
Diagram of the layout of the apparatus for the 
optical pumping experiment of the visiting team 
from Heidelberg. Mercury ions come 
in from ISOLDE and are collected on a 
molybdenum foil which can be swivelled round 
to feed the ions in the bulb (top centre of 
diagram). The bulb is surrounded by a magnetic 
field and an r.f. coil. Circularly polarized light 
from a mercury lamp is illustrated as coming 
in from the bottom in the diagram. The beta 
telescope which observes the decay of the ions 
is indicated on top. 

length some ten t imes greater. Fi­
nally, the rel iabi l i ty may dec ide be­
tween the use of a plane of parallel 
wi res or of foi l for the septum. CERN 
preferred foi l for the first tests. Bata­
via and Brookhaven are try ing wires, 
thus both approaches wi l l be tested. 

Optical pumping 
One of the most intr icate exper iments 
ever carr ied out at CERN is under 
way at the isotope separator on-l ine, 
ISOLDE, fed by the 600 MeV synchro­
cyc lot ron. It is concerned wi th nu­
clear structure studies — measuring 
nuclear spins, nuclear moments and 
nuclear shapes. When such measure­
ments are carr ied out wi th nuclei far 
f rom the stabi l i ty l ine (nuclei wh ich 
have neutrons or protons over and 
above what is normal ly a stable con­
f igurat ion), such as can be produced 
and examined at ISOLDE, new know­

ledge can be gathered about how 
the nuclei are built up. Work at 
ISOLDE can be compared to work on 
superheavy elements in the sense that 
we are test ing whether our exist ing 
knowledge of nuclear matter can be 
extended to unexplored regions. 

These studies are often di f f icul t 
because so few nuclei of isotopes far 
f rom the stabi l i ty line can be isolated 
for examinat ion that only extremely 
sensit ive methods can hope to study 
their propert ies. A visit ing team from 
Heidelberg (J. Bonn, G. Huber, H. J. 
Kluge, U. Kôpf, L. Kugler and E. W. 
Otten) work ing at ISOLDE have em­
ployed techniques ( including ' opt ica! 
pumping ' wh ich has become part icu­
larly associated wi th their experiment) 
wh ich run through a great deal of our 
knowledge of atomic and nuclear phy­
sics en route to unearthing new in­
format ion about the nucleus. Indeed, 
v\/hen their experiment was first pro­
posed, Professor Preiswerk remarked 

that it contained so much beauti ful 
physics that it was worth doing even 
if it fa i led. 

They have studied a series of short­
l ived mercury isotopes obtained f rom 
ISOLDE. An isotope is col lected on 
a molybdenum foi l wh ich can be 
swivel led round (after a col lect ion 
t ime of about 1 half-l ife) to point into 
a bulb contain ing an inert gas (he­
l ium). The foi l is heated and the 
mercury atoms evaporate off ; the 
gas helps to preserve them as ' free ' 
atoms (keeping them away f rom the 
wal ls where they might interact) wh ich 
is necessary for the subsequent spec­
t roscopy stage of the experiment. 
Whi le this stage is under way another 
fo i l , at the opposi te end of the swiv­
el led unit, is col lect ing more mercury 
atoms. 

Only something like a mi l l ion of 
the short- l ived mercury atoms are 
l ikely to be in the bulb for investiga­
t ion at any one t ime and this is far 
f rom adequate for normal opt ical 
spectroscopy. Hence the series of 
manoeuvres wh ich we wi l l now attempt 
to descr ibe in s impl i f ied form. 

Opt ical pumping is a technique dis­
covered by A. Kastler (earning him 
the 1966 Nobel Prize for Physics) 
wh ich enables us to have many atoms 
exist ing in an identical energy state 
wi th their spins l ined up in one direc­
t ion. The technique is an essential 
part of the operat ion of the laser. 

If we consider a mercury atom, it 
consists of a nucleus (whose pro­
pert ies we wish to study) wi th eighty 
electrons swir l ing around it. This 
conf igurat ion can exist in many 
energy states depending on the orb i ­
tal angular momenta of the electrons, 
and on the spins of the electrons and 
of the nucleus. Speci f ic amounts of 
energy can be absorbed or emit ted 
by the atom as it hops between 
energy states. Like most of us, atoms, 
after being exci ted, wi l l fall back to 
their lowest energy state. Opt ical 
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pumping is used to manoeuvre the 
atoms into a part icular energy state 
where their nuclei are polar ized. 

The polar izat ion of nuclei , so that 
their spins line up in one d i rect ion, is 
qui te common in the field of high 
energy physics. In polar ized targets 
it is achieved by the use of high 
magnet ic f ields and low temperatures. 
With opt ical pumping it is achieved 
by d i rect ing c i rcular ly polar ized l ight, 
where the photon spins are all a l igned 
in one di rect ion onto the atoms. The 
polar izat ion can be transferred to the 
atoms by the absorpt ion of the l ight 
quanta — conservat ion of angular 
momentum then requires that the 
spins of the atoms are polar ized after 
absorpt ion. Coupl ing between the 
electron spins and the nuclear spins 
completes the desired polar izat ion of 
the nuclei . 

Absorpt ion can only take place 
when the incoming light quantum 
matches the di f ference between two 
energy levels in the atom. This cond i ­
t ion can be covered by ajust ing a 
magnet ic f ield appl ied around a mer­
cury lamp (Zeeman effect) shining on 
the bulb containing the radioact ive 
mercury atoms. The light quanta can 
be varied over a range of values 
wh ich are known when the f ie ld at the 
lamp is known. But wi thout being 
clever we would never know that we 
had hit the part icular values at wh ich 
absorpt ion, and thus atomic and nu­
clear polar izat ion, takes place since 
there are too few atoms in the bulb 
to give us discernable l ight signals. 
However, the values can be ident i f ied 
when the nucleus decays sending 
out an electron (beta decay). 

Beta decay is a weak interact ion 
and does not conserve parity — as 
found in the famous exper iment of 
C. S. Wu, the di rect ion at wh ich the 
electron emerges depends upon the 
d i rect ion in which the nucleus is 
spinning. There wi l l be an asymmetry 
in the distr ibut ion of the electrons 

emerging f rom our bulb when we hit 
the right values because they then 
come f rom polarized nuclei . 

When we can see that we have 
produced polarized nuclei we can 
measure the nuclear magnetic mo­
ment using the usual r.f. resonance 
technique. R.f. energy is fed to the 
atoms, via loops wrapped around the 
bulb, and, as the r.f. f requency is 
var ied, the polarizat ion (the asym­
metry in emit ted electron direct ion) 
wi l l d isappear when the r.f. f requency 
reaches the value corresponding to 
the energy needed to swing the nu­
clear spin round from one di rect ion 
(relative to the magnetic f ield) to the 
other. The magnetic moment can be 
calculated knowing this r.f. f requency. 

Another way of est imating the nu­
clear magnet ic moment comes from 
the way in wh ich energy levels spl i t 
into several levels when in a magnet ic 
f ield due to the ' hyperf ine ' coupl ing 
between the magnetic moments of 
the electrons and of the nuclei . As 
descr ibed above, we sweep over a 
range of f requencies wi th the ingoing 
light. This wi l l produce polar izat ion at 
several values (because there are 
more energy levels between wh ich 
the atoms can hop), the number of 
wh ich y ie lds the nuclear spin and the 
separat ion of which is a measure of 
the nuclear magnetic moment. 

The most surpr is ing results have 
come f rom a third item of informat ion 
wh ich is drawn from knowing the fre­

quency of the l ight needed to achieve 
the opt ical pumping. The energy level 
di f ference to wh ich this corresponds 
is related to the nuclear shape (to 
be more precise — the mean squared 
radius of the nucleus). This is be­
cause the electrons passing close to 
the nuclear surface act as a probe of 
the nuclear charge distr ibut ion. The 
work wi th mesic atoms (see, for 
example, vol . 10, page 251) is based 
on the same pr incip le. 

The way the nuclear shape changes 
as we go along a very long chain 
of isotopes has never been studied 
so extensively before. ISOLDE makes 
over twenty mercury isotopes avai la­
ble for invest igat ion. 

The di f ference between levels by 
compar ison wi th that of the stable 
isotope 1 9 8 Hg (118 neutrons, 80 pro­
tons) fo l lows the straight line ant ic i ­
pated by calculat ion as the number 
of neutrons varies f rom 125 to 107 
( 2 0 5 Hg to 1 8 7 Hg). Then wi th 105 and 
103 neutrons the di f ference departs 
radical ly f rom the predicted value — 
in other words the nuclear shape 
changes abrupt ly (probably from a 
spher ical to a deformed shape). 

Why this sudden deformat ion of the 
nucleus takes place is unknown. It is 
certainly not expected to take place 
for an element l ike mercury which has 
an almost c losed shell of protons. 
This very intr icate experiment has 
succeeded not only in carrying out 
the di f f icul t measurements it set out 
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isotopes (the x-axis counts the number of 
neutrons in the nucleus ; the y-axis counts the 
energy difference by comparison with the 1 9 8 Hg 
isotope). The difference as we move down the 
isotopic chain follows the straight line predicted 
by calculation until the isotopes with 105 and 
103 neutrons when the difference changes 
abruptly. This indicates that the nuclear shape 
has changed radically for these two isotopes 
compared with the others. 



A DISC counter specially designed to identify 
charged hyperons. The optics are housed in the 
cylindrical sections. The photomultipliers with 
their magnetic shielding are shaded black. 

Alongside is a diagram of the same instrument. 

to do but also in revealing some very 
unexpected features of nuclear struc­
ture. 

DISC counters 
When a fast-moving charged part ic le 
passes through a transparent medium 
such as air, water or glass, it can 
emit l ight by the Cherenkov effect. The 
mechanism of this effect is often 
compared to that of an aeroplane 
travel l ing through air. When the plane 
travels through the air faster than 
the speed of sound, a supersonic 
bang is produced ; when a part ic le 
travels through a transparent medium 
at a speed faster than that of l ight in 
the medium, Cherenkhov light is 
produced. The light wave is conica l , 
l ike the shock wave of a supersonic 
plane, and the angle of the cone 
depends on the relat ionship between 
the speed of the part ic le and that of 

l ight in the medium — this is the 
basis for the measurement of the 
speed of charged part icles in Che­
renkov counters. 

A special opt ical system picks up 
the l ight produced and focuses it into 
a r ing. The speed of the part ic le is 
determined from the diameter of the 
ring of l ight. If part icles of dif ferent 
mass such as pions, kaons and ant i -
protons are sorted magnet ical ly in a 
beam-l ine so that they all have the 
same momentum, their veloci ty wi l l 
depend on their mass (the heaviest 
being the slowest). A Cherenkov 
counter wi l l record for each type of 
part ic le a ring of different diameter 
wh ich can be dist inguished by means 
of a combinat ion of screens and 
photomult ip l iers. The measurement 
of the part ic le veloci t ies can then 
be calculated knowing the refract ive 
index of the medium 
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The first counters of this type were 
in use long before physicists had 
access to accelerators of even 1 GeV. 
Their per formance was l imited by the 
qual i ty of the photomult ip l iers then 
avai lable and by their relatively s im­
ple opt ics. From 1959 studies were 
undertaken at CERN to perfect an 
opt ical system. The main di f f icul ty 
in the opt ics is that there is a chro­
matic d ispersion of the Cherenkov 
l ight wh ich l imits the ult imate veloci ty 
resolut ion of the instrument. A coun­
ter was f inal ly developed in wh ich 
chromat ism was corrected, using a 
doublet of axicons. The resolut ion 
was great ly improved. 

The first models of this type of 
counter, known as Differential Iso­
chronous Self Col l imat ing (DISC) 
counters, wh ich were l iquid-f i l led, 
were used on the 600 MeV synchro­
cyc lot ron for a variety of exper iments 
wi th pions and were then tested w i th ­
out modi f icat ion on the 28 GeV 
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