 
on exploding wire spectra for a time-range 0-10 µsec. 
and using a 300-joule condenser discharge. 

Dr. R. Wilson of Harwell spoke on time-resolved 
intensity investigation of spectral lines emitted by 
impurity ions in Zeta hydrogen plBsmas and concen
trated on recent work on interpretation of these 
spectra rather than on the instruments involved. The 
impurity lines were examined with monochromators 
covering the wave-length range 100-6000 A. and most 
of the work fell in the vacuum ultra-violet region 
where the strong lines of highly ionized ions occur. 
Dr. Wilson stressed that in a plasma of this type in 
which the electron density is of the order of 1014 per c.c. 
at an equivalent temperature of 20 eV., the dominant 
processes are ionization by electron collision and 
radiative recombination, as in the solar corona, and 
this meant a strong departure from thermal equili
brium. Dr. Wilson described recent e:i...--periments on 
the transient lifetime for spectral lines corresponding 
to successive studies of ionization and showed how 
these varied in a partially contained plasma. Data 
were presented for the intensity transients of lines 
due to Ar I-Ar VIII. The time duration of the optical 
transients for these different states increased up to 
Ar VI but thereafter remained constant, and similar 
results were described for O IV, 0 V and O VI. 
Many new spectral lines, for example, due to Ne VII 
and Ne VIII, Kr V, Kr VI, Kr VII and Kr VIII and 
Xe V to Xe IX have been identified. The contain
ment times for many of these highly ionized states 
have been studied. Thus, for example, in certain 
experiments Ar VIII was contained for about 450 
µsec. 

Dr. R. V. Williams of the Associated Electrical 
Industries Research Laboratories, Aldermaston, 
also described time-resolved spectroscopic work on 
toroidal plasma discharges such as those in the 
apparatus Sceptre 4. Dr. Williams described the 
range of techniques available at the A.E.I. Labora
tories, including multi-channel recording with photo
multipliers. Experiments have recently been done 

on Sceptre 4 on radial variations of electron tempera
tures, for example, by studying the 2822 A. line of 
B IV which is concentrated near the centre of the 
discharge, and the 2066 A. line of B III was observed 
farther out, that is, nearer the tube wall. These 
lines were excited when methane was added to the 
discharge in very small amounts, which are shown to 
have negligible effect on the overall properties of the 
discharge. Further radial work on the 2271 A. 
line of C V (C V is helium-like) were mentioned. 
Various investigations of this kind indicated, for 
example, electron temperatures kT e of the order of 
20 eV. Dr. Williams also mentioned in this connexion 
new work in progress on F V and F VI lines which is 
being carried out again to obtain electron tempera
tures. Plasma instabilities are being detected spectro
scopically by examining high-frequency intensity 
fluctuations in spectral lines; the frequencies involved 
lie in the range 10-100 kc./sec. and instabilities occur
ring in different parts of the discharge could be 
separately detected by observing lines from ions 
having varying ionization potentials. For example, 
the 2781 A. line of O V was used for examining 
instabilities near the centre of the discharge and the 
second Balmer line (Dfi) for instabilities occurring 
near the wall of the containing torus. Further 
experiments involving the use of two monochromators 
so placed that each gave one of a pair of oscillograms 
of a single line, have given some support to recent 
theoretical treatments of plasma instabilities which 
indicate that the latter should be propagated in a 
torus with velocities depending on the magnetic field 
and the plasma pressure, the measured velocities of 
such instabilities agreeing quite well. Predicted 
values were about 106 cm./sec. 

Dr. N. J. Peacock of the Atomic Weapons Research 
Establishment Plasma Group at Aldermaston de
scribed spectroscopic work on the fast pinch discharges 
at that establishment. The experiments involve 
rapidly rising axial magnetic fields, electron densities 
of the order 1016 or 1017 per c.c. and electron tempera
tures estimated, for example, from measurements 
of the continuum established in the wave-length 
region below 20 A. as 100 eV. or higher. Time-re
solved spectrograms provide evidence in support of 
other work with streak cameras and with X-ray and 
neutron emission studies when maximum tempera
tures are reached during the second half-cycle of the 
driving field. Time-resolved spectrograms have 
enabled temporal variations of electron density, ion 
and electron temperatures and plasma distribution 
to be made on helium discharges and other discharges 
including a few per cent of added impurities. Studies 
of Stark-broadened profiles of the He II line 4686 A. 
agree well with Griem's theoretical work. Time
resolved spectroscopic work on electron temperature 
and electron density taken for various radial positions 
in the tube enable diffusion-rates of the plasma 
through the containing field to be estimated. Dr. 
Peacock also described emission work on deuterium
oxygen discharges, for example, in which energy 
balance relations have been studied. In this work 
electron temperatures have been estimated from the 
ratios of intensities of He I and He II lines and in 
various other ways. Dr. Peacock showed interesting 
space-resolved spectra for helium and temporal 
variations of ion density across the discharge showing 
a shell structure. 

Mr. W. W. Schroeder of the National Physical 
Research Laboratory, Council for Scientific and Indus
trial Research, Pretoria, described recent developments 
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in photo-electric recording of spectra from transient 
sparks. The techniques have been developed 
specifically to improve time-resolved spectroscopic 
a.na.lysis of solids, for example, the quantitative 
detection of copper in aluminium alloys. The con
trolled gating of the photo-multiplier proved to be so 
good that special controlled spark sources had to 
be developed and a description of such a source was 
given based on the work of A. Bardocz in Hungary. 
This source used an air-blasted control gap in series 
with the test gap. The jitter proved to be not more 
than 15 mµ.sec. over 107 discharges, and the impor
tance of ultra-violet illumination of the test gap by 
the control gap was shown to be important. 

It was possible to analyse a spectral line with a 
resolving time of 0· l µ.sec. The speaker stressed that 
in spectroscopic analysis of this kind time-resolved 
observations might well be of importance in the 
investigation of analysis and internal standard lines, 
etc. 

Dr. C. Breton (Fontenay-aux-Roses) gave an 
account of spectroscopic observations made in that 

establishment, including the observation of impurity 
lines in the far ultra-violet in a toroidal discharge 
and a new technique for the study of line profiles. 
The former work was carried out with a vacuum 
grating spectrograph using seven exit slits, each with 
a separate photomultiplier tube. Impurity lines 
from carbon, oxygen and nitrogen ions were observed 
with a 20 kV. 200 microfarad capacity bank feeding 
toroidal discharges at a pressure of 10-1 mm. of 
mercury. Dr. Breton described a new and interesting 
technique in which a broadened line profile is divided 
into thin slices by the use of successive layers of glass 
fibres some 50µ in diameter to centres of spaces 
approximately 55µ apart. The assembly is used in a 
1-m. focal distance monochromator giving an average 
dispersion of about 3 A./m:m. in the first order and in 
the visible region. Each fibre corresponds to an inter
val of about O· 15 A. and Dr. Breton showed curves 
giving temporal variations of the profile of Hp; 
finally, he mentioned experiments on plasma radiation 
and the drift velocity of ions in a magnetic mirror 
machine. J. D. CRAGGS 

ELECTRON SPIN RESONANCE 

ON November 2 the Chemical Society held a 
symposium at Queen Mary College, London, 

on electron spin resonance. In the first part of 
the symposium there were three papers. In an 
introductory paper, Prof. H. C. Longuet-Higgins 
outlined the principles of electron spin resonance 
measurements. Only paramagnetic substances show 
this phenomenon, which arises from their unpaired 
electrons. In a magnetic field the two spin states of a 
single electron are split apart in energy by virtue of 
the magnetic moment of the electron. An oscillating 
magnetic field, applied at right angles to the perman
ent field, causes the electron to jump from one of 
these levels to the other if the frequency v of the 
oscillating field satisfies the relationship : 

hv = g ~H, ~ = eh/4-rrmc 

Here H is the strength of the permanent field and g 
is a number which equals 2·0023 for a free electron. 
Electron spin resonance measurements acquire their 
interest from two subsidiary physical effects. The 
first of these is the so-called hyperfine interaction, 
which arises when the paramagnetic molecule includes 
magnetic nuclei. The value of g then depends on 
the orientation of all the magnetic nuclei, and a series 
of lines is observed rather than a single resonance. 
As an example, n equivalent protons will give rise 
to n + 1 hyperfine lines with a binomial distribution 
of intensity; a single nucleus of spin I (which may be 

~. I, i, etc.) will give a set of 21 + I equally spaced 

lines of equal intensity. The foregoing remarks 
apply to a paramagnetic molecule tumbling over and 
over in the liquid phase. But if the molecule is 
fixed in the external magnetic field, the spectrum may 
be more complicated because of direction-dependent 
interactions between the electron and the magnetic 
nuclei. The directional variation of the spectrum 
may then enable one to identify the orbital in which 
the odd electron is moving. 

The other physical effect which provides useful 
information about the nature of the unpaired electrons 

is spin-orbit coupling. An electron with orbital 
angular momentum is easier to orientate in some 
directions than in others, and this means that g 
must be regarded not as a pure number but as a tensor. 
The axes of the g tensor must coincide with the sym
metry axes of the molecule, and certain applications 
of this fact would be discussed later in the sympo
sium. 

The next paper, by Prof. S. I. Weissman, was 
concerned with line-widths in electron resonance 
spectra. The width of a line is inversely proportion al 
to the mean life-time of the spin states involved in the 
transition. Measurements of line-broadening can 
therefore throw light on the rate at which electrons 
are transferred from one molecule to another (assum
ing this to be the process which determines the life
time). Prof. Weissman gave some examples, includ
ing the reaction of the naphthalene molecule with its 
negative molecule ion and the exchange of a sodium 
ion between two naphthalene molecule ions. As he 
pointed out, an electron resonance spectrum always 
supplies kinetic information, whether one is interested 
in it or not. 

The third paper, by Prof. D. J. E. Ingram, was 
concerned with the structural information which is 
provided by electron resonance measurements on 
single crystals. Prof. Ingram classified this informa
tion under three headings: measurements on the g 
tensor, studies of the hyperfine structure and measure
ments of electronic splittings (sometimes called zero
field splittings). At Southampton he and his col
leagues had determined the orientation of the hrem 
in groups in myoglobin and hremoglobin by examining 
the way in which g varies when the crystal is rotated 
in the externally applied magnetic field. In this 
particular case there is a very large variation in g, 
from 2 to 6, so that the orientation of the hrems can 
be very accurately determined. In myoglobin there 
are two hrems per unit cell and their orientation as 
determined in this way was afterwards confirmed 
by the X-ray work of J. C. Kendrew. An interest
ing molecule is hremoglobin azide, where the g 
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