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ABSTRACT

A new magnetic field monitoring technique has been develloped to
measure the average magnetic field seen by neutrons stored in a 40
litre cavity for times of the order 150 seconds. The ‘precessing

. frequency of polarised Mercury atoms stored with the neutrons is
measured by an optical technique and we expect to determine the

magnetic field averaged over the storage time to 2 parts in 107 .
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CHAPTER I
INTRODUCTION
1,1.-Introduction

The motivation for the quest fér a neutron EDM comes from
the theoretical conseguences resulting]from'the-eXisténce
of such a gquantity. Although a neutron is known to be
electrically neutral,'one can think of it as made up of two
almost spherical charge distributions equal in size but
opposite in sign separated by a small distance radislly.

As it will be shown below, any mechanism Which gives rise
to an EDM in a free particle must involvé the violatioh éf
parity P and time'réversal symmétry T. Consequently, a
measurement of a finite mneutron EDH implies'the violation
of T Which‘has vet to be seen directly.

The work laid out in this thesis is associated with the
neutrbn EDM expefiment at the Institute Laue—Langeﬁin
(ILL)‘in.Grendble (France). This experiment is a result of
a colléboratién between the Univéfsity.of Suésex,*the
Rutherford Aﬁpletoanaboratory (RAL), the University of
Washington, Harvard University and the ILL. The group uses
for this experiment the high flux ultra cold neutron {UCN)
source designed by the technical‘UniverSity of Munich gnd
iLL. Thé actual EDM measurement uses polarised UCN'tHat
are stored in a neutron reflecting bottle. The neutrons
are subjected to statié aligned magnetic B and eiectric E
fields. A change in the-neutron résonance frequenc&-

correlated with the reversal of the E field is an

e




indication of the existence of a neutron EDM. This
observation requires precise and continuous monitoring of
Vthe magnetic field B.

The aim of the work described in this thesis is to
develop a new magnetometer systémrcapable ofﬁmonitoring fhe
magnetic field to a precisidn of a few parts in 10® in the
same volume as that occupigd by the neutrons.

After presenting, in the present chapter, the ILL
experiment in more detéil, we discuss in chapter three_the
different ﬁossible magnetometer systems that could be
implemented iﬁ thisrexperiment and the likely performance
of each of them. We establish that an optically pumped
mercury system-is probably the best system that could be
accommodated in'the ILL experiment. -In chapter 2, a
comprehensive. review of optical pumping is presented.
Chapter 4 deals with the work done ﬁn a Caesium
magnetometer. We will show that Cs vapours can be
opticaily pumped.inxlarge glass volumes (=5 litres} but an
attempt at polarising Cs in an aluminium bont;iher wWas
unsuccessful and more research to find a suitable wall
coating is fequired. General techniques of optical pumpiﬂg.
in mercury vapours are dealt with in chapter 5 in which we
describe experiments-done with coated glass and qua:tz
containers. This chapter serves as an ihtroduction to the
sixth chapter which-is concerned with the ocutline of a
prototype-mefcury mégnetometer for the EDM experiment. In
chapter.ﬁ, we will describe the successivé stages in the
realisation of such a system sﬁarting from the construction
and concluding with the experimentél results obtained. The
thesié ends with a summary of the work and suggests

improvements that could be implemeénted in the future.




1.2. - The Neutron EDM

Parity P, chafge conjugation C and time reversal T play
" an important role in quantum theory. For a iong timé, if
| was believed that each of these symmetries was conserved
until work.doné on weak decays of nuclei [Wu 57] and of
pions and mﬁons [Gar 571, [Fri 57] showed that P and C
symmetries could be violated. In-1950; Laﬂdau proposed
that these two symmetries should be.replaced by a more
general CP symmetry. Ih 1964, however, Christenson,
Cronin, Fitch and Turlay [Chr 65] proved experimentally
~that CP was violated in decays of K’ méSOns. Fortunately,
Qhe could still construct an even stronger CPT‘sjmﬁetry
suggested_by Luders [Lud 57] and Pauli [Pau 55]. If this
symmetry is indeed totally conserved then the observed CP
Violation'implies an associated T violation. One can éhOW ‘
that the existence of 5n intrinsic EDM in pafticles, such
as the neutron,_implies violation éf'T'Symmetry directlf;

~ The neutron EDM can be written as
n, =<p r.5> ' ' _ (1.1)

where p is the charge density, r the peosition vector and S
the neutron sﬁin. Let us assume that the neutron is
subjected to an electric field E. -Thevehergy shift of the
neutron due to the interaction of the electric dipole

| moment with the E field is

AE = <p, .E> C(1.2)




Since the most.important direction in a particle is the.
direction of its spin, a neutron EDM exists only if it has
a component along the spin direction. The effective energy

AE is then effectively

AE = <(n, .S)(S.E)> | (1.3)
VOI' V

AE = <(p r.S)(S.E)> | ' (1-4_)

Since the motion of r relative to S is much faster than the

- motion of 8 around E, we can write that

AE = <p T.8><S8.E> ' (1.5)
The'implication of a finite AE from the experiment shows
that <pr.S8># 0 for the neutron..

Applying T and P operators to this scalar yields

"P(r.8)=(-r)(S)P (1.6)
T(r.8) = (r)(-8) T (1.7)

because S is an axial vector and r is‘a polar'véctor. We
can immediatély see that neither P nor T commute with f.S.
If the Hamiltonian for the free neutron gives a neutron |
'staté-whi¢h has a finite expectation value for an operator,
eg. ir,s), which is odd under P and T, it can be shown that
[Mes 65j the Hamiltonian does ndt commute with P and T.
These arguments are only valid if the state concerned is
not degenerate. We know that the neutron ground state is
"not degenerate-from,workings of the nuclear'sheil model .

According to quantum mechanics [Mes 65], the Hamiltonian
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of a system is said to be invariant under the application
of a symmetry operator A only if it commutes with A.
Therefore both P and T symmetries are violated.
Consequently, the existence of a neutron EDM is a definite
manifestation of parity and time reversal violation.
'The_fheoretical predictions for the neutron EDM are model
‘ dependent. They range from less than 1.0'3':J e.cm in fhe
Standard Model.with three generations of quarks te 10'25
e.cm as predicted by the'super—sfmmetrid'mode11
Experimentally, the search for & neutron EDM started in
the Iate 1940’'s on a neutron beam at Oak Ridge at the
suggestion of N.F.Ramsey of Harvard University_and.the
first result-ef (—0.1.12.4)x10'2°-e;cm was obtained in’
1951, 'Sihce'then the measurement of the upper limiﬁ of the
EDM has been improved at the rate of one order of magnitude
every seven years. Hbst recent experimeﬁts (at ILL,
Grenoble and Leningrad, USSR} use ultra cold bottled
neutrons with speeds less than 6m/sec. The latest result
published by the ILL collaboration is <12x10'?6 e.em'at_the
95% confidence level, whereas the Leningrad group'measures

an upper limit of 26x10°2° e.cm [Alt 86].

1.3. - Measurement of the Neutron EDM at'the ILL

i

The main features of the experiment are shown in Figure
1.1. The UCN from the source enter the appafatus through -
valve V;. They are neutrons with velocities less than
6m/sec. Before reaching the storage bottle, only the UCN
with the spin-up direction canrpass‘through the lpm

magnetically saturated iron-cobalt polarising foil. Valve
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Figure 1.1 : Diagram showing the neutron EDM apparatus'at ILL




V, is then closed to impfison the polarised neutroﬁs for a
period which is currently about 80 secs. The bottle
consists of two beryllium electrodes, 25 centimetres in
diameter, separated by a cylinder of beryllium oxide 10
centimetres high. Thé UCN then bounce arouné disappearing
steadily till about 40% remain after time T.

A highly stabilised B; = 10 mGauss field.is.aﬁplied
together with a 10 kvolt/cm electric field aligned with the
magnetic field. _.Jf!k‘p.rf-;ssure-o:f-._10"4 torr of either dry
nitrogen or Helium is maintained in the apparatus to help
quench sparking. ’As they enter the bottle, the neutrons
have their spins aligned parallel to B,. A few seconds
after the Yz'valve is closed”é-30_HZ-resonant n/Z_magnetic
field oscillation perpendicular to B, is applied for a time
t of 4 seconds to turnrthe.spins into ‘the plane
perpéndicular to B,. The UCN continue precéssing around
B, as they bounce around in the bottle until after a time T
of 80 secs. a sebbnd bufst'of oscillating magnetic field |
phase coherent with the first one is applied for 43se¢ondé.

At the end of this second w/2 pulse the UCN spins are
either parallel or antiparallel to B, with a probability
whiéh depends on the extent to which the pbecessing spins
are in phase with the oscillating'field'during the'second
n/2 pulse. The change—o#er systgm has switched position
allowing the neutrons in the guide tube outside thé bottle
to diffuse towards the_detectbf. The neutrons pass back to
the FeCo foil which now acts as an analyser by reflecting
neutrons with reversed spin direction and transmitting
neutrons with unchanged spin down a vertical guide to the
detector. After a counting time of about 10 s&ecs the

neutrons that could not previously pass through:are now



'-subjected to an adisbatic fast passage by energising the

spin flipper coil in order to be counted. The first count

is usually referred to as the spin up" count and the

" L

second one as the spin down count. The whole cycle of
opeérations takes about two minutes to complete. Valve V,

is then opened again to start another machine cycle.

A typical curve of UCN counts as a function of the
oscillating field frequency is shown in Figure 1.2. A

~working point is chosen half way up the central valley and

the basic procedure is to look for a change in the UCN
counts per machine cycle on reversing thé electric field
applied. Such“a change would occur when the E-field acting
on the EDM alters the UCN precession fréquency, thereby
slightly shifting the resonaﬁce. The precession fregquency
f, is given by |

£, =

1 | ‘ :
K( 2p, By * 2u . E, ) (1.8)

- where p, is the neutron magnetic dipéle moment, and pn, the

neutron EDM. The 1 réfers'to the E; field being'parallél
to or anti-parallel to the Bﬁ field. The change in

precession frequency df when the E; field is reversed is

- 4119 EO
h

df (1.9)

and a measurement of df yields'an estimate of the neutron

EDM as long‘as the B, field remains constant.
1.4~ Need for a new magnetic field monitoring technique.

Unfortunately, some systematic phenomena correlated with
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" the reversal of the electric field can cause a resonance
-frequency shift. This is the case of leakage currents
-flowing down the walls of the storage vessel created by the
strong E; field. These currents generate their own
nagnetic field and are 1ikeiy to change withﬁthe direction
of the electric field and consequently exhibit a
pseudo-EDM.

The magnetic field is monitored by three optically pumped
Rubidium magnetometers positioned.as;close as possible to
the neutron bottle and the neutron EDM is calculated as
follows: |
The heﬁtron counts,ovér many cycleQ, with the E field in
‘ one direction are gfouped in togefher and a neutron
'résonance frequency is calculated. The same operation is
.also done for the opposite direction of the E field. Ar
neutron EbM (including any ﬁseudb—EDM) is then calculated,
The same treatment is repeated with the magnetometers and a
magnetometer EDM p, is also'compﬁted;- In order to
‘calculate the real neutron EDM we tske the differeﬁce
between 1, and p, in ordef to subtract any pseudo-EDM

.effects. The actual neutroh EDM is then

B, = (g~ 1) £ 4 (61 )2 + (81 )2 (1.10)

where 8p, and &y, are the standard deviations in the
neutron and the magnetometers EDM’s respectively.

The fact that the magnetometer§ are placed cutside the
storage vessel does not make them ideal for field
monitering inside the bottle and an alternative technique
should be implemented and that is the purpose of the work

in this thesis.

-10- .



The new technique which we have considered consists of
storing spin polarised atoms with_the_neutrons, dufing the
neutroen storage period, and use them to monitor any
magnetic field changes including those generated by leakage
currents. Sincg, both neutrons and atoms a§e to be stored
together they should average the same magnetic field.
Among.the types of atoms that could be utilised_we have
considered Belium atoms, Caesiumrafoms and Mercury atoms.
We will show, in chapter 3, that the best system to be used

is probébly an optically pumped mercury gas.
1.5 - The UCN system as a magnetometer.

An effective magnetic field mdniforing systém should have
a sensitivity greater than that ﬁhich the neutrons provide
{as é magnetometer). The neutrons themselves constitute a
magnetometer which has its owﬂ performance in meaéuring.the
precession frequency. But, one needs.an indepéndent system
with a better performance,'running.at'the same time as the
neutron system, and which is insensitive to the electric
field ( ie. that does not exhibit an EDM of its own). The
different posSible magnetometer systems under consideration
are discussed in chapter 3, where we have also attempted to
eStimate the kind of precision each systenm shnuld.prﬁvide.
Therefore, we will first éstiméte the precision achiéved by
the neutrons and take it as a reference for cdmparison with
other magnetometer systems.

Figure 1.3 shows the centr&l region of thé Ramsey
resonance curve where the frequency is determined. The
Spin-up neutrons éounted as a function of the oscillating

field frequency f can be described by

-11-
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Figure 1.3 : Diagram showing the central region of the Ramsey
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to determine & the precision in the oscillating
field frequency f . N,an N_are the two points chosen
to measure the uncettainty in the neutron count e =VN
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_N(f)=€[1—a005'(3(—,fz}fi))] (1.11)
where C = (Cl +Cy /2, a=(Cy —~Cy)/(Cy +C3 ), £y is the
resonance frequency, Af is the widfh of the central fringe,
_and C; and C, the maximum and minimum neutron counts. It
is easy to see that at the working point (f=1f, +Af/2) we

have

dN(f)
- df

= (waC)/Af ©(1.12)

. We can write the relation between the standard deviation
oy in the neutron count and the standard deviation o; in

the frequency as

O, =— O S (1.13)
O =48t | )
Consequently,
A£JN '
op = 'GF {1.14)
naC

where we used the fact that the uncertainty in the neutron
count is 4N. In the central valley the:linewidth at the

working point is [Pen 90]

: 1
Af (1.15)

T2 (T+4t/n)
which reduces .to Af’;l/ZT for t<<T. T is the time between
the two n/Z pulses and t is the lehgth of each pulse. The
typical values involved are T~ 80secs and t = 4 secs.

Substituting for Af and C in equation 1.14, we have

-13-




1

Oy = ——— . (1.186
f " onaTyN )
a is usually of the order 0.6. Taking the number of
neutrons to be 40,000 neutrons/cycle for the next
experiment planned yields for one machine cycle
o, = 1.33x10°° Hz B (1.17)

which results in measuring the resonance frequency to a

‘precision of

o \. - . '
(4?—): 5.53x10"" | (1.18)
where we took f = 30 Hz. g, is the error made in measuring
the frequenc&_due t0‘£he error in the neutron counts. The

magnetométerrsystem to. be implemented in the experiment
should, at least, attain three times this precisioh in

order to be fully effective.

-14-




CHAPTER . IT
Theory of'Optical Pumping
2.1-INTRODUCTION

The term "OPTICAL PUMPING" was first suggested by Kastler
in 1950 in Journal de Physique [Kas 50] and in a report
presehted the same year at the congress of radio-frequency
spectroscopy in Amsterdam. |

A system of atoms is said to be optically pumped when a
1light source'is used to induce a population distribution
very different from Boltzman.

Before we get to the subject of optical pumping in more
detail it'is worth askipg the question :Why.oreete'
population differences f
The purpose_hehind this is to prepare atoms for a sﬁecial
kind of spectroscopic analysis. For instance, measurements
of transfer collislonal cross sections between the Zeeman
sub-levels of an atomic system in the presence of foreign
gases. The effect of the collisions is to "thermallse the
energy levels and to equalise their populations.

Therefore, the population distribution of the atoms amongst
the different energy levels is used to measure the effect
of atomic or molecular coilisions of a giveo vapour in

presence of a foreign gas. It is a means of probing matter.

2.2~Princip1es of Optical pumping
Let us consider a simplified atom with only three energy

levels, which we shall call A, B and C [fig.2.1]. Levels A

-15-




(d)

(f)

c —_— i : C

— A ' A
{g) -~ : (h) '
Figurez. t:The optical pumping process.

It start (a) with all the atoms equally distributed among A

and B. Under the action of the pumping light {b)all the atoms
in B are excited to C.and subsequently decay (c) to both A and

B states. This process continues untill all the atoms end up {g)
in B and the pumping is complete. In (h), a RF field is applied
to equalise the A and 8 populations.

-16-




and B are low-lying and the separation between them
corresponds to a radio-frequency spectrum line,and in
thermal equilibriﬁm, levéls A and B are equally populated
whén.thB<<kT. However, the separations A-C and B-C |
correspond to lines lying in the optical spectrum. In other
words, level C is much higher.,

The sjstem is now subjected to optical radiation, the
natﬁre of which is such as to stimulate only A—C -
transitions. The beam of photons brings the atoms from the
A energy étate to the upper state C where they stay for a
véry-short time (~10'9 secs. ). The depopulation of the
excited level C is done in two ways : either by an emission
of light which brings the atoms back to the original level.
A or by an ciission of light which brings the atoms to
level B. The proportion going to each state de@ends on the
structure of the atoms. The important thing is that atoms
that dropped into B can ﬁo longer be excited to level C
because we arranged, somehow, to filtef out the’B%»C.
transitidﬂ. Nevertheless, the ﬁtoms.thét dropped back into
A are raised again to the C state énd égain they will have
some probability of dropping to B. After a long enocugh
time, every atom must end up in the B state and no more
light can be absorbed. The system is then said to be
completely pumped. |

The term Optical Pumping involves the two successive
processes A—C and C—B. In practice, atoms do not stay
indefiﬁitely in state B and relaxsation processes tend to
re-establish thermal equilibrium between levels A and B.
Furthermore, each of the leveIS'A, B and C can consist of
several sub-levels that are distinguished by their proper

quantum numbers.

-17~




Detecting these non-thermal pépulatiop_distributions can
be done in a number of ways, foi example'one can lock at |
the characteristics of thé absorbed light ( absorptiﬁn
coefficient in the case of natural or polarised light ) or-
thoée'of-the.fluorescent light ( inténsity 05 state of
polarisatiéﬁ_}. In one of the mefhods, one uses the fact'
thét.the intensity of the transﬁitted light thrbugh the
vapour varies with the degree.of pumping. As the atoms are
removed from level A the trﬁnsparency of the sample
increases., When all the atoms are in the B state the
‘pumping process is complete; the vapour is totally
transparent ahd the intensity of the transmitted light is
maximum.

We mentioned earlier that in order to have efficient
pumping the transitions B—C have to be prevented. This can
ofteﬂ be achieved by using circularly pola;ised'pumping |
light. When light passes through a circular polapiser'énd
prépagates along the z-direction, each Phofon carrieS“a-
z-component of angular momentum of +# or *ﬁ-aCCOrding to
~the sense.of the circular polarisatibn.lf we assume the i}
eneréy levels_A, B and C to represent different m values of
an atdmic,sysfem; therefore, a o' polarised light ( photons
carrying +# angular momenta ) would take atoms from a Im>
~state to a Im+1> state. Consequently, one just makes sure
that level B has at least the same m value as level C. No
atom from B absorbing_a o' photon can be accepted in C.

2.3.- The Phenomenological Treatment df Optical Pumping

2.3.1.- Pumping and Relaxation in the Ground State.

In this section, we examine how the occupation of a given

'flsf




magnetic éublevel of the ground state of an ensemble of
atoms changes with time. A classical treatment of the
dynamics of optical pum?ing can be achieved by using some
phenomenoldgical'procédure based on populatioen densities;

In the general case, one considers a system of atoms with p

sub-levels, then the rate of change of the population

density N, will be given by

- dt-}: (Vi g +Wy 5 )Ny - 2 (Vi #W N (2.1)
i=1 i=1
with . Kk=1,2,..v4)DP

where V,; is the transition probability per unit time_frOm
the sublevel k of the ground_étate to the sub-level i.qf
the same state via a certain intermediate optically excited

level, and Wki is the probability. of the relaxation

transitions between levels k and i directly. Usually the

t

energy kT of the thermal motion is much larger than the
distance EiéE betWeen the subléveisi theréfore we can
neglect the small dlfference between the equlllbrlum

populations of the sublevels. In this case all the W,y are

the same,
P
We; =PW=1/T, - (2.2)
. '=1 )
and *
P Py 1 _P 1 |
ZwkiN:l:ZmNi:T NizTN (2.3)
i=1 i=1 P PT13=1 pT, -

where N is the total number of atoms per unit volume and T,
is the time characterising all the relaxation processes and

is called the spin-lattice or the.longitudinal relaxation
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1time for the systemn,

We also introduce the notation

ZPVH =1/T, (2.4)
i=1 .

where 1/T, is the total rate of change of the difference in
population densities under the éction of the pumping light.
Since Vi ; is proportional to intensit&, T, ié usually
written as

S (2.5)

PoKI

- where K is a constant and I the intensity of the'incidenf
light. The bigger the intensiﬁy I the smaller the time
T.. In other words, it takes a brighter light source a

P

shorter time to pump an ensemble of atoms.

For the saké of simplicity, we will consider the case of
a two¥1QVel system in the ground state like the one shown

in figure 2.1, Egquation {(2.1) becomes

dN, -
- - “&?= (VAB +WAB)NA —(VBA +WBA )NB ' (2'6)
dN ' _

If we call polarisation the following quantity

N, -N
p=-ATTB

I (2.8)
N, +Nj :

equations (2.6) and (2.7) reduce to

_ZQ_




£ Lir-p,) (2.9)
dt T, 0 .

where P, is the ultimate degree of polarisation attainable,

expressed as

T, X+T,Y

P, = ———E— ' - {2.10)
T1 +Tp
and

1/t =1/Ty +1/T, - - (2.11)

X and Y are defined as

_ViA"VAB ’ P o . . T .
X= m— the degree of polarisation of the atoms due to
Vea +Vap
the light,and
_¥Waa ~ W . . ..
Y=——"——"= the small polarisation associated with the
Wpa * Wip ' '

Boltzman distribution and no light.In the two level case

T, and T, take the form
1/T, =Vas +Vay . (2.12)
1/T, =Wy, +Wun (2.13)
Since at t=0 the.polarisation of the vapour is that
associated with the Boltzmah distribution,_the solution to
equation (2.9) is solved using the initial condition
F(0)}) =Y and reads
P(t) =P, (1-e"*/T1) +Ye */"1 (2.14)

We can see that the ultimate degree of polarisation reached
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when t>>t; is equal to P,.

Since Y<<1, P, takes the form

P, =—(1-+32)'1 | | (2.15)
T, )
The minus sign occurs because of our definition of P in
equatioﬁ (2.8). Note that when Té<<Tl, P, can reach'a
value close_to -1. This means that if the pumping actioﬁ
of the source is much quiéker than the relaxation
processes, the ultimate degree of polarisation can approach
100%. This would ﬁean that the vapour could reach a state
. where the majofity of the atoms are in level B. One can
see that, in order to obtgin an efficient pumping the
condition T, <<T, must be satisfied, ie. the contribution of
the light to P; must exceed the contribution of the

relaxation to Py.

2.3.2.- The Bloch.Equations.for Optical Pumping

Let us assume now that our two-level system_represehts an
atomic gas with a total spin quaﬁtum'number F=1/2. We can
then bharacterise the syStem.by'a vectqrrmagnetisation M
proportional to the degree of poiarisation and defined by

M=npNP | (2.16)

where p is the atomic magnetic moment.If the pumping light

beam I, is along the 2z direction, this equation becomes

M, =pNP, (2.17)

z
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Equation (2.9} can be written in terms of M,:

dM‘"‘+1(M M ,)=0 (2.18)
dt tl z z0 _ *
where
T, M+, M,
z0 = - - {(2.19)
T1 +‘sz
MY = uNX, - (2.20)
and .
T y N .

Equation (2,19) is equivalent to equation (2.10) where
polarisation was replaced by magnetisation-induced by the

I, light beam. X, is the contribution of the iz,light beam

Z z

to the magnefisation‘and_Yz is-the small magnetisation due
to the_Boltzman-distribution1 Ty, is éxaétly the same T,
defined earlier in equafions (2.4) and (2}5); and the z
index was only intrdduced to remind us that thé pumping
beam is aiong the z-axis. _ _

If the direction of the applied magnetic field B does not
coincide with the direction of the light beam I,, we also
have to take into account the moment of forces acting on
the atom due to the external fieid in every direction.
‘The expressions describing the time evolution of the
magnetisation components M, and M, are obtained in a

similar way. We have

dM, 1 '
""’+—(Mx“Mxo)“7[M X Bl, =0 (2.22.,a)

dt =, '

dM, 1 | | |

—L 4 (M, ~Myo) - ¥[M X B], =0 (2.22.b)

dt 14
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H, -&-—:l:-—{Mz ~M, o) ~vIM X B], =0 (2.22.¢)
dt T, - _

(M X B], denotes the component of the cross product MXB in
.the X direction, and ¥y is the gyromagnetic ra{io.'
These expressions reduce to Bloch equations of nuclear
masgnetic resonance [Blo 46] when the light beam I, is
absent.; |

Let Hl be the projection of the total magnetization M in
the xy plane. N, is then the vectﬁr sum of M, and M, and
is therefore called the " transverse ﬁagnetization". It is
eligible to introduce a traﬁsverse relaxation time fz

defined as
1/, =1/T, +1/T, (2.23)

to describe the rate at which M, relaxes under both
external rélaiétion.phenomena and the'pﬁmping light. T, is
the relaxation time of M, in the-ﬁy—pl#ne without the
effect of the I, light beam. 7

The solutions to equations (2.22) depend on the boundary

conditidns,i.e on the experimental conditions
2.3.3.~'Applicatipq:to a Resonance Experiment

In the following, we will be restricting ourselves to a

two-level atomic system like 199

Hg which will be used in
the e#perimental part of.this thesis. |

We use a beam of light [fig. 2,2], circularly polarised,
propagating along a static magnetic field B,. The ensemble

of atoms is at the same time subjected to rotating
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Figure 2.2: An optical pumping apparatus
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.radio—frequency magnetic fields B; which rotate at the
~.angular frequency w in a'plane perpendicu1ar to-the static
field B,. In practice an oscillating field, which can be
decomposed into two counter-rotating componenfs, ié usually
used. The field-rotgting in the same'direcfion as the
atomic precession has a large integrated effgct on
transition probabilities. The field rotating in the
opposite direction averages almost to zerb each precession
cycle and can be ignored to first order. It only givesrise.
to a small shift, célled the Bloch-Siegert shift [Blo 40].

The components of B, in the_xy—plaﬁe are
B, = B, coswt - (2.24.a)

B

\ B, =B, sinwt ' - (2.24.b)

in this case thé-ratg,équations_take-the form

M, 1 ' - - P

d: +_'-(Mx - Mxﬁ.) "'Y(Msz szB_l sinot) =0 - (2'25'8')
Tz ’ N

dM | - |

—d::'-'+—*~—(My—Myu)—_‘y(MzBlcosmt—Msz)=0 (2.25.b)
T, : _ , :

dM -

d:_+——1Mz-Mzo) - y(M, By sinwt - M_B; coswt) = 0 {2.25.¢c)
1 ' '

These egquations are usually solved in a ¢oordinaté system
rotating at the frequency w around the z-axis [fig2.3], ie.
a coordinate system rotating with B, . | |

This amounts to replacing B, by the effective field:
B;+(B,-w/y). By doing so and assuming that the light beam
is along the z—éxis, we end up with the equivalent '

differential system
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Figure 2.3 : The coordinate system x'y'z rotates around
the z-axis at the angular, frequency which
is the frequency of the. B field. In this
frame, the magnetic moment,u recesses.
around B,ff which is the sum of B and (B -wfr)k.
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aM, . M, L e
o m—— - M 2-26-
dt T2 e ( =)
~ dM
E_’L-:(“’L““’) My - M /Ty oy M, (2.26.b)
dM
?;?=-+QHMY'+(MO'-MZ)/T1 (2.26.¢c)

which has the following stationary solution in the

rotating frame

2
w; " Ty /T, ) '
M =M 1~ 2-27-

z 0( 1/'!?22 + m12t1 /Tty + (o - w)? ( a.)_
M -M( -l o) ) : (2.27.b)
x 70 1/t22'+w12t1/t2'+(u& - w)? : T

w, /T, : )
M =_M - — — 2'270
Y 0(1/1:22 +o ity /T, v (e ~w)?) ( °)

Experimentally, one detects mptical'siéhals_proportional to

x+ My and M,. M, is observed in the direction of the

M
magnetic field B,. When plotted as a function of (ﬁi-—m},
M, exhibits an absorption profilé."Mx and MY are deteéted
by lqoking.at'the transverse magnetization Hl in a
direction perpendicular to the static field. If the
observation as a function.of,(ui-w) is done in the x
direction (using a phgse sehsitive de'te.cto_r.)r,‘Mx would be
“the in-phase componen£ of M, and behaves liké a dispérsion
curve (fig.2.4,b), whereas M, would be in quadrature and
displayé an absorption shape (fig.2.4.a).

When the obsérvation is done without phase detection, the
signal is proporticnal to [M;2-+MY2] [Coh_SZ]. |

By varying the angular frequency difference (w;, - w), at
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Figure 2.4 : These two profiles represent an NMR signal
when it is phase detected (using a PSD).
{a) The signal is in quadrature
{b)} The signal is in phase
In optical pUmplng, if the observatlon is
done in the x-direction,. figure (a) represents
the component M,of the transverse magnetlsatlon
and figure (b} the M, component.
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constant magnitude of B, , the 1nten51ty of the transmitted
light in the =z- d1rect10n traces out a magnetic resonance
absorption curve (fig.2.4.a). The transparency of the |
vapour is reduced by an amount that depends on (o, - w) and
on the magnitude of B, {at resonance B, is reduced to B, ).
The expression of the resonance signal linewidth, which

is easily derived from equation (2.27.a) is

1 Ty
132 : t2 '

It should be noted that this expression is only valid for a

two-level system in which only one transition is possible.

The effect of the RF power on the llnew1dth is now

apparent. By 1nduclng transitions between two energy

levels, the RF field shortens_the lifetimes of these

S
levels, and consequently broadens the resonance linewidth.

bne should note that at zero RF power the linewidth is
still_finite; The femainiﬁg term 2/t, represents the
effect of the pumping light on the liﬂewidth. The:opticel
excitation destroys the phase.memory of the precessing -
atoms. An opticel pumping photon absorption pulls the atom
out of the coherent superposition'state in which it was set
by the RF field. By measuring the linewidth for different
RF powers and different light intensities and then
extrapolating t0'zere both quantities, one can measﬁre the
intrinsic transverse relaxation time T, . The linewidth

reduces to

Aw] =1/T, . . (2.29)
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this'relation can represent a definition of fz as
being the relaxation timé of the coherence between atoms
that wés introduced by the rotating B; field. _ |

When the frequency of the applied B, field equals the

Larmor angular frequency, ie. at resonance,

B

W= =gy un-f (2.30)
magnetic dipole transitions occur between the Zeeman
levels. The RF field causes the atoms: to shuttle back and
forth between the two ground state Zeeman levels, thus
effectively transferring some of them from ievel B to level
A ifig 2.1]. ,Thé atom is said to bé in a superpdsition.of
states. This happens at relatively low values of the
amplitude of the RF field B,. One needs only satisfy the

relation
Y.B; T, z_l . ' o (2.31)

This condition is derived from the very well known Rabi
formula, at resonance, that expresses the prpbabilit?
P(t,ty;) of a transition from one spin state at t, to

another spin state at a later time t,

2 ' ,
w w, {t - ty) .
P(t,ty) = —5— zsinz[—-————-—g—-] (2.32)
Wy

where w, =yB; and w, =vB, . B, is the effective field seen
by the atoms in the rotating frame (fig. 2.3).

The time T,, in these éircumstances, is associated with the
rate at which the precessing magnetic dipocles move out of

phase with the RF field which forces their precessional
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motion. For this reason, t in equation 2.32 is replaced by

T, to obtain equation 2.31.
- 2.4- Relaxation processes

Thefultimate'degree of‘pplarisétion that'can be attained in
an_optical pumping experiment.depends critically on the
relaxation rates in the-ground'state;

There are four main relaxation mechanisms;

{(a)magnetic fieid inhomogeneities.

(blwall collisions. -

(c)atom~-atom cbllisions.

(d)loss—into'fhe reservoir..

To each reiaXation process is assigned a partial relaxation
time Ty, .

- The overall relaxation time present in typical experimental
' conditions is a combination of the individual Tgy 'S in the

form

1 1 _
—a (2.33)

2.4.1.- Magnetic field inhomogeneities

When an atom moves in an inhomogeneous-magnetic field,
its nuclear spin will not follow adiabatically the
different directions of the applied field. The atom
experiencesg randomly fluctﬁating magnétic fields. Because
different atoms have different histories in the bulb,due to
random nature.of their paths, fhere is eventually a loss of
coherenge.of the'oscillating moments. However, these

perturbations obey the motional narrowing condition
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(the"flying atom" sees only the mean field value inside the
cell) and their effects are small_enough-tb be neglected.
By careful design of the field coils this problem can be

minimised.
2.4.2.- Wall collisions

When an atom-strikesuthé walls of_a-ﬁontaiher it usually
sticks for a finite time before rebounding off. During this
.dwell, it is subjected to large local magnetic and electrip
field gradients that are prpduced by the molecules forming
the container walls. The. result is that the atomic spin
interacts with these-fields and "forgets" its initial
direction. When it leaves the wall the spiﬁ magnetic moment
finds itself randomly directed With respect to the applied
‘magnetic field; Fortﬁnately, this problem can be |
efficiently tackled by covering,the cell walls with .
coatings of special organic compounds [Rob 58] and much
longer relaxation times can.be obtained.

The relaxation time associated with this mechanism can be
identified with the mean timé of flight T, of the atoms
between two collisions with the wails. This is given by

Ty = (2.34)

5=
wl<

where V is the volume of the cell, 8 is the surface area, N i
is the atomic number density and n is the mean number of

atoms of mass m hitting a unit area per second

N v B . (2.35)

N
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8kT

T
This relaxation time T; applies in the case of vapours

where ;==( )1’2 is the mean thermal velocity.

having electronic orientations, such as alkali atoms, in

uncoated cells. In the case of pure nuclear orientations

(odd mercury isotopes for example) the atoms can actually
make many collisions with the walls before being

depolarised.
2.4,3.- Atom-atom collisions

These can happen either with gaseous impurities present
in the cell or between atoms of the vapour that is being
pumped. Short lived moleculés are likely to be fofmed in

- the process. The relaxation time_aSSociated'with this
phenomenon is given by

1 -_ — .
-.i—-*zblp v, olv,) (2.36)
c

where Np is the atomic density of thg foreign gas at the
pressure p; ;;_is the mean felative velocity, and o(;r) is
the velocity averaged spin-disorientating'collision
cross-sectién.

On the other hand, some diamagnetic gases are intentionally
put into the pumping cell to prevent the optically oriented
atome reaching the w#lls. These fofeign'gases'are called
"buffer gases" and the most widely used ones are H,, N; and
the noble gases. Bender [BenHSB] showed that S-state atoms
(without,orbital momentum) are insensitive to molecular
cpllisionsf However, oné cannot increase the pressure of
the buffer gas indefinitely because collisions between the

excited atoms and those of the buffer gas do disorientate
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the magnetic moments and therefore change the optical
conditions. If the foreign gas.pressure-is congiderably
high the excited atoms will be uniformly distributed among
the Zeeman states of the excited level and atoms will then

‘return at the same rate to all states of the ground level.
2.4.4,- Loss into the reservoir

The vapour in. an optiéal pumping dell is‘usually in
equilibrium with a metallic drop of the same element. The
l1ife time of an atom in the cell is the time between
leaving the drop and comiﬁg'back to it. The collisions with
the drop make the atoms lose their polarisation. In order
to minimise this effect, the drop is'placed in a stem
separated from the main cell by a capilléry. This effect
can be-somgtimes_completely avoided by_sealing'off_the

capillary and by working on a "dry vgpour“.

2.5- Modulation of a Light Beam berreceasihg absorbing

atoms.

in order to monitor the degree of pdlarisation of Hg
vapours, we used (see chapters 5 and 6) a'technique
suggested by Dehmelt in 1957 [Deh 57]),which consists of
shining a polariéed'light beam onto an assembly of atoms
precessing around a magnetic field pefpendicular to the
light beam direction. The output of such an experiment will
be a moduiation of the outgoing beam at the Larmor
frequency of the precessing spins.
We aim, in this section, to show how such a modulation

arises., We will not be giving the detailed calculations
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until appendix 1, but only the main lines.

Let us assume a ground stafé £otal angular momentum F=1/2
and a complete polarisation of the atomic system. Let the |
system be an ensemble of lsng atoms, of which the ground
state is a 1So state and the first excited st;te is a 3P1-
Note that the nuclear spin is equal to 1/2.

We assume the magnéﬁisation_u of thé sample to be in a
direction {0,0) téken as the quantization axis, In the

ground state, such a system could be described by the state

vector
w>=8inB/2 e */%1-1/2> + Cos8/2 e **/%j+1/2> (2.37)

where 1-1/2> and 1+1/2> are the two eigenstates
cofresponding to mF=-1/2“and mr=+1/22

We then apply a magnetic field B in the z-direction and
shine a ¢' polarised 1ight beam along the x-axis.

The aim of this calculation amounts to evaluate the
probability of findinglthe system in the excited'aP1 stété
under the action of such a light beamn. This probability P

is written as
P=i<33IE. rip> 1% +i<E-2IE. riy>1? | (2.38)

which is the sum of the transition probabilities from the
state ly> (equation 2.37) to either of the IFm,> of the
®P, excited state. E is the electric vector of the light

beam defined by

E=(E/{2)(j+ik) | o (2.39)
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and r=xi+yj+zk is the position 6f the electron making
‘the transition. The computation of equation (2.38)rresults

in (see appendix 1}

P=k(1-Sin6Cosd) (2.40)

where k is a constant.

In the experiments to be described in chapters 5 and 6, the
magnetisation of the sample lies in the xy-plane which
makes ©=n/2. The angle ¢ represents the extent to which the
atoms have precessed in a time t, i.e ¢=wt where w is the
Larmor precession frequenéy in the applied B field.

Consequently,

Pz=k(1-Coswt) (2.41)

The last expression, shows clearly the modulation in light
absorption of the beam at the atomic_precession_frequency

w.
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CHAPTER III
Possible Magnetometers for the EDM Experiment
3.1. - Introduction

As élready mentioned in chapter I, the magnetic field in
the neutron EDM experiment at ILL isJﬁdnitored by three
optical pumﬁing magnétometers placed as near as.possible to
the neutron storage volume and arranged to average the
field readings over the neutron storage cycle. The
magnefometer output is analysed for correlation with
electric field direction in the same way as the neutron
counts in order to provide an indication of any pseudo-EDM
‘associated witﬁ the magnetic'fields produéed hy the leakage
currents. Being outside the neutron storage vessel, the
maghetométérS'do not average the same magnetic field seen
by fhe.neutrons_dﬁring fhe stqrage_period.l In order to |
overcome this problem we decided to store optically pumped
atoms with the neutroné and use them to extract any
possible pseudo¥EDM. ﬁe also think that the use of a
SQUID, placed as near as possible to the neutron bottle,
will help to stabilise the B, field considerably.

Three possible magnetometer systems are discussed in ﬁhis

chapter.

1.A Helium magnetometer, 3He would be a very appropriate
system for the experiment, but the difficulty involved in

‘detecting its degree of polarisation makes its use less
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Z.A'Caeéium magnetométer. Caesium atoms provide a signal
at 4KHz, higher than Helium by a factor 500, and the
operating vapour pressure at room temperaturé; but we find
that the difficulty in storing Cs atoms in metal containers
and their tendency to form a metallié layer on the neutron
bottle walls inducing a E field breakdown will surely

prevent us fron implementing such a system.

_3}A Mercury magnetometer. This system seems to be the
best. Hg atoms are easily polarisedrand kept for long
periods of time. The Larmor frequéncy can be measured
directly and thé,precision to which this system is likely
to measure ﬁhe average magnetic field séen by the neutrons

is better than the UCN magnetometer discussed in chapter 1.
3.2, - A Helium Magnetometer

Although no work was done by the author of this thesis on
Helium vapours, it is relevant to include such a
magnetometer in the discussion. The idea of a Helium
magnetométer was first suggested by Prof. N. F. Ramsey [Ram
79] and [Ram 84]. Polarised'aHe atoms injected into the
storage volume just after the neutrons will, like the
neﬁtrons, be subjected to resonant w/2 oscillating field
rPulses at the beginning and ehd of the storage period.
Measurement of the 3He polarisation at the end of each
cycle yields the 2He resonance frequency during the cycle
and the data handling program which correlates neutron

frequencies with E field direction to give the neutron EDM
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will, in the same way, correlate e frequencies with
'E field direction to give what we call the magnetometer
EDM, an estimate of the pseudo EDM.

He seems to be a gqod cbnfender as &a magnetometer.fqr
the EDM experiment for many reasons. Due to éhargé cloud
compensation [Pur 501, [Sch 63}, SHe is expected to have
negligible intrinsic EDM. It is alsé'known to retain
nuclear polarisation over long peribdé of time [Col 63].
Furthermore, polarisations as high as 70% have been
reported in the literature [Pav TO].

On the other hand, the large neutron,cépture
cross—section (5000b) {Mug 81] limits the density ofraﬁe
that can be stored with the neutrons for 100secs to 3310'4
torr, a densit? lower by:a factor.~104 than other workers
have used iﬂ practice. This makes accurate measurement of
polarisation difficult.

Helium is optically polarised by first rﬁnning a
discharge tb‘excite the atoms from the 1180 ground state tp
‘the Zasl'metastable state (Figure 3.1). Infrared'radiaﬁion
of 10830 A is then used to pump the afoms to the excited
state 23P0. Direct pumping to this level from the ground.
state requires light sources working in the vacuum UV, if
the light beam is right-hand circularly polarised, the
my, = +3/2 and m; = +1/2 sub-levels of the 2381 metastable
state can be populated at the expense of the m, =~3/2,-1/2
sub-levels via the 23P0 level.r This polarisation of the
metastable state can then be transferred to the 1180 ground
state through a métastability exchange collisions. During
this exchange, angular momentum conservétion.laws imply a
transfef of angular momentum from the metastéble state to

" the ground. state (which has no electronic angular
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Figure 3.1 : Energy levels. of *He'in a weak magnetic
_ field. :
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momentum) . Orientation of the 1S0 nuclear magnetic moment
is extremely resistant to relaxation processes and
jifetimes as long as a few hours can be achieved when the

‘discharge is turned off.
3,2.1. - The Experimental Technique

As far as the_neutron EDM experiment is concerned, 3He
could be polarisedeand then transferred to a storage volume
already filled with neutrons. The transfer of polarised
‘He is done across magnetic field shaping solenoids to
preserve maximum orientation. Once the neutron storage
" time has elapsed, SHe atoms would be releesed before the
neutrons into an analyser to measure the polarisation and
give the SHe precession frequency. 'Uﬁfortﬁnate;y, beceuse
the 3He density in-the storage,bottle is limited to ‘
10'. torr, the measurement of polarlsatlon after storage is
difficult. In addition, the precession frequency estlmated
from polarlsatlon measurements depends on the signal
amplitude, requirihg accufate stabilisation of initial
den51ty. |

The three different methods which could be used to detect
the degree of polarisation are described in the following
section together with the performance expected from each

of them.

1. Optical detection of polarisation : 7
The method developed by Pavliovic and lLaloce in 1970 [Pav

70] could be used. This involves runnlng a d1scharge in

the vapour to excite some polafised atoms to energy levels

above the ZaPn level, thereby transferring their net
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éngular momenta to these higher states. When deéaying back
to some other lower excited states, these atoms emit
circularly polarised light whose degree of polarisatibn is
proportional to the polarisation achieved previously in
the ground'state. For example, if the discharge makes the
polarised ground state atoms go to the 2'p state, a
subsequent decay to the 31D state is folicwed by'thé
emission of a circularly polarised light at a wavelength of
6678‘A; The 3'D state is very short lived with a low number
_ density, so the prbbébility of acquiring polarisation
~through collision with the metastable state is negligible.
Nevertheless, the feasibility of this technique requires a
3He pressure in the range 0.1 torr to a few torfs. Since
the *He pressure used in the neutron'bottle is'only
1074 torr, this means that the gas.has to be compressed and,
if necessary diluted with some;additidnal unpolarised
Helium. .The whole operation.has to be repeated for each
neutron stofége time.

In order to calculate the resonance freguency for *He the
neutron result, equation (1.11), cah be modified to yield

polarisation oscillating with frequency between -8 and +B
P =P Cos(n(f - £y)/Af) (3.1)

where 8 has a maximum of 1 and is likely to bé near‘l in
practice. Extending further the neutron analysis, .
replacing the standard deviation in neutron counts by the
standard deviation in polariSationﬁof 1% obtained by a

French group [Smi 90} for P=0.7, we obtain
a -
?f=9_5x10-7 o (3.2)
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where we have taken T =80 secs and f = 30Hz. This figure
does not seem to be any better than the frequency precision
measured by the neutrons themselves (see chapter 1).
Furthermore, the French group worked at a 3Hé pressure of 1

torr, véry ﬁuch bigger than we could use at ILL.

2. Defection by NMR :

Making reference to Dr. P. W. Franks' thesis [Fra 861
which was(concerhed ﬁith using SHe as a magﬁetometer for
the EDM experiment, we effectively quote his results and
briefly describe the setFup he;recommended.

Figure 3.2 shows the proposed NMR detection system. In a
field of 1 Tesla generated by a supef-conduct%ng magnet
over a region of a few_centimetres, the SHe magnetisation
could be detected with a signal to noise ratio of the order
of 100, with the NMR pick up ééil emerged in liquid Helium.
This figure is similar to the S/N achieved by-the French
group in the optical detectioﬁ-method. Thérefore, the
result obtained above (equation 3.2) is also applicable
here and once again this-detection method does not provide
any better means of measuring the freguency than the
neufroﬁs. Furthermore, this method requires a good
reproducibility in the number of the 3He atoms arriving at

the detéctor each cycle.

3. Detection using a SQUID _

This method is alsoc dealt with in reference [Fra 86]. It
is.similar to the previous one except that the induced
oscillating flux in the pick up coil is transferred to a rf

SQUID via a flux transformer. The detection is done in a
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low magnetic field and a super conducting magnet is not
needed. The output of the SQUID is an AC voltage at the
precession frequehcy and whdse amplitude is ﬁroportional to
the Helium polarisation. P. W. Franks estimated that withr
a degree of *He polarisation of 10% and a qu;ntity of

10"* torr cooled to 4.2K, the signal to noise ratio
achievable is of the order of 100.

This is similar to the performance of the other detftection

" methods described above which did not provide a-better'

magnetometer than the neutrons.
3.3. - A Caesium Magnetometer

The main attractive features about Cs as a magnetometér
for the EDM experiment is the.high spin precession.
frequency involved and the low neutron capture
cross~-section (29b). Since Cs possesses an elec¢tronic spin
as well as a nuclear spin, its tbtal atomic nuclear moment
is then about three orders of magnitudé-larger than the Hg
or Helium magnetic moments;'which scales up the precession
frequency by the same factor. While the_Hg precession
frequency in a 10 mGauss field is about 8 Hz and that of
%He about 30 Hz, Cs sﬁins precess at about 3500Hz around
the same field. This, of course, increases the accuracy to
which the frequéncy is.measured if the linewidth remains
the same. However, the existence of an eléctronic spin
makes the storage requirements more serious. A common wall
coating for neutrons and Cs has to be found to store them
together. Thexlow Cs neuﬁron capture-crossfsectioﬁ allows
the use of higher Cs densities but. not too high to cause Cs

deposition on the walls that could increase leakage
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currents or initidte sparks. Sinée typical relaxation
times obtained with Cs vapburs are of the order of a few
tenths of a second, and the mean transit timeé in the
neutron bottle is of the 6rder of 10”3 secs, it would be
necessary to run it continuously during the ﬁeutrons
storage period.

The vapour would-be admitted to the vessel from a side tube
through a small enough hole for the neutron loss to be
negligible.

In chapter four, fhere is & description of the work we did

in trying to set up a Caesium magnetometer.
3.4. - A Mercury magnetometer

Mercury has a number of particularly desirable features
sﬁch as long rélaxatiOn'times in some types of wall
coatings and the fact that it has a rather small electric
‘dipole moment <2x]_.0'26 e.cm [Lam 87]."

. Maybe the biggest advantage of using Hg is the
possibility of a direct measurement'of-the precession
frequency averaged over the storage time, a result which
will, with careful analysis, be independenf of signal
amplitude vériatiﬁns from cycle to cycle.

Mercury atoms can be polarised inside a small-chémber
while the main storage volume is filling with neutrons.
The_polarised-Hg isithen.transferred in ~1.$ec. to mix-with
the neutrons just before the usual w/2 pulse is applied in
the normal neutron éycle. A mercury u/2 pulse applied at
the same time flips the spins iﬁto the)Xy plane and.'
modulation of a second analysing beam at the Hg precession

frequency will be recorded..
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By registering the decaying Hg sinewave inrthe neutron
storage vessel a computer program is used tb do a fitting
to the data and calculate the Hg resonance frequency in the

applied magnetic field.
Estimate of o, /f after analysis of the ADC data:

We shall show in chapter 6 that the S/N for s free
precession signﬁi with 100% modulation, at the output of
the detector, to be ~'5x104. -Determination of o;/f depends
on S/N from the light detector and the method of.processing
-the data. | |

We are going to use a 16-bit ADC to store the data at 50
reads/sec. in order to reduce the effects of mains hum.

Let N be the number of readlngs collected in a time t,
and let € be the error assoclated with the measurement of
each data point 1ndependently of the other points.
Assuming a constant countingrratg.means'that the nﬁmber of
points lying between A and'B-is-NIZV(see figure 3.3).
Since the slppe of the curve does not change much in fhgt
region, all the N/2 points have the same error e. It is
then equivalent to‘téking,one_point at the zero crossing
with an error of e€/{N/2. 1If the sinewave is written as
Y=r§Sin¢ where S is the peak to peiﬁrsifnal amplitude and
¢ the phase,_then at maximum slopg Eg"g.

The relation between the standard deviation in the

amplitude and the phase is

do. .
c‘g,::—-?i o N {3.3)
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Hg precession signal
) * .' .’1 "c * '"1
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I : - time

R Figure 3.3 : Diagram showing the Hg precession signal as sampled
. by an ADC. The signal is written as y=$/2sin(@).
LR In the [A,B] interval, the slope of the signal is
; rather constant. If N is the total number of points
collected in a time t then the number of points lying
between A and B in time t is N/2 provided that -the
sampling rate is constant.
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therefore,

Cf'-=

: __2112’(5)' |
w7z 4 \s 7(3.4)

SRR

If the same measurement is done again T secs later for the
same time t, at the point when the signal has decéyed to

1/e of its size, the error in ¢ Would.then be

2{Z f{e ' '
or’=ﬁ_-e(§)_ (3.5)
The combined error g, = -02¢-+o'2; is then

Oy s .(3.6)

2721 + 2 (o
=53

. But, what we really want is the error in the measurement of

the frequency. This can be expressed as

&'=Eé_?.=_o.i_L. o : (3.7)
f - A¢. 2uTf _

where T is the time separating the two measurements.

Substituting for =7 in the last equation gives

(3.8)

(%) - 2/2{1+ ¢ (5)

f 2nTf{N s

Taking T = 100 secs, f = 8Hz, ¢/S=1/(5x10*) and a counting

rate of 56 reads/s for t = 4 secs {(ie. N = 200) we obtain
- .
(—*-’-)=2.2'.x10'9 : (3.9)
fr7 ,
There will also be an additional ADC noise. Running fhe
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fitting prbgram {Smi 90] with a noise frée signal of
20000 bits with no attenuation gives ':_Jf/f==6'};10.'8 which
shows ciearly the effect of ADC noise.
However,this.is étill_much bet£er than the figure of
2.54x1077 obtained in chapter 7 for actual eiperimental

conditions.
3.5. - Conclusion

- A mercury magnetoméﬁer for the neutron EDM experiment
seems to be thé best possibility. The Larmor precession
frequency is measured directly and not a big
reproducibility in the signal amplitude is required.
.Mercury vapours are rather easy'to.'polarise and it is
equally easy to detect their polarisation. On the
contrary, thezraiher elaborate techniques involved in
detecting-sﬂé polarisation make it difficult to use in the
EDM experimentw Moredﬁer, a good signal reproducibility is
required. As far as Caesium is concérﬁed, the short .
reiaxation times involved and the tendency to form a
metallic layer on the neutron stordge bottlg walls.causing
a E field breakdown make it a more difficult_magnetometer

to use than mercury.
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CHAPTER .1V
Optical Pumping Experiments with Caesium Vapours
4.1. — Introduction

In this chapter we are presentiﬁg'the agtual practical
side of optical pumping with Caesium'vﬁpoursr The main
apparatus which was shown in figure (2.2) chapter 2 is now
described in more detail.  We will aiso show how
experiments were done in a 3-layer pmetal_m&gnetic shield,
as well as the changes operated on the apparatus in order
to adapt it to'the heW'environment. Different sizesfdf
absorption cells were ‘investigated.. We started with cells
of about 1/4 litre in volume, then 1 litre and_finallﬁ 5
litres. 1In the first part of this chapter, we are
concerned with the feaSibility'of optical pumﬁing in'theée
relati?ély big cells. We had to investigéte whethéf soﬁe
relaxation proéesses,‘like field'inhomdgeneities would not
make the task impossible to achieve, We finish fhis first

part by giving the resﬁlts and discussing themn.

We are concerned in the second part of this chaptér with
some attempts to optically polarise_Cé atoms in a 7-litre
aluminium vessel. Since the system has to be continuously
‘pumped, a vacuum set-up was fixed to the vessel.
Furthermore, we give the description of two different wall
coatings that were used, namely Surfasil, and a solution of
Polystyrene we made in the laboratoryl This second part is

also closed with a discussion of the_resuits cbtained.
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Before going to the experimental side in this chapter,
it is rather necessary to give a description of optical

pumping in Caesium vapours.
4.2.- Optical Pumping in Caesium

Like all alkali atoms, caesium is a very chemically
reactive element. It is soft, silvery and rapidly tarnished
in air. In nature, it alwaYS'apbears combined with other
élements. Its orientation was first reported by Blandin and
Barrat [Bla 56].

Caesium has a series of closed electron shells and one
electron left over. The lowest st#te is a 6s. Because L=0
and 5=1/2, the ground level is a ’S,,, state (fig 4.1). The
first exci#ed states “Py,, and *P,,, have the single |
electron in the 6p state.

The nuclear spin of the natural isotope 133¢s is
I=7/2._In the ground state there are two hyperfine lévels
F=3 and F=4., However, the excited states zPuz and 3P3,é
~are made up of the hyperfine levels F=3,4 and F=2,3,4,5
respectively. These hyperfine levels are sepdf@ted by much
smaller intervals than those of the ground state. The
separation between the 251,2 ground state and the ’P,,, and
2P3,2 corresponds to waﬁéléngths in the near infra red. The
two_transitions correspond to the D lines in sodium.

Usually,.to 6btaih an'efficient hyperfine pumping, the
hyperfine components in thé pumping light should be
'selected. Hyperfine comporient separation is done either
with ordinary interfereﬁce filters or by some other
ingenious way like using the emission 1ine of one isotope

to pump the other. In the case of Cs, one uses interference
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filters. The 28112—2P1,2 transition corresponds to k=8943£b
/K/whereas the zsl,z—zps}z corresponds to A=8524 &. Optical
pumping in Cs is commonly done wusing the 8943 R line
converted to circularly polarised light using a plane.
rolariser and a q@artér wave plate. This light must
propagate along a steady magnetic field, through the
resonance bulb onto a detector {photo diode or photo
multiplier). Under these conditions, any.transition induced
by the light iswsubjecﬁ to the,selection_rule‘AM£=+1. -
Nevertheless; for the spontaneous decay, AM,=0,%1 are
possible with equal prob#bility. Consequently, thera is a
tendency for atoms to be transferred from states of low
values of M, to states of higher_valueé of M. When an
atom falls into the highest Mf'ngUnd state,.i.e. the level
F=4, My=+4, it cannot be excited again because the 2P1,2
multiplet of states does not contain a- higher M, value. In
a time of the order of a few hundreds of milliseconds ( in
the case of alkali'vapors*) many of the atbms are
transferred to the F=4, M ,=+4 state and optical absorption
reaéhes a minimum. This level corresponds to B 6f the three
level systenm (see fig. 2.1). All the other ground state
levels are playing the role of A and all the 2P1,2 levels
are playing the role of C;
If a radio-frequency field is applied resonant with
‘the transition F=4, Mg =+4 to F=4, M =43 in the ground |
.State, pumping infra-réd absorption increases and‘a
measurement of g, for the 281,2 level can therefore be
made, If both D lines are used, i.e. the interference
filter is not used, the 8524 & line will take the atoms to
_ the 2P3,2 multiplet which contains an F=5, My=+6 level..

Some of the htams which would have been trapped in F=4,
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Mp=+4 of the ground state under the 8943& line alone will
be able to reaqh the excited M,=+5 state. This reduction in
the M,=+4'populat10n implies a less efficient pumping.

The degree of polarlsatlon obtained in a Cs vapour 1s

qulte small, usually of the order of 1.5 % [Bla 5861.
4.3, = Exreriments with Glass Cells
4.3.1. The Light Sources

Light sources used are electrodless spherical glass bulbs
of about -2cm diameter on which a stem of 4 or 5cm is flxed
(fig. 4. 2. ) A small drop of.metalllc.Cs is located in
this stem. The cell is excited by a high frequency power
of the order 10W at 60 MHz in order to generate the llght
necessary. for pumplng. The Caes1um density remains low
enough to minimise self- reversal of‘the resonance llne.
This happens when the ekcitation is not uniformly
distributed in the cell. V¥hen the atoms are in the
unexcited regions they tend to :eabsofﬁ the light e@itted
from the "good" regiqns before it leg#es the cell. The
absorption mainlﬁAhappens at the centre of the line and
leads to the apparition of a dip in the emission proflle at

the centre frequency.

Before being filled with Cs, the cells are thorougﬁly
baked under vacuum.'They are also qleaned with a high power
discharge'befdre-admitting 2-5 mg of metallic Cs and 2torr
of Argon. When the discharge is running in the-dell,'a
mixtﬁre of Cs, Argon, Cs ions, Argon ions and free

electrons are present. Since Argon atoms have a metastable
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excited state, Cs atoms are then more likely to be excited

through a collision with a metastable Argon atom, and

eventually radiate.

The pressure of Cs vapour present in the bulb is determined
by the temperature of the stem which is contéolléd by a
heater of Constantan wire wound on the stem. If the
temperature is,tdo-high the line is self ébsorbed and.
pressure broadened. On the other hand, if the temperature
is too low, there are not enough Cs atoms to enmit light‘and

the intensity of the lamp is rather low. Under'favourable

conditions, the vapour emits a rather bright and glowy

bluish light. .
4,3.2. The Absorption Cells

We used sphericéi absbrﬁtion cells of 1/4 ¢, ];t,and=5£_made;
of Pyrex glass with éfthih capillary side arms to introduce
the Cs vapour. In séme'optical pumping expeiiﬁenté5 cells
are filled with a buffer gas t§ reduce the mean free path
éi : between collisions and minimise_the number of cbllisionsb
with the cell walls. The relaxation time T, does not

L ] increase indefinatély with buffér gas pressure, ,it varies
linearly at low pressﬁres,‘reaches a:maximum and then falls
at high pressures (Fra 59). However, using this technique,
does not allow the atoms to average the magnetic fféld by
rapid motion from wall to wall, |

3  : ' 7 To enable effective averaging the cell has to be coated

with a material which does not flip the alkali spin.

ORI

Dehmelt showed, in 1958 (Rob 58), that coatingé gf iong
A chain parafines or silicones allow atoms to keep their

Polarisa;ions:fpr.relatively long times. These long
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molecules project into the cell protecting the atoms from

the local electric fields present in the walls.

‘Relaxation times of 0.1 sec were obtained in a Rb vapour by

Franzen (Fra 59).

LR

We used a siliconized agent called Surfasill The cell is

first cleaned with chromic acid and then thoroughly rinsed

with deionised water and acetone. A solution made up of -

.

2 cm® of Analar acetone and 1 em° of Surfasil is then

introduced. The bulb is then vigorously shaken to spread

k!
3
b
2
3
!
e
¥

S overnight, it was pumped down and then baked at i50°C for

the solution all over the walls. After letting it dry up

two days. A residual pressure of 2 x 10"% torr was
subseqﬁently‘measured by an ionisation gauge fixed to the
glassware. A small drop of'Cs,mefal contained in an
evacuated ampoule was then driven off to the side arm of
the reSOnance.CEIl by gentle,heating.‘ After.sa&iing*off
and removing the cell from the vacuum_System, it was gently

heated in order to clear metal from the walls.
. i; 4,.3.3. The Optical Components.

The optical accessories used to generate a parallel,

mono-energetic and polarised light beam through the
absorption cell consists of a lens, an interference filter,

a plane polariser and a quarter wave plate. The glass lens

used is positioned in such a way that the light source is

at its focal centre. The light emerging from the other side

yr———~

: is then reasonably parallel. It falls onto an interference
- g infra-red filter that only transmits the light at the
desired wavelength of 8943 A. Most of our experiments were

done with circularlyrpblarised light o' . This is achieved
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by making the light emerging from the filter propagate
through a plane ﬁolariser and a k/4 plate. These two
cémponents have to be orientated with respect to each other

in order to achieve o' light.

Setting up the circular polariser:

-A light beam wag_pro?agated through the centre of a pair
of iinear poiarisers‘LPlland L_P2 (fig 4.3) and LP, was made.
to rotate around the axis of the light beam at 50Hz using

an AC powered motor driven directly’from the mains. The

light transmitted was detected by a semi-conductor

photo-cell cpnnectéd to a current to voltage converter (see

‘sectién 4.3.5). The output voltage V(B) thainéd is a 50Hz
sinewave whose peak value is Vo when the polarisers are
parallel and a minimum when they are orqssed; A N/4 plate
inserted_hetween'the=twq pdlariSerS-¢hanges the amplitude
of the sinewave and LP, and the \/4 plate have the best

' ﬂ';i relative orientation to give circulariy'pol;rised light

when LP# has little effect on.light,emérging from the

L51} plate. In practise, this output is still a sinewave because

LP, and X\/4 do not give a perfect o pblgrised light.

As far as the detection of the transmitted light through
the absorption cell is concerned, anqther lens #ould be
rlaced after the absorption cell in 6rder to focus as much
light as possible onto the detector, buﬁ we did not judge

that it was necéséary.
B 4.3.4. The Hagnetic Fields Coils

é: f We used three sets of magnetic field coils shown in figqré

4.5, a 50~turn, 64cm diameter Helmholtz coil to generate'

. ~B0~
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Figure<4.3: Setting LP, and the N/4 plate to give o polamsed
light. In (a) LR, is fixed and LP, rotating. In (b) the
M4 plate is rotated by hand untll the S0Hz output
~trace is minimum.
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the static magnetic field B,, a similar S-turn Helmholtz
coil fed with a low freguency w,  sinewave signal in order
to modulate the main B, field and a small Helmholtz coil
mounted around the resonance cell to give the
radio-frequency field B, perpendicular to Bz.a A frequency
synthesizer (Wavetek 178) was usually used to feed the B,
coil. the formula giving the magnitﬁdé of the'magnetic
field generated by a Helmholtz coil at its centre ié

8uy NI

PRI | 7 (4.1)

‘where N is the number of turns, a the radius, B the

permeability of free.space and I the current.

4.3.5. The Detector and Associated Elecﬁnénics

We used a Hamamatsu type of photodibde from the 81337
series with a typical radiant sensitivity of 0.5 A/W at the
peak spectral response wavelength of 950£50 nm. It was
connected ﬁb a current to voltage converfer circuit,
followed by a low frequency filter ahd_an amplifying stage
(fig 4.4). We: chose C; and R; to filter out signals below
20 Hz and resistors to give aﬂ output of 1 V/pA. When
running the experiment, one is-primarily interested in the
light DC level V,.. The feedback capacitor {0.01 pF) is
used to filter out the high frequency noise that could be
ricked up frem the RF light source géhefator. "The 355
op-amp used is a low noise field effect chip, whereas the
741 is just a general purpose op-amp. The whole circuit

was battery operated to minimise 50 Hz pick-up.
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Figure 4.4: Diagram showing the turrént to Qoltage converter
circuit. The components shown yield a conversion
factor of 1 V/uAmp.
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4.3.6. Results and Discussion

In figure 4.5 is shown the usual experimental set up we
used for the detection of a fesonance signal. Light
scattered through the resonance ceil was detected by the
photocell connected to the current to the voltage
converter. -The'signal was fed either to an oscilloscope or
to a phgse sensitive detector (PSD) for hoise filtering.
In the former case, we also displayed the siénal‘used.to
modulate the B, field, usualiy a sinewave of fregquency
"~35Hz. When B, sﬁeeps through the resbhant.value, the
intensity of fhe transmitted 1ight:is reduced, giving
typically fhe pattern: shown in figufe 4.6, At resonance,
the dips in light intensity are equidistant. The signal
from the current té voltage converter was sometimes fed to
a PSD using the modulafing-Signal_as reference., The PSD
then amplifies signals at the reference-freqﬁency and
behaves like a high @ freguency locked amplifier. Using a
small sinewave modulation less than a linewidth and
sweeping the rf frequency slowly we obtained a dispersion
curve from which the signal linewidth Af could be
estimated. The freguency sweep was pefformed using the

Wavetek synthesizer.

Measurement of an absorption curve linewidth requires
considerablé care. The rf power applied to the sample must
be kept to a minimuﬁ and the field modulation should be
considefably less than the linewidth. The strength of the
rf field can be readily estimated from Rabi’s fqrmula on

resonance, yBlTZI, where T is the total relaxation time.
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wavetek 178

lI:S i} :;%Zt source | . Scope 2
LP - linear polariser

A4 - quarter wave plate
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B, - static magnetic field

B, -oscillating magnetic field

Figure 45: Observation of a resonance signal.
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Figure 4.¢- Resonance signals as a function of the magnetic field,
(a)light intensity as seen on a scope when resonance occurs;

( b ) the sinewave represents the superimposed AC field;
{ ¢ ) resonance signal out of a PSD when a small sinewave

- odylalionis used . f, is the resonance frequency and Af
the linewidth.
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consequently, one starts off by estimating T, and the rf
field By . The current needed to induce resonance with a

single turn Helmholtz coil is

53“2 amn

I, =
181y NT gy (1y/4)

(4.2)

The wall relaxation time Ty for a spherical uncoated cell

of diameter d is given by
' TwszS : (4.3)

| ) 3v
this yields (d=22cm ahd v=218 m/s at room femperature) the
éé result T,=6.7x10"* secs. Since the cell walls are coated,
| one hopes to improve this.time by'factorjof at least 100.
This gives T,=67 msecs and the current I, is then estimated
from equatioen (4.2) and found to be egual to about 0.3 mAmp
(the coil radius a is equal to 12cm). Note-that:we'chose
T, rather thaﬁ the relaxation time T, (due to field
inhomogeneities), because in a coated cell the atoms tend
to average the magnetic field by their rapid motion across
the cell. We were able to estimate T, by measuring Bz'as a
function of position with a small absorption cell 6 cm in

diameter. The results are summarised in table 4.1.

x(em) | -9 | -6 3 1 0 | 3 6 1 9
| fo(KHz) [ 128775 [129.0 | 129.2 [ 129.5 | 129.6 [ 129.9 | 130.1
y(cm) 9 | 6.1 -3 0o [ 3 ] 6 9
fo(KHz) | 128.75 | 129.0 | 129.2 [ 129.5 | 129.6 | 129.9 [ 130.05

Table 4.1
The apparatus was moved from the working position * 9cm in

one direction along the table (x direction), and the
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procedure was then repeated in the perpendicular direction
(y direction). We can now estimate the relaxation time T,
describing the effect of field inhomegenieties. This is
given, as it was pointed out in chapter 2, by the
expression x

2

Tt —
T, =W(V/Z) (4.4)

where 6B is the DC field change over the distance 2 and v
is the atoms average ‘velocity. Taking Z as the maximum
distance over which f; was measured i.e. Z = 18cm we find
that y8B=(130.1-128.75)kHz=1.35 kHgz. This gives T,=6.6
nsecs, The contribution of field homegenieties to‘the

linewidth would be Afé=1/nT2”$48 Hz.

L?newidth measurement in the 5£ cell:.

We carried out experiments in order to determine the
linewidfh of the absorption signal in the 5-litre bulb and
ggt an idea about'th¢ size of sighal to noise rétio. We
modulated the DC field at 35.1.Hz in order to avoid mains
pick up and measured the way the apparent linewidth varied
ﬁith modulation, If the strengﬁh of the modulation B, is
bigger thanrthe_true.linewidth, the absorption signal width
is a measure of the field modulation. We found that a
modulating current of 2.2 mAmps. rms was suitable using the
coil described in section 4.3.4 ( diameter = 64 cm and
number of turns N = 6). The light intensity was around 4
volts throughout the experiment with a conversioh.factor of-
1V/pAmp in the current to voltage converter. The linewidth
wés subsequently measured as a fundtion of the rf field

amplitude generated by the 12 cm radius single turn rf
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coil. The results are summarised in table 4.2.

if current RMS (mA) | 7.1 [4.7072.6 [15] 0.7.
B, field RMS(mGauss) | 0.53 [ 0.35 ] 0,21 | 0.1 | 0.03
Af(Hz) [ 600 | 500 | 400 | 350 | 320

Table 4.2

By plotting the curve representing the linewidth aé a
function of the rf current and extfapolating to zero rf
power, we find that the linewidth is of the order of 294 Hz
{(figure 4.7). The resbnanéé frequency ih the earth’'s field
was estimatéd to be around 130 kHz and the rf frequency was
swept through resonance in 500 seconds. The PSD time

constant was set to one second.

For the sake of completeness‘we show in figuré 4.8, an
actual resonance signal in the earth’s magnetic field |
obtained from the PSD output. This ié a copy of a signal
phqtograph taken from the scope. The rf fréquency was
swept from 149 kHz to 154 kHz in 200 seconds. The
estimated resqnahce frequency and linewidth are 151.65 KHz
and 600 Hz respectively. The PSD integrating time was set
to 1 second. The peak to peak signal amplitude is 0.82
mvolts and the noise .005 mv. This yields a signal to
noise ratio of 165. The total light DC amplitude used was
5.2 volts. Consequently, the change in traﬁsmitted light
at resonance is about 0.016%. This is an indication of the
amount of polarised atoms in the sample. This experiment
was done at a modulating field frequency of 35.2 Hz and a
rf current of about 7 mAmps rms corresponding to a rf B,
field of 0.52 mGauss rms. Note that the earth's field Qs

estimated from the resonance frequency is equal to 0.43
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Figure 4.8£ This is a copy of a phdtograph exhibiting
a dispertion signal detected using a PSD.

The RF frequency
154 kHz in 200 sec

was swept from 149kHz to
S. The estimated resonance

frequency and linewidth are 151.65kHz and
600 Hz respect;vely The PSD integrating -

time was set to 1
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(Gauss.

To summarise the results obtained so far we have Af,=48
Hz due to field inhomogeneities and‘an apparent linewidth
of 294 Hz. Therefore, we conclude that there must be
either another source of relaxation, or one isﬂnot
measuring the real linewidth but a modulation signal
superimposed to the earth’s magnetic field. This
immediately suggests that one has to estimate the strength'-

of the AC field present in the léboratory.

Measurement of the sﬁrfounding 50 Hz field:

We used a pick up coil located at the absorption cell
position. ~But, the pick-up coil had to be calibrated
against $ome wéll.known_field. An AC magnetic field
.generated by the 6-turn Helmholtz coil (section 4.3.4.) was
-used- to calibfate-the pick-up coil._ This coil consisted of
a shielded Ibm radius solenoid-containiné'about 5000 turns
of thin enamelled copper wire. The AC-voltage induced in
the pick-up coil by the change of magnetié flux is
amplified and measured by a PAR tuned amplifier set to a @
of 100 and a centre frequency corresponding to that of.the
applied AC field (77Hz)}. We give in figure 4.9 the
calibration curve for tpe'pick—up coil. The magnitudes of
the applied fields are calculated using equation 4.1 in
which a = 32cm, N = 6 and I the values of currents measured
using a resistor in series with the coil,

In order to estimate the laboratory AC field, no current
was fed to the 6 turn coil and the pick-up coil was left in
_the Same position as previously. The picked up voltage at
50 Hz was 17 pV rms in the direction of the light bean.

According to the calibration curve, this corresponds to =
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‘Figure 4.9: Calibration curve of the pick-up coil.
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peak to peak value of 7.4x10"% Tesla which in turn
corresponds to a 1ineﬁidth of 260 Hz in Caesium. This is
in good agreement with the linewidth measured by optical
pUmping'means (294 Hz) and therefore cOnfirms_the fact that
it was not due to any relaxation phenomenon But merely was
a measure of the AC surrounding field.

Consequently, we decided that the experiment ought to be

‘carried out in a magnetic shield in order to avoid this

effect, and be able to measure the actual linewidth.

Heasurement of the pumping time T, and the relaxation time
T, :

In order to make these measurements, we chose to use.the
so called method of.the magnetic resonance transiénts in

the presence of the pumping light [Cag 61]. This method

- consists of the sudden application of a sufficiently large

rf field, on resonance,; to cause complete disorientation.
First, thé puﬁping exponéntiai T, is observed. When the
pumping is complete, a resonant rf field is suddenly
switched on and the atoms are placed in a superposition of

I+4> and [-3> states. The signal is then modulated at the

‘precession frequency y B;. This behaviour would last

indefinately if the action éf B, was the only process

present. However, both the action of the pumpihg light and

'the relaxation processes tend to dampen out this

oscillation with a time constant ©. Cagnac [Cag 61]

showed that this exponential time constant is given by

1 141 1 | |
2: ]

We'carried out this expefiment in such a way that the rf
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field was switched on and off at a frequency of 10 H=z.
This is achieved by modulating the rf waveform with a 10
Hz square wave signal. The total light level was 3.4
volts, We show in figure 4.10 the results of such a
measurement to which an exponential was fittéd in each

region. The time constants found were
T, = 23 msecs. {4.6)
6 =8.2 msees. (4.?).

These two equations are noﬁ sufficient to determine the
three unknown quantities Tp, T; and T,. However, one can
make the assumption that T, is large compared to T, (to
"have effiéiént pumping) and approximate 1/r1-to I/Tp.

Therefore
| Tp=23 msecs. {4.8)

Using equation (4.7)

1 1{2 1 1 '
il Bl sl I (4.9)
e 2\T, T, 8.2 10

gives

T, =6.4 msecs.
This result is in good agreement with the value of T,
calculated from fiéld inhombgéneity measurements (Table
4.1) in which we found that T,= 6.6 msecs.

When doing the experiment in the magnetic shield, we expect
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T, to becoﬁe longer {provided field drifts are less
serious than they are outside the shield), but T, and T, to

remain relatively constant.

4.3.7. Experiments in the Shield

4.3.7.1. The 3-layer p—-Metal Shield

The maghetic shield in which the following experimeqts
were performed consists of 3 layers of coaxial p-metal
~cylinders 1.5 mm thick. On_the'base of each cylinder is
welded a p-metal circular:plate with a 4cm radius héle
through the centre. However, the other end of each
cylinder is open ended aﬁd is provided with an endcap of
the corresponding diameter with a 10cm radius hele in the
cenfre1 The diﬁensions of the 3 layers are as'folléws
~ Quter most layer: Tde in length and diameter.
- Central layer ©: 59.2cm in 1ength,and.diameter.
~ Inner most layer:-SOcﬁ in lengfh and diameter.

This shield has a shielding factor of 3000.
4.3.7.2. The Demagnetiser

The shield is démagpetised using a thick multi-turn loop
of copper wire EaSSing through the centre. This cable is
connected-fo a Solartron power éupply delivering a current
‘of 4 Amps at 13 volts. This current is sufficient to
generate a magnétic field that saturates‘the p~metal., A
circuit is used to reverse the current every two seconds

and to gradually reduce it to zero. The output of this

circuit which is fed to the demagnetising coil is shown in
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‘figure 4.11. The shield is usually demagnetised for

about 10 minutes.
4.3.7.3. The B, Solenoid

The static B, field was produced by a solenoid wound on
an alﬁminium former and positioned'inéide the innermost
layer of the shield. It is made up of 460 turns of 48.2 cm
diameter in a length of 46.3 cms. 1In fact, it consists of
three solenoids connected in series (fig. 4.12.a). The two
end solenoids have 28 turns and the middle one 404 turns.
Resistors'Rl and R, are home-made Bifilar wound copper
wires. This insures the change in resistance due to
temperature drifts to be the same for R,, R, and the_
solenoid. R, and R, are used in order to have different
currents flowing in the 3 SOlenOids.' They were determined

experimentally in the following manner:

A current was supplied to the sdlenoids so that the field
at the centre of the shield was 10 mgauss. The field along
the axis of the 3 solenoids is. then measured using a
fluxgate magnetometer with a resolution of 10"° Gauss up to
fields of ‘one Gaués. The shape of the measured field, as a
function of position, is bell shaped with hardly no flat
regions. R; and szare‘then adjuéted, and the field
remeasured until it becomes reasonably flat. The final
values of R;=14.92 and R, =57 Q gave the magnetic field
distribution shownrin figure 4.13 for é current of 1.67
'mAmps flowing in §,. The circuit providing the current I,
is shown in.figure 4}12.b. All the temperature senéitive

components are thermally isolated in a box contained in a
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Figure<.il: Shield demagnetisation. (a) Waveform of the
~ demagnetising current. This is reversed every 2s. (b) The
~ position of the demagnetising coil in the shield.
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Figure4.12:The Bz solenoid.
(a) The solenoid is made up of 3 solenoids in
series.
(b) Circuit delivering a stable current to the
- coil. :
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water bath to ensure a high current stébility. The chip

used is a chopper chip chosen for its_low offset voltage.,
4,3.7.4. The Optical Components

We used the same optical components as in experiments
done in section 4.3 (sub-section 4.3.3). However, one had
to get the pumping light inside the shield'from one of its
sides. For this purpose, light was made t6 propagate from
fhe source, through a set of optical fibres to the

absorption cell positioned in the centre of the shield.
4.3.7.5. The Overall Set-Up

. The absorption bulb is supported in the shield on a
plastic tube as shown in figure 4.14. The diameter of this
cylinder is such that it could hold ali éizeslof absorption
cells used. Both the photocell, used to detect the |
resonance signal, and the RF field coil were fixed to this
same cylinder. A Helmholtz coil used to modulate the Bz
field-was fixed to the. inner surface of the éluminium
'forher. This coil is 24cm in diameter with a separation of

25cm.
4.3.7.6. - Results and Discussion

Experiments to determine the linewidth and different
relaxation times were performed in exactly the_s#me way-as
in section 4.3.6.

Measurement of T, :

The results plotted in figure 4.13 yield a magnetic field
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inhomogeneity of abbut 3 Gamma across the radius of the
5 litre cell. Equation (4.4) then gives T,= 4.5 secs.
This is an improvement factor of 682 from the value of T,

measured in free space.

We expect T; to remain of the same order of magnitude as
it would be measured outside the shield. Since it is
primarily determined by the state of the cell walls. The
pumping time Ty can be estimated from a measurement of the
.linEWidth and the relation giving the gxpression for the

linewidth of a resconance signal in terms of T, and Tp.
1
valid when the RF field magnitude is extrapclated to zero.

Measurement of the linewidth:

In the following, we give thé details of the results
_obtained when an RF peak value of 4.5 x 10-3 mGauss was
applied to the cell. This was generated by a peak current
of 5 x 10°° Amps running in a single tufn Helmholtz coil 10
em in radius. The frequency of the B, field ﬁas'swept'from.
the initial value of 3.6 kHz to 3.9 kHz in 100 seconds.

The 10 mGauss Bz field was modulated at 4Hz and the

resonance signal was measured using a PSD with an -
"integration time constant of‘4 secs. The total light
output measured by the detector was 0.5 volts DC. Under
these conditions (figure 4.15) a linewidth of 10 Hz and a

resonance frequency of 3738 Hz were respectively measured.
The.signal'amplitude was 35 mvolts with a gain of 100 in
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Figure 4.15: Magnetic résonance signal in the 3-layer
M-metal shield. This was detected using
a. PSD and sweeping the RF frequency from
3.6kHz to 3.9kHz in 100 seconds. We find
- £=3.738 kHz and Af=10Hz.
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the detector circuitry. The ratio of the signal to the
total DC light is then 0.35/50030.07%ﬂ This represents the
.ﬁroportion of Cs atoms participating to the absorption. An
estimate of the peak to peak signal to rms noise ratio from

the data in figure 4.15 gives S/N = 42.

Measurement of T,:

For this purpose, we used the method of-magne%ic
resonance trahsiénts in the presence of light which was
‘explained in section 4.3.6. |
By switching the RF freguency on and off at 0.5 Hz, the
~ pumping exponential with RF-off, and the decaying
"transients with RF~on were observed at a resonance
frequency of 3696 Hz with a total light intensity of 373
mvV. The B, field used to equalise the populations was 0.47
mGauss ﬁéak. The pumping curve obtained shown in figure_
4.16 yields t, = 63.5 msecs when an exponential is fitted to
the data. Assuming T, >>T, we obtﬁin 63.5 msecs for T,, ﬁuch
less than the estimated T, of 4.5 secs. The linewidth
estimated‘from_equation 4.10 using T and T, of 47 msecs at a
light intensity of 0.5'volt, (assuming 1/Tp proportional to
light intehsity).is 6.8 Hz. This ié ih good agreement with
the value measured experimentally for the same light
intensity.

In conclusion, performing an experiment in a magnetié
shield ailowed us to reduce the signal linewidth from 300
Hz to 10 Hz. We established that it is mainly due tb field
inhémogeneities.'We assumed that T; is essentially the same
inside or outside the shield since it only depends on the
state of the cell walls.

The aim of the work achieved in this section (4.3) is not
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Figure 4.16: Pumping time curve.
The transparency of the vapour increases
as more atoms are pumped.

-87-




. to have an acbﬁrate measurement of the different relaxation
times involved in the optical pumping process, but to show

that such experiments can be done in such circumstances i.e

in optical pumping absorption cells as big as 22 cm in

diameter.
4.4. Optical Pumping Aﬁtempts in_aﬁ Aluminium Vessel
4i4.1. Introduction
As it was mentioned in the previous stages of this work,
the storage of ultra-cold neutrons in the EDM experiment is

done in metallic containers coated with some

non-depolarising substances. To be more precise, the

_container consists of a cylindrical insulator {for example

Be0O) with two conducting end-plates.. These plates- are
usually made of aluminium or copper so that a high electric
field can be applied across them. For this reason, one has
to investigate the possibility of storing polarised atoms
in metallic containeré in order to be able to stofe then
with polarised neutrons as ‘it was pointed out in the
introductory chapter.

We need a wall coating substance which allows polarised
neutrons and polarised atoms to be stored at the same time.
A prototype experiment was set up in Sussex tq store and

polarise Caesium atoms in a continously evacuated system.

We shall be dealing, in this section with the structure of
the vessel and the associated vacuum system. We shall also
describe the coatings that were tested and thé way that one

of,thése, prolystyrene, was made in the laboratory.
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4.4.2, The Aluminium Vessel

It is similar to the EDM-type of bﬁttle. It consists of
a cylinder 13cm high with an inside diameter of 23cm, wall
thickness of lcm, and two end plates (figure 4,17). The
_end plates are sealed by Viton O-rings positioned in
grooves which are cuf in the Cylinder. Eéch of the end
plafes contains a centre hole recessed to take a 4cm
diameter glass window of 3mm thickness, sealed by Viton
O—rings.. This type of O0~ring was used for their high
temperature working range and low outgassing rate.

The vacﬁum'is maintained through a lcm hole in the bottom
end plate. A home made air-actuated valve was used to
maintain the pumping. This is sbown.in more detail in
figure 4.18. Caesium vapour was admitted to the vessel
thfough'a 1cm hole in the upper plate. Figure 4.19 shows
the Caesium glass container. It consisted of a glass tube

with a teflon, vacuum tight, tap which controls the flow of

Cs to the chamber. .The small drop of Cs was admitted under

vacuum after coating the inner walls of the glass tubing

with surfasil in order to minimise the tendency of Cs to

stick to the walls.

4.4.3 The Vacuum System and Overall Set Up

A diffstak 100 series from Edwards was connepted to the

: chamber through a 1 inch copper tubing. This high vacuum
l pump is water cooled only and does'not ;equire any liqﬁid
nitrogen cooling. It is backed by.a conventional rotary
pump. The diffstak is supported on an aluminium framel

underneath the 3-layer p-metal shield. The rotary pump
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Figure 4.17: Diagram showing the Aluminium chamber
used to store polarised Caesium atoms.
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Flg 4.19: The Cesium container. The Teflon valve
opens by screwing it out.
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gits on a heavy block of concrete separated from the
laboratory floor by some thick rubber tubing in order to
minimiée the low frequency vibrations transmitted to the
work vesSel; For the same reason, the connection between
the rotary pump and the diffstak is done byrﬁeans of a
flexible vacuum pipe. The diffstak is equiped with a
combined backing/roughing valve.

The overall set up is shown in figure 4.20., The
aluminium vessel is supporﬁed inside the shield by 4 wooden
stands. The optical components are fixed to the upper end
plate whereas the light détecting photocell is fixed to the
bottom end plate facing the central hole. Light crossed
the vessel thrbugh'the centrai holes after being admitted

inside the shield through optical fibres.
4.4.4. The Surface Coatings

The surface coating is.used to preéerve spin polarisation
and preven£ the Cs atoms depositing on the walls. These
_sﬁbstances are normally aﬁplied by brushing, spraying or
dipping. There is a reasonable range of materials
available and the chcicé is determined by the experimental
conditions and the type of atoms to be stored. For |
example, it is well known that teflon (CFy,) coated
containers do not store alkgli atoms becsduse these attack
the C-F bonds very étrongly. Howéver, teflon is a very
convenient coating for Hg and Hydrogen.

.We tried two coating agents, namely surfasil and
polystyrene. The férmer was purchased from Piérce Chemical
Company, whereas the latter was made in the labOratory_from

unpolymerised styrene.
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4.4.4.1. Surfasil

Surfasil is a siliconizing agent used for surface
treatment of glass, quartz and other surfaces. It proved
to be very effective when used iﬁ optical pumping glass
containers. It is a very flammable material, corrosive and
evolves small ameunts of hydfochleride fumee during
application. Consequently, special care is required with
eyes, skin and clothing.

We found that the best results in glass cells were

3 3

obtained when using a solution of icm Surfasil and 2 cm
analar acetone. A sieilar solution was applied to the

aluminium vessel with a painting brush and left to dry up
overnight. If the coating is thorough, pouring water on

the surface would not wet it. It would just run freely

without sticking to the container.
4,.4.4.2, Polystyrene

One started off by purchasing a quantity of styrene (the
monomer) from Sigma chemicals. This usually comes with =a
trace of an inhibitor {ex. hydrqquindne) to prevent it from
spontaneous polymerization} One straight forward way of
polymerising it-is through heat and pressure. - Styrene is
put in a sealed ahpoule with thieck walls capable to
withstand up to 10 bar pressure {(figure 4.21). The ampoule
is then introduced in a stainless steel container heated
from the outside ﬁith heater tape} The temperature is
-moniteored by a Hg thermometer and the open end of the

container is covered with glass wool to keep the heat in.
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Figure 4.21: Polymer-is_ation of styrene
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The whole systeﬁ is placed in a fumé cupboard, and thé
temperature is then raised gradually until it reaches
180°C. This process takes about 4 or 5 hours and the
.entire operation is repeated 3 times. After the ampoule is
allowed to cool down, it is taken out of the oven and

wrapped in aluminium foil. It is then broken with a hammer

and the pieces of glass separated from the polystyrene
“rdd“ with a pair of clean tweezers. Poiystyrene jooks
like glass, feeis just as hard, but is a bit more opaque.
It is then disolved in analar toluene over a period of
about one day. The chemical form;lae of styrene and

polystyrene are shown in figure 4,22,

We found that application of polystyrene on surfaces
requires a bit of care. It tends to dry rather quickiy_(a
few seconds) and this makes brushing difficult. Dipping -
the container in polyStyrene was also impossible because of
the small quantities we had available and the high price of
the substance. We also found that spraying is ‘
unsatisfactory} a sprayed surface shows very tiny uncovered

[ - holes. The best results were obtained by pouring a

quantity of polystyrene on the surface and then wiping it
with a piece of aluminium sheet held at an angle to the
surface. This technique produced good uniform and Shiny

surfaces.

4.4.5.- Preliminary calculations

Before the experiment could be carried out, it was
R : - necessary to consider the conditions for an efficient

optical pumping cycle,
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CH =CH2

(a)

(b)

Figure 4.22: (a) Styrene, (b) Polystyrene.
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1. Caesium pressure:

We start off by calculating theVCs vaéor pressure needed
for one absorption length across the chamber. This means
that the light intensity drops by a factor of 1/e over a
distance £, which is in this case the height of the
chamber. |
The expression of light intensity, through a vapour, as a

function of distance is given by
I(x) =1I,e °*°F (4.11)

where I, ié the intensity at the source, x the distance
travelled by thé light, p the vapour density and oris the
light absorption cfoss+section for a given spécies of atoms
at a given wévelength. In order td have one absorption

length across the chamber one should have
I(L)y=1I,/e (4.12)
thus

opl=1 (4.13)
‘from which the required vapour pfessure could be
calculated.Tﬁe expression of o, at resonance, is calculated
from equation (9.11) given in reference [Cor 77] on page
273, Since the atoms absorbing the light are in constant
motion, there has to be a correction that takes into

account the Doppler width. We finally obtain,
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3  ; Av .
o=—unr" —— _ o (4.14)

A Avy
where Av is the natur#l width of the emitting excited
state, and Av, is the Doppler width at the working
temperature. The lifetime of the excited state Bth in Cs
is ©=3.8x10"% secs [Mit 711, which gives a natural width of
4.2 MHz. The Doppler width is given by the following

expression
Avy = 7.2x1077 {T7E v, (4.15)

where v, is the frequency of the transition, A is the
atomic weight and T is the absolute temperature. For the
8643 A Cs line at 300K we obtain AVD==363MHz,giving

4.4x10° 15 m?

for o.
Since the height of the chamber is £=10 cm, the vapour
"pressure P needed to have one absorption length across thé

chamber is readily calculated from equation (4.13)
P=6.7x10"% torr (4.16)

In conclusion, maintaining this pressure in the chamber
ensures that about a third of the total light reaches the

detector.

2.Filling time:

The other parameter that ought to be known before the
experiment is carried out is the filling time.from the Cs
container to the main vessel. |
The pipe conductance C of the Caesium container (figure

4,19) is calculated to be egqual to 0.9 £/s. The vapour
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pressure p, of Cs at room temperature is about 10°° torr
and the volume V of the chamber is 5 litres. The surface
area of the Cs outlet is A=1cm?. This surface area acts as
a-dépolarising agent sincé every atom hitting it would be
absorbed by the Cs source. The differential equation
describing the motion of the vapour from tﬁe Cs container

to the vessel is written as

dn,

]_ —
=C(n;, - n - N, VA 4,17
dt ( 1 2 ) 4 2 . ( )

where n; and n, are the number of atoms in the Cs container
and the main vessel reSpectively, ahd ; the average speed
of Cs atoms. The volume of the Cs container is assumed to
be negligable compared to the main volume V.

In terms of pressure, this equation reduces to

dp,
dt

c+B)

_ | 4.18
v Py | ( )

<la

+p2(

1- .
where B=:Z\rA, and has a solution of the form

Pz(t)=c—g—ﬁp1(1—exp—9—$ﬁt)- {4.19)
assuming p; remains constant compared with p,.

If we want p, to be equal to 6.7x10"°% torr (equation 4.18),
then t=0.5 sec. This time is rather short for the pneumatic
Qalve controling the flow of Cs to the chamber. However, a
time t of 2 secs. is rather suitable and the equilibrium

' pressure resached is 1.3x10"7 torr. This value would yield 2
absorption_lengths across the chamber. It is resonable to
r-use this amount of gas since it has already beeﬁ shown that

~optical pumping signals were observed at pressures of 1078
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torr which represent 10 absorption lengths across the small

6 cm diameter cells.

3. Emptying time:

After two seconds the Cs source valve is closed and the
atoms insi&e the main vessel bounce around as long as the
walls are coated with a non-éticking agent. The.time taken

to empty the chamber is given by the simple formula
A (4.20)
=_ n_ -
S =

where S is the conductivity of the pipe connecting the
chamber to the vacuum pump. This pipe, about 30 cm leng and
2.5 cm ip.diamEter, has a pumping speed of 6.4!/5;
Therefore, ﬁhe”time taken to reduce the pressure by a

factor of 100 is t=3.6 secs.

4 .,Depolarisation by atom-atom coilisions:

Another possibility that has to be considered is the
probability of Spin depolarisation by atom-atom coliisions.
The main depolarising source would be oxygen molecules or
Cs atoms themselves. As far as Cs-Cs collisions are
concerned, there should not be any prdblemé at a pressure
of 1.3x10°7 torr. Optical pumping cells usually work with
pressures of 10°% tbrr. On the other hand, we were
‘unseccessfull in finding, in the literature, a value for
the spin flip collisional cross section between Cs atoms
-and oxygen molecules. If we assumed that o(Cs-0,) is of.the
same order of magnetude as o{Cs—Cé) or o(Cs-Rb) i.e about

2

10°1% cm? [Cor 7T7], the éollisiOnal probability for spin

flip is given by
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P - = g

P =N, (-——)o(vr)vr- . (4.21)
Py

where Ny is the atomic density of oxygen at the standard

pressure Py, P is the partial pressure of oxygen in the

chamber and ;; is the mean relative velocity given by the

relation

v, = J(.SkT Moo * Moz ) (4.22)
T Mg Moo
from which we obtain v, = 495 m/s.

The residual pressure in the chamber was estimated frdm a
measurement of the pressure near the vacuum pump and was
found to be equal to 5x10'5 torr. The partial pressure p of
0, in the chamber is then 1x10™° tOrr..The density of
Oxygen at N.T.P is 1.429 g/f which allows us to calculate
N, . Substituting in 4.21 we obtain a spin flip probability
of 176 cpllisions/seé. This yields a relaxation time
T.=6ms. We recall that the pﬁmping time T, measured in éhe
6~1litre glass chamber was about 10 times this value,
therefore, in order to achieve an efficient pumping cyple,
we will have to use at least 10 times more light than
usual. However this calculated value of T, is rather
guessed and could well be a factor of 10 larger..
Furthermore, Cs mefal acts as an oxygen absorber and
therefore.redﬁces the amount of 0, in the chamber. This
absorpﬁion proéess happens'every time the Cs container is

opened.

4.4.6.~ Experiments and Discussion

One of the first problems we investigated was the effect
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of én uncoated aluminium surface on the signal strength.
We asked the glass blower to make a 1—1itre glass cell
coated with Surfasil containing a bare sheet of aluminium
foil 25cm? in.area. Since this sheet was loose and not

fixed to the walls, it would look like a 50 cm®

uncoated
area. We then looked for an optical pumping signal and
recorded both linewidth and signal strength. The experiment
was then reﬁeated under the same conditions {same light
intensity, same rf power...etc...) with a similar-qell.
without any aluminium sheet. The result was a reduction by
a factor of 24 in the sigﬁal strength and almost no effect
on the linewidth. This of no surprise because the linewidth
is primarily concerned with field inhomogeneities. However,
the serious effect on the signal amplitude suggests that
'épecial care should be taken when coating the aluminium
chamber.

After coating the Aluminium vessel with Surfasil in the
way described in section 4.4.4.1, we set out to look for an
absorption signal, a reduction in light intensity when
unpolarised Cs atoms were let into the cell. The light
transmitted was monitored during a typical running sequence
such as that set out below:
1.Close the high vacuun valve'(pneumatically actuated).
2.0pen the Cs tap for tweo seconds.
3.Wait for a few seconds and open the high vacuum valve to
flush'the chamber out.

In ideal circumstances, ‘a gradual drop in light intensity
would occur as soon as the_Cs tap is oﬁened, a drop with a
time constant equal to the filling.time constant. The light
intensity should eventually stabilize around some level

until the vacuum valve is opened. At this point, the light
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DC level should return to its initial value with a time
constant related to the conductance of the pumﬁing pipe.,

When we ran the experiment, however, a drop in light
intensity was seen as soon as the vacuum valve (figure
4.23) was closed. No effect was recorded Whén the Cs tap
was opened or closed but the light intensity recovered its
initial level after the vacuum valve was closed. The
experimént was repeated over and over again but‘eacﬁ time
the same behavior was recorded. Moreover, we ran with
'different'parameters, chahged the filling time and the
temperature of the Cs source, but no sensible behavior was
obtained, We had to assume that the éhange in light level
when the.pnéumatic vacuum valve was actuated was due to a
change in geometry caused by the forces exerted on the cell
by the @neumatic valve, '

In order to test this possibility, we closed the high
~ vacuum valvé of the diffstaék pump itself instead of the
pneumatic valve. This was done slowly by hand, making sure
that nothing changed position in the system. The result was
that there.was no light variation.

More experiménts were done to look for a resonance
absogpfion signal. Two methods were utilized: the
conventional method that we have been using so far, and a
second methodlbf zero-field crossings [Cor 77]. The latter
one has the advantage that the experimenter does not need
to know neither the freéuency at which the resonance occurs
nor the linewidth of the signal. Unfortunatelly, both
- methods led to negative results.

After'SQ many-attémpts,'it became apparent that the
problem was related to the wali coating. Since one knows

that Surfasil-coated glass containers stored Cs vapors, the
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Figure 4.23: Monitoring of light absorption in the 5-litre vessel.
: At B the Cs tap is opened and then close at C.
The vacuum valve is opened at A and closed at D.
There is no sign of absorption at B.
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problem is then more likely to be that Surfasil does not

cover aluminium surfaces adequately, and may well

" chemically react with them. We had another attempt to look

for an absorption signal with a freshly coated chamber but,
once again, we obtained no sensible results. The conclusion
was that the use of Suffasil on aluminium surfaces was not

advisable.

We decided to coat the work chamber with another agent,

‘namely polystyrene. This was done in the manner described

in section 4.4.4.2. The coated surfaces seemed to be inh a

satigfactory state both outside and under vacuum. However,

any effort to storé Cé-atoms in the chamber ended up with a
failure.

Having done that, it seemed rather interesting to look at
the behavior of Cs with pblystyrene in a "better"
environment. We therefore asked the glass blower -to make a
6 cm Cs absorption cell made out of pyrex treated with
polystyrene. Immediately after it was made; we noticed that
we could make Cs droplets run freely on the cell surfaqe
when this is tilted around. However, one day later, Cs
seemed to be sticking more readily on the walls. In order
to make it run towards the stem we heated the cell gently
on a bunsen burner. A rather fast and vigourous reaction
took place and the cell turned black making it iﬁpoésible
to use. Nonetheless, a second cell was made with all the Cs
concentrated in the stem. Four days later an optical
resonance experiment in the 3-layer shield was set up using
this cell and subsequently a similar cell whose walls were
coated with Surfasil. The two tests were done in the same
éonditions of light intensity, rf power...etc... We also

made sure that the shield was demagnetised after it was
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opened to put one or the other cell. Again the results
showed no changes in the signal linewidth but a rather big
change in the signal ampiitude. The signal obtained with
the polystyrene coated celi was about 6% of that registered
with the cell coated with Surfasil. It is nﬁw clear that
polystyrene is not as good a coating to be used with Cs
vapours asg Surfasil. Furthermore, aé time passed by, the
cell gradually discolored until it ended up being
completely black within a few weeks.

At this point, we decided to stbp-any further aﬁtempts to
store Cs atoms in a coated metallic container and start on
the design and construction of a system using mercury
vapour.

Clearly, the problem to solve is what sort of coating one
should use that would, on one hand coat metallic surfaces

{Al, Cu ...} thouroughly, and on the other hand not react

"with Cs (or alkalis in general).

Unfortunately; this most interesting problem was no£
tackled because of time constraints imposed on the neutron
EDM experiment in Grenoble. Furthermore, some alternative
ways to using Cs vapours in that experiment were coming
from our collgbbrators in the UniverSity of Washington
which seemed rather attractive. TheSe_suggestions were
seriously.considered in our research group to replace a
possible caesium magnetometer for the neutron EDM
experiment and the work laid down in the next pages of this

thesis was soon undertaken.
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CHAPTER V

Optical Pumping Experiments with Mercury Vapours in Sealed

Quartz Cells
5.1. - Introduction

Optical pumping experiments with mercury atoms and
alkalis are described by the same basic equations but the
apparatus used tends to differ because the process works at
a different wavelength. In this chapter we shall discuss
the design and construction of the essential parts of
system in which atomic mercury is pumped and free.

- precession observed. We shall be describing the
fabrication of light sdurces, absOrption cells, the opticéi
accessories used, the microwave generatérs and the | |
eieCtronic circuiﬁs:used fof the detection‘of resonance
signals. We shall.also show what could be done With_suéh
absorption celis and light sources. Some characteristics,
such as light noise, are measured. Some of the used items
were those used With.Caesium experiments-ané they will not
be described again but reference will be made to them.

Mercury is a very densensilvery—grey metal with a high
surface tension which does not wet surfaces but forms small
globules; hence its o0ld name of gquicksilver. Mercury is a
poor conductor of heat and electricity-éompared to silver.
. The electronic'configuration of the 180 ground state of Hg
is 2s?2p®3s?3p°3d'%4s?4p®4a’ P4 552 5p%5a P62

The natural isotopic abundances of mercury.are summarised

in table 5.1.
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Tsotope | 204 | 202 | 201 | 200 | 199 | 198
“Abundance (%) | 6.85 | 29.8 | 13.22 | 23.13 | 16.84 | 10.02.

Table 5.1

Mercury has a vapour pressure of 1.6x10"°% torr at room
temperature and is gonsequently A verv convenient element
to pump optically.The vapour pressure as a fuanion of
temperature is given by the relation

log, ¢P(torr)= ~-3214/T(K}) + 8.164.

Optical pumﬁing of Hg was first reported by Cagnac,
Brossel; and Kastler [Cag 58a, b, c,]. Figure (5.1} shows
‘the low-lving energy levels of mercury [Bro 52%.-

As far as optical pﬁmping is concerned, one is ‘only
interested in the rodd isdtopes of Hg. Even isotopes have a
completely diamagnetic ground state, i.e. they have no
electronic spin angular momentum or nuclear spin (J=0, I=0)

so their orientation is subsequently not feasiblie. The two

199 201

- odd isotopes Heg and Hg have nuclear paramagnetism
with nuclear spins I=1/2 and I=3/2 (ground state 6180). By
optically pumping these two isotopes, one obtains a purely:
.nuclear orientation of the wvapour.

The mercury spectrum contains two resonancé lines in the
ultraviolet region, the.6180~63P1 transition at 2537 & and
the 6'8,-6'P, transition at 1850A. The 1850 & radiation
cannot propagate in free space.,because it is very strongly

'absofbed.by oxygén, This photochemical reaction transforms

oxvgen into ozone and the less rapidly absorbed 2537 A
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Figure51: Low~lying energy levels of mercury.

-111-




radiation is preferred for optical_pumping.éxperiments.
The excited state 63P1 has a rather long lifetime of
1.2x10'7 sec., ﬁnd the transition probability for the
61P1~-61$0 line is a factor of 10 smaller than those of the
resonance lines of the aikalis. As & result, the pumping
time is rather long in this case and very intense light
sources are necessary.

A transition from 3P1 to 15, is not allowed by the
electric dipole transition selection rules for
Russell-Saunders coupling becauée AS#20. Mercury is a heavy
atom, however, and some breakdown of LS coupling exists
_because of the spin-orbit interaction and the 3P1 level is
an admixture of pure SPL and 1P1* It must be noted that
-both these states have the same value of J since the
spin-orbit interaction is diagonal in J. Transitions from
1P1 to 1so afe allowed and are responsible for the
intercombination line emitted. )

Figure (5.2) shows the hyperfine structure of the 2537 A
natural Hg resonance line. It coﬁsiéts of the four single
lines of the even isotopes 204, 202, 200, and 198 as well
as the hyperfine components due to the odd'isotbpes 201 and
199, |

The 201Hg isotope has three components and 119

Hg has two of
them {(figure 5.3).

‘The lines emitted by the even isotopes are well resolved,
but one notices the almost pérfect-coincidehces between
some of these lines and those of some of the components of
the odd isotopes. The expression "almost peffect" means
that the coincidence is well within a Doppier width. These
coincidences are between '?%Hg(F=1/2) and *°%ug,

201y (F=5/2) and *°*Hg and also between *°'Hg(F=3/2)
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Figure 5.2 : Hyperfine structure of the 2537A resonance
line. Agis the Doppler width at room temperature.
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for the odd isotopes '"Hg (I=1/2) and *“'Hg (I=3/2),

-114-




and‘lsaﬂg (table 5.2). The F value is that of the
excited state 63P1. These coincidences suggest the use 6f

lamps with separated mercury isotopes to obtain a more

198 201

efficient optical pumping on the Hg and Hg isotopes.

We shall, from now on, talk about,pumping.issﬂg with a
2044y excitation light without making the explicit
specification that we, in reality, mean the 199Hg(F='1/2)
component. The optical pumping mechanism in this case is
quite straightforward and is exactly similar to the three
level model of chapter 2 with the exception that the C
level is now made up of two sub-leveis. If the ?°4Hg line
is o' polarised (by using a polariser and a A/4 plate that
transmits in the ultraviolet regiqn of the spectfum) we can
.build.up an excess of atomic populatioﬁ in the mp=+1/2 of
the 6180 ground state (figure 5.4).
19't:"Hg'has served as an important test case for ithe basic
theory of optical pumping. A well detailed comparison
between.theofy and experiment can be found in the thesis of
Cohen-Tannoudji [Coh 62a, bl. |

High degrees of polarisation reaching 80% could be
obtained [Cag 61].

Finally, for the sake of comparison with orientations in
the case of alkali atoms, two important differences occur:
first the spin angular momemtum of the ground étate is
purely nuclear in the case of mercury. Therefore, one would
expect to obtain long relaxation times. Secondly, however,
the time constant to optically orientate Hg atoms with the
2637 & resonance line is rather long due to the poor
transition probability for this line as it was mentioned

earlier. Very intense microwave light sources are therefore

desirable for a successful orientation.
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| Isotope | Exited Level | Position of Component
number F (102 em™?)
200 | 1/2 42294
199 | 0 3/2 + 224.6
198 1 ' - 0.0
201 3/2 T 226
200 1 — 160.4
202 1 — 337.2
201 . 5/2 — 489.3-
204 1 - — 5111
-199 1/2 - — 5143

. Table 5.2: Hyperfine structure separations of the 2537 A Hg resonance line.
The Doppler width at room temperature is 34 x 10~ 3cm~? :
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5.2. - Experiments with Sealed Off Quartz Cells
5.2.1. - The Light Source

We used a conventional electrodeless quartz source bulb in
a microwave cavity connected to a magnetron coupled to the
cavity through an antenna A/4 cm long. The stem of the
light source sits inside an aluminium block which is fixed
to a semiconductor cooler, Figure 5.5. shows the different
components of the light source that we are going to
describe individually and in more detail in the following

Sub-sections.
" 5.2,1.1. - Lamp Fabrication

We show,.in.figure 5.6., the glassware that was set up in
the 1abofatory ih order to make suéh lamps. These consist
of a lcm diameter, 2mm thick quartz discs fixed to a 4cm
long quartz tubing and.me in diameter. In order to
pradtise we first used natural Hg to fill a lamp. When we
" built up encugh experience and confidence in the technique

d 2°%*Hg which is

we then filled a few lamps with 58% enriche
much more expehsive than naturai Hg. The filling technique
adopted is as follows:

Valve A is always kept open unless the whole system is
switched off, in which case it is closed so as to isolate
the system from the rotary pump. The system is pumped down
with a combination of a metal oil diffusion pump and a

vac-ion pump when valves B and C are opened. The liquid

nitrogen trap is used to prevent Hg coming off the
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diffusion pump from reaching the rést of.thé system.
The system is gently'heated with a torch in ordér to drive
off any water vapour déposited on the glassware. The ion
gauge fixed between valves B and G is ﬁsed to ﬁeasure the
pressure in the system. The best pressure reached was
10"" torr. The next step in the filling procedure is to
cutgas the quartz bulbs and glass. In order to do thét,
oven 2 is switched-on for four hours with a running '
tempgrature of 1000°C. bven 1 is also turned on but runs
at & lower temperature of 400“0. Noté_that 21l the tubing
in oven 2 is made out of quartz. Sinée valves G and B are
open, any impurities released are pumped out of the systen.
After allowing thé system to cool down to room
temperatqre, valves B, C and D are‘ciosea. Valve E is then
.opened and a quantity of Argon is admitted in ihe piece of
tubing betwéen-ﬁ and F. E is then closed and valve F
opened.  Two torrs of Argoﬁ are admitted to the whole
system and F is closed. fhe Argon pressure is measured by
the Baratron gauge. This actually measures the
differential pressure between its sides. Since valve D was
clesed before any Argon‘wés admitted the space between this
" gauge and D is at 10'7torr, whereas the other side is at
Argon pressure. The lamps are then further cleaned by
driving a 5 GHz microwave discharge at 170 watts to bombard
impurities off the walls.r It i§ run for 1/2 hour after
which the whole system is pumped out. This operation is
repeated a few times until the light =pectrum of the
discharge (as Observea ﬁith a hand held prism spectrometer)
does not exhibit any spectral bands emitfed bj foreign
molecules. Once the lamps.are thoroﬁghly cleaned_fhe

system'is pumped out again and the internal break-seal of
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the ampoule containing mercury oxide (HgO) powder is
broken. This is done by dropping a piece of metal on the
ampoule seal using a magnet frém the 6utside. The HgO
powder is then gently heated to 500°C using a toréh. The
trap near the ampbule is cooled down with dry ice alcohol
mixture to trap Hg released from the HgO powder, lefting
_oxygen gases escape to the pump. When all the powder has
been decomposed valve G is closed and the dry ice trép is
allowed to warm up. . The lamps are then cooled down to
liquid nitrogen temperature and the dry ice trap warmed

gently in order to transfer Hg to the lamps. Hg is shared

out among the lamps admitting about 1/2 mg in each lamp.
Valve G is then opened and the lamps are sealed off after

‘being filled with 2 torrs of Argon. Lamps made in this

manner can run for hundreds.of hours before they

deteriorate [Lam 87].
5,2.1.2, -The Midfowave Generator

Figure 5.7 shows the details éf,the microwave genérator.
It consists of a magnetron running at 3.5 Kvolts with a
stabilised anode current of 20mA. The input current to ﬁhe
magnetron:is set by the voltage developed across R which is
compared with a reference voltage and the magnetron high
current-low volfage filament supply is produced by a

switched mode power supply. The magnetron produces about

60 W of 2.45 GHz microwaves with an efficiency of 70-80%,
coupled into a SOQ‘coaxial cable using a cylindrical copper
| cavity on which the magnetron is mounted. The microwave |
power is fed to the smaller copper cavity which contains

] : the source bulb.
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This small cavity consists of a 2 inch long square copper
waveguide 1.25 inches wide. Two holes 1.5 cm in diameter
are made on two opposite sides in order to place the lamp.
The ends of the waveguide are closed with brass lids. From

the end of the transmission cable, sticks out {into the

‘cavity) a 1.5 ecm long copper wire that serves as an

antenna. The length_of-this antenna is approximately 1/4
of the miérowave wavelength. In order to tune the cavity a
3/16 inch diameter brass rod is screwed in from one of its
ends: When the lamp is placed in the cavity it is
positioned in such a way that the discharge is concentrated
in the main bulb and not in the stem. For best funning
conditions the inside of this cavity should be coated with

silver or gold.

5.2.1.3. —:The Semiconductor Stem Cooler

This is a 4cm x 4cm x 0.5cm solid state Peltier effect
heat pump. when supplied with a suitable current it can
either cool or heat. More precisely, it only.transfers or
pumps heat from one of its sides to the opposite side. We
connected éne of its sides to the aluminium block that
holds the lamp and the other side to.a water cooled copper
block. Heat can then be removed from the lamp and
transferred to water or Viée versa. The main
characteristics of this device is a 75 watts maximum heat
pump capacity, a maximum temperature difference of 60°C, a
maximum current of 9 Amps, & nominal voltagé.of 15.4 volts
DC at maximum current and a maximum operating temperature

of 150°C. : A
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5.2.2,-The Absorption cell

We used two different absorption cells. The first one,
given to us by Dr. S,Lamoreaux of thé University of
Washington is a quartz cylinder 7.5 cm in diaheter and 7.5
cm high., It is closed on both sides with two circular glass
windows fixed to it by means of a leak tight glue (Torr

" seal glue). The inner surface of this cell is COatedrwith a

transparent Teflon film. This cell contains 10°% torr of

199Hg. One expects over a long

gaseous 93% enriched
period, Hg to leak out of the cell seals and reduce the
cell’s lifetime. ﬁowever, the advantage of putting a
purely gaseous Hg in'suéh cells, is to avoid cooling them

down from room temperature in order to attain reasonable

vapour pressures.(at room temperature Hg absorbs
practically 100% of an incident light beam).
| One problem that one has to féce up to when using UV
light is the tendency of this kind of light to destroy the
inner walls coating and the release‘of.odd gases (such as -
0,) into the cell. |

The second cell we used (cglled the Sussex cell
herééfter) was made in this laboratory in a manner very
gimilar to the fabrication of the lamps as described in.
section 5.2.1.1. .. The only difference is that thé cell
was first coatéd with Surfasil and subsequently baked for 4
hours at about 160°C and not at 1000°C as it was the case

199Hg

with the lamps. An amount of metallic 66% enriched
l (10 mg) was admitted into the stem of the cell before

sealing it off and separating it from the fabrication

system. We used a cylindrical quartz container 2.5 em in

diameter and_5 cm long. The main drawback of this kind of
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cell is that the stem has to be cooled down in order to do
any optical resonance experiments.

5.2.3.- The Detector

We used the Hamamatsu R166 solar blind photomultiplier.
We found that shielding from ambient light is virtually
unnecessary. It uses a Cs-Te photocathode which has a
quantum efficiency of 17.6% at the Hg 2537 8 line. It has a
cathode-radiant sensitivity of 36.1 mA/W and a anode dark
current of 0.62 nAmps. The window material is synthetic
silica. The spectral response ranges between 160 nm and
320.nm peaking at 200 nm. The drive unit for this
photomultiplier is shown in figure 5.8. We used a Hamamatsu
high voltage power supply of the D.P. type. This features
a built-in DC-DC regulated converter from a +15 v source
supply voltage. The output voltage is controlled by a
resistance pr?gramming technique (withfa 5 K@
potentiometer) and fanges between -300 to -800 volts
enabling a control in the photqmultiplier gain. The AC=-AC
transformer was intentionally bﬁilt in a separate box from
the rest of the circuit and kept a few feet away from it in
order to minimize.any 50 Hz magnetic pick-up.

The current out of the photomultiplier is fed to a
conventional current to voltage converter with a feedback
resistor of 1IMQ giving 1V/puAmp DC output. This amplifier
has a low pass frequency response with a cut-off frequency
of 16Hz. This frequency is determined by the 1 MQ resistor
and a feedback capacitor {10nF) in parallel with it. By
changing C one can easily change the frequency response of

this amplifier whenever required.
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5.2.4.-The Optical Components

As far as the optics is concerned, one is usually faced
up to a compromise situation between the performance of a
component and the light losses induced'in it. Since we are
intefested in the UV part of the spectrum the choice
of fered by the manufacturers is rather limited.

1.The linear polariser (LP)}: We used the Oriel far.
UV—visible linear polariser. It employs:polymer films
which polarise light by dichroism. These films are
deposited on a 1/16 inch thick quartz disc 2 inches in
diameter. Wé_ﬁeasured the transmission of this polariser
at the unpolarised Hg wavelength of 2537A.and fouﬂd it to
be edqual to 17.5%. Néte that this figure is to be doubled
if the incident light were fully polarised along the
polariser axis. We used the above mentionéd
photomultiplier for the detection and a UV interference
filter to single out the 25374 line.

2.The quarter_wéve plate: This_was glso purchased from
Oriel. It is a 14.4 mm diameter zero order quartz plate.
Unfortunately, this is a rather small diameter plate which
restricts the amount of circularly polarised light to be
used in thé éxperiment.- However, we found that the
transmission of this plate at the wavelength of interest is
rather good and amounts to 83.4%. The combined LP+hx/4
plate system transmits about 14% of an unpolarised incident
beam. By applying-the procedure outlined in section 4.3.3.
and figuré 4.3, we could'find-the'optimum orientation of
the »/4 plate with respect to thé_LP for maximuﬁ circular
polarisation. Assuming that this circular polariser

produces mainly o' light, we found that for an amount of
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7¢" light there is 10 polarised light. Defining the light
polarisation as
+ - .
P, = (5.1)
o +0
we calculate that-the.fesulting light is 75% o’ polarised.
In equation 5.1, q+ and ¢ represent the actual amount of
one or the other light polarisation. ‘
3.The light guide tube: We used highly polished
aluminium coated mylar sheets rollgd to form a cylindrical
guide. We found that light polarisation deteriorates along
the guide. So, we only used them when the light
polarisation was unimportant, from the source to the
polarisér, for example, or from the cell to the detector.
A tube 1 inch in diameter and 24 inches long transmits
about 29% of the incident light with an exit angular
divergence of about 10°.
4.Transmission through quartz windows: to be used in

experiments done iﬁ an aiuminium vessel. We used 3 mm thick
and 40 mm in diameter polished spectrosil B discs‘pﬁrchased
from Comar. Lighf transmission through these windows is
measured to be about 92% in the UV. However, when they are
coated with a film of polystyréne (as this will be required
for the resonance experiment) the amount of transmitted
light is found to be very dependent on the thickness of the
film and iﬁs isotropy. For different coating thicknesses
(typically a few microns) the transmission varigd between
40% and 80%. This shows that_thése windows could be
reasonably éoated with polystyrene and Still transmit 80%
of the incident light. From this figure and the 92%

transmission through uncoated windows we find that light
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transmissién through a layer of polystyrene a few
microns thick ( 3 to 10um) is apoﬁnd 87%.

5.Transmission through empty absorption cells: The
purpose behind measuring light transmission through
absorption cells walls is to take into account the amount
of light absorbed by the walls off the total flux incident
on the cell. This is rather important since it is_the flux
of photons interacting With the vapour that determines the
time it takes to pﬁmp the atoms. The measurements were done
By shining light onto the cell followed bj a circular
diaphrégm that focuses the light onto the PM photocathode.
"The same experiment was done after femoving the absorption
cell. The two light intensities obfained were then

compared. As far as the Sussex ceIl is concerned, this

measurement was done using an empty identical cell. The
transmigsiqn was 80% throughlﬁhe two walls which leads to
89% transmission through a single wall. _

On the other hand; light transmission through the'
Washington cellfwas déne by direct_comparison of measured

light intensity with the cell across and away from the

beam. This experiment resulted in 55.3% transmission
through the cell and thus a transmission of 74.4% through a

single wall.
5.2.5.- Light source noise measurements.

Noise generated by the light source is of prime concern
in optical pumping experiments. This_?lays an important
role in the ultimate signal to noise ratio achievable in
: ?f such experiments. If we wanted to determine the nutation

frequency of a group of atoms in a given magnetic field,
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the accuracy of the measurement would be at least limited
by the source shot noise. For:this reason, we set off to
estimate.the source noise under different conditions.
Unfortunately, shot noise from the source is not the only
noise involved in the experimentf There is an additional
éource noise due to the electron multiplicatioh process in-
the phptomultiplier. Since this noiseris white noise, we
will present ouf~experimental results on hoisefmeasufements
as if the light source noise were the only contributing
noise and then take the photomultiplier noise into account.:

In order to look at noise in a wide frequency bandwidth
the low-pass cut-off frequency of fhe I/V converter was
shifted to ab0qt 5 KHz by changing the feedback capacitor C
from 10 nF to 33 ﬁF. -The.source was set to shine light _
'throﬁgh the'ﬁ—layer p-metal shield, onto the polarisers and
the Washington abSorption cell and fihally callected by a
light guide to the photomultiplier positioned on the
dﬁposite side of the shield (figure 5.10). The éignal out
of the I/V converter was then féd to a PAR wideband rms
voltmeter (model 124 A) which has a tuned amplifier ﬁith Q
variable from 1 to 100.

The equivalent noise bandwidth (ENBW) given by the PAR

manufacturer is

fo

— (6.2)
Q

ENBW (Hz) =

™A

The rms noise was read from a display meter provided on the
front panel of the PAR. The PM gaih was set to its minimum
with a supply voltage of -314 v.  The light source stem was

at a temperature of +28°C.
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5.2.5.1.- Source noise as a function of frequency.

The PAR was set to work in a bandpass mode with @=20.
Thé center frequency was then varied and the corresponding
noise was read from the méter. The results summarised in
'tablé-5.3 suggest that the nature of noise is rather white
throughout the spectrum. The rms noise/JENFW’values are
practically constant except at 50 Hz and 100 Hz where one
expects some mains pick-up. HoWever,rone cannot assume

that it is of shot noise nature as yet.

5.2.5.2.-Determination of the Photomultiplier gain from

" shot noise measurements.

The value of the PM gain to be detefmined in this section
is not the definite one. The actual value will be
calculated after qonsidering the PM noise as well as the
light source noise. Although gain figures are quoted by
the manufacturer for each type of PM tube, we decided tb
measure our PM gain using shot noise measurements and the

result
lpus ?42@9135 {5.3)

where G is_the PM gain, e the electron charge, I the output
current from the PM tube and Af is the eguivalent noise
bandwidth over which the measurement was done.

In order to make sure that the noise measured is
dominated by shot noise, we cut'down'the light intensity
emerging from the source by a factor of 100 by placing a

polythene sheet adross_the light. The measuring freguency
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fo(Hz) ~ total | RMS noise (pA) | ENBW (Hz) m;i,’g;v“ (pA/ VHz)
photo-current (,uA) '
3000 ' 5.34 1200 - 235.6 : 82
2000 | - 5.33 - 1100 - 157.1 878
1008 . 5.32 800 185 © 90,3
500 830 ' 580 ] 393 925
400 - . 528 - 520 ' 314 92.8
3000 528 T aE0 236 | 926
200 522 Y 157 934
00 | 5.1l , 380 785 | 1356
30 509 | 260 | 707 | 978
80 : - 5.09 S .230 630 916
0 | 510 | 220 | 55 938
80 | 5.10 230 | 47 106.1
5 1 510 T 39 1 390
80 | Bil | 70 | 3.4 | 959
30 T 5 | 236 976
20 - 812 | 120 - 1.57 95.8
833 NV 65 | 065 80.6
3 5.12 - I 40 024 - 8l6

- Table 5.3: hght source noise in dxﬂ"erent frequency domains. ENBW is the
equivalent noise bandwidth.
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f, was set to 1000 Hz, well above the onset of flicker
noise, and the rms noise was measured as a function of
bandwidth. The same measurement was then repeated at
fu=:8.33H2, the Hg resonance frequency in the 10mGauss
'_magnetic field used in our experiments. Thesé measurements
are presented in tables 5.4 and 5.5 respectively. They
show that the rms noise is proportional to the squar¢ root
of the ENBW which confirms that the ﬁoise is of shot noise
nature. By applying eguation 5.3 to the whole set of data
in table 5.4 we calculate an average value for the PM gain
of 4550 (as it was mentioned before this is not the final
value of G). From table.5}5 it seems that some 50 Hz pick
 up is preseht at f, =8.33 Hz which can be seen at low values
of Q. | |

In section §.2.5.1. it was said that noise from 3 kHz down
to 3 Hz was rather white (table 5.3). Since the PM gain‘is
now known, The validity of equation 5.3 for this data can
be tested. For each frequency of table 5.3'the-rms noise
was calculated from equation 5.3. The results agreed
rather well with the experimental values listed except, of
course, for the two frequencies 50 Hz and 100Hz. 1In
conclusion, it is safe to affirm that the noise of the
light source is given by the shot noise result from 5Hz to

1 KH=z.
5.2.5.3.- Source noise as a function of bandwidth.

More noise measurements were done on the full photon flux
emerging from the light source. Tables 5.6 and 5.7 show
these measurements done at 8.33 Hz and 1 KHz respectively.

Applying equation 5.3 to this data confirms that the source
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Q. total 'RMS noise (pA) | ENBW (Hz) | ESscise (pA //H7)
photo—cu.rrent (,uA) - R B 7
1 0.06 - 355 1571.0 - 9.0
2 0.06 260 785.4 9.3
5 0.06 168 314.2 9.5
10 0.06 118 157.1 9.4
20 0.06 84 78.5 . 9.5
50 0.06 53 - 314 9.5
100 | 0.06 35 - 15.7 8.8

KHz.

Table 5.4: RMS noise as a function of ba,ndwxdth at a center ﬁequency of 1

Q total RMS noise (pA) | ENBW (Hz) | R";f;;;x (pA/\/ff?)
- photo-current (,uA)

1 70.061 60 1310 7166

2 0.061 34 6.50 13.3

5 70.061 17 2.60 105

10 | - 0.061 i1 131 96
20 0.061 8 0.65 9.9

50 0.061 5 0.26 9.8

100 0.061 4 0.1 111
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Q total RMS noise (pA) | ENBW (Hz) | 822t (pA/VHz)
, photo-current (pxA) '
1 | 493 350 13.10 96.7
2 492 260 6.54 1017
5 492 150° 2.62 92.7
10 492 110 1.31 96.1
20 491 0 0.65 86.8
50 491 40 0.26 84
100 4.91 25 013 69.1
Table 5.6: Source noise at 8.33 Hz as function of the ENBW
Q | total RMS noise (pA) | ENBW (Hz) | BMSnise (pA/vHz)
photo-current (uA) | B _
1 | 489 3200 15710 T 80.7
2 | 4.89 2300 7854 82.1.
5 488 1500 314.2 84.6
10 4.88 1100 157.1 87.8
20  4.87 760 185 85.8
50 487 470 31.4 83.9
100 4.86 300 159 75.7

Table 5.7: Source noise at 1 KHz as function of éhe ENBW
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noise is shot noise even at these high intensities. Note
that these are the usual intensities involved in the free
pPrecession experiments described later in the course of

this work.
5.2.5.4.~ Source noise as a function of total intensity.

The light source noise was also found to be proportional
to the square root of the total 1light intensity indicating
once again that eaquation 5.3 is aﬁplicable'and that the
source noise is shot noise. This can be readily checked by
comparing table 5.4 to 5.7 or table 5.5 to 5.6. Moreover,
noise was also chécked.to be proportiqnal to {G.

F

5.2.6.- Photomultiplier noise

This noise has to do with the multiplication process on
each dynode of the PM tube. We cannot assume that  the
pulse rate at each stage is uniform but we will assume that
it obeys a Poisson distribution.
1°/ Case of one dynode:

Let r be the height of a pulse arriving per second, p, the
probability of having such a pulse height and N the number

of'pulses/seCa
The count rate (of pulse height r)=Np, {5.4)

per second. Therefore, we have

Noise amplitudex{Np,  r {(5.5)
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which means that
Noise power « N p_ r? ' {(5.8)

Since we are in a situation where the incoming pulses are

of different heighty, the total noise power is then

0

' Total noise power«= » N Py r? {(5.7)
r=0
2
« N<r® > (5.8)

If we assume that the distribution of heights is a Poisson

~distribution we have
_ 2 . 2
p> =g =< r-n)> . {5.9)

where o is the standard deviation and p the mean. From the

last equation we can easily show~that
<r?> =11+1f-_ : (5.10)
thus
Total noise powermlq(p-ﬁpz). . {5.11)

On the other hdnd, if the distribution of heights were

uniform
Total noise power (uniform)‘mNp2 {(5.12)
From 5.11 and 5.12 we can write a correction factor R as
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_Total'noise prower({Poisson) 1

14+ (5.13)

_Tptal noise power({uniform)
Equation 5.13 suggests that the effect of one dynode is to
. 1
multiply the noise power of the light source by (1+-).
H
The mean pn is effectively equal to the gain per stage.

_Thus
n=/a ' (5.14)

but G=4550, therefore p=2.55 and R=1.4. This value is
Jjust a first estimate of pn since we used the value of G

assuming a uniform pulse height distribution.

2°/ Case.of the 9 dynodes altogethér:

According to reference[Bre 55]

= (5.15)

where r, is the total number of electrons detected after
the 9 dynodes and 3, is the mean number of electrons

" produced after all the Stages. This equation reduces to

<r®>

- s ——={.65 5.16)
u? 2.55 - 1 :
or
<r’>=1.651u° - (5.17)

Using equations 5.8 together with 5.17, the correction

ratio-for 9 stages reads
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Total noise power(P01sson) N’l.65 pz

" Total noise power(unlform) Np

thus
R, =1.65 _ {(5.19)

. Now, the value of the gain can be corrected, and we find

4550
G=—.——5_=2758 _ (5.20)

Fr§m_this value of G a new value of n can be calculated
using 5.14. We find n=2.41; this implies that R, =1.71.
This iterative process is applied once again until it
converges to a fixed limit of n, Ry and G. Finally, we

find that
n=2.40 ; R, =1.71 ; G= 2661 (5.21)

Note that the main contribution to this photomultiplier
noise arises.from the first dynode. This is made clear by
the Qalue of the so-called correétion factor R which is
equal to 1.42 in the case of one dynode and 1.71 in the
case of 9 dynodes.

‘The actual value of the PM gain estimated from noise

measurements is then 2661 instead -of 4550.
5.2.7.-Estimation of the total photon flux:

The determination of the total number of photons arriving
from the light source onto the detector per second and unlt

solid angle is now ppssmble. Figure 5.11 shows the set up
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used in order to measure J. The PM tube was poéitioned
36cm away from the light source. Before getting to the PM,
light is made to go through an orifice 6.4 mm in diameter.
The interference filter was used to cut down the light
intensity to prevent the PM from saturating. The PM is
working at minimum gain (G=2661) and the I/V converter set
te 1 V/pAmp. Undef these conditions, the total current
detected at the output of the PM tube was I = 6.68 nAmps.
This gquantity was obtained after subtracting the effect of
the ambient light. The number of photons impinging on the

photocathode per second is

I _ _
J (photons/sec) == 1.6x10° - - (5.22)
e

Taking the effect of the interference filter (transmission
T}_=15.3%) and the quantum efficiency of the phbtoéathode
" (QE=17.6%) into account, we obtain the photon flux

emerging from the source per unit time

I ' ]
J=———= 5_.8x1011 rhotons/sec , (5.23)
eG QE T; _

The scolid angle used is determined by the area of the

diaphragm and the distance from the source to the tube
- =2.48x107* str. (5.24)

Hence the total photon flux per unit time and unit solid

angle is

J =2.34x10'° photons/sec.Str (5.25)
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5.2.8.-Direct absorption experiments

The direct absorption measurements are concerned with the
‘absorption of unpclarised light by unpolarised target
vapour, in contrast to free.precession experiments where
the target is already polarised. Light was passed through
the vapour in the Washington éell (fig. 5.9) after cooling
down the stem to liquid nitrogen temperature. The stem was
inserted into a 3/4 inch dismeter copper tubing filled with
prlasticine in order to insure maximum thermal contact.
Shields prevented nitrogen vapours from reaching the PM
tubes and these, in turn, were slso thermally isolated with
polystyrene sheets in crder not to affect theif outputs
~through temperature changes. PM2 was ﬁsed to monitor the
incoming light intensity, whereas PM1 was used to look at
any changes at the scattered light.

The ratio R of the intensity seen by PM1 to that seen by
PM2 was recorded by a computer és the stem éooled from rooﬁ
tempefature down tb nifrogen teﬁperature. .The expefiment
was performed three times ﬁnd vielded the following changes

in R
Ay =2.3%; A, =0.9%; Ay, = 0.96% ; A_, = 1.4% (5.26)
We see that the results are not very reproducible; this
is probably due the very small gquantity of Hg contained in
the cell, |
5.2.9.- Free precession experiments

Figure 5.10 shows the general set-up used to observe
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Figure 5.9: Experimental setup used to measure the

light absorbed by Hg in the Washington

cell.

PM2 monitors the source light

intensity whereas PM1 monitors the absorbed

light by the cell.

The transmitted light

intensity is measured when the stem is at
room temperature and when it is at liquid N,
temperature. '

~143~



3-Iayer/u-metal shield

P
solenoid for
the B, field
\ | .’ |
® .
- 7 i!-”' ﬁ l
microwave _ 1 ¥
cavity Py (o |
¥ R ;|
' | 11 circular ,J Jd PM tube
1 | {1polariser Iy _
Loyl / . o
K LT | !
— O | ; : l:I ]U] . { ;| _ ]
. 1 I .
quartz el B - il T N |
teqd ! l: absorption cellll } \\\\_ [
b L] : .
light 1! ;i_} Night guide
source ; (! : : I l :
i ¢ polarising L
{ @ field coil O |
i i
1 i)

‘Figure 5.10: General setup of the Hg optical pumping.
- experiment in the 3-layer a-metal shield.

-144-




“ lé__ﬁ,#ﬁﬁ_ 36 cm ' : ;

;
{ | l

| I

’ |

b {

diaphragm

PM tubel |
|

N

microwave
cavity

fight
sgurc

254 am interferepce
filter

Figure 5.11: Experimental setup used to measure
the total-photon flux emerging from
the light source.

-145~




precession of mercury atoms in the Washington cell. The
cell is mounted in the same 3-layer u~metal shield uSed in
the Cs experiments (section 4.3.7.1)., Two 22 mm holes were
made on opposite sides in.order_to shine light through the
cell perpendicular to the vertical 10 mGauss magnetic field
By generated by the coil mentioned in section 4.3.7.3 . A
new 3-turn square'Helmholtz coil 35 cm high with a
separation of 31 cm is used te generate a rather.stronger
field B,>>B;, perpendicular to By, parallel to the light
-beam. The circular polariser (LP+X/4 plate) was
positioned Just in front of the absorption cell and after
the light guide. Had the pelariser been placed before the
light guide, the polarisatibn-of the incoming light would
have been partiaily destroyed by multiple refleetioﬁs in
the guide; We also used a quartz lens at the entrance of
the guide, positioned in sueh a way that it collected most
of the light emerging.from the source and_concentreted it
into the guide. A second light guide was used on the
detection side to transmit most of the light emerging from
the absorption cell onto the photemultiplier«

The experimental procedure used was as follows:
A magnetic field Bp about four ﬁimes B, is applied to the
Hg vapour for a time comparable to the total relaxation
time in this cell, about 10 secs, thereby polarising the
atoms by the circularly polarised light beam along.Bp. B,
is then sﬁitehed off very quickly, ieaving the atomic spins
to precess around the remaining magnetic field B,. The
precession occurs around B, at the Larmor freQuency
corresponding to this field. However, because of the
finite relaxation proeesses involved, such as the affect

of the container wails, the magnetic field'gradients and
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the polarisingrlight, this nutation around B; does not
last for ever but decays with a time constant T. This
atomic behaviour is readily monitored by the transverse o
polarised light beam (as it is explained in chapter 2,
section 2.5), giving a damped oécillating signal at the
output of the PM tube.

The signal is amplified, filtered and then sampled by a
16 bit ADC under computer control. The computer program
given in appendix A6 was written for that pﬁrpose. it
controls the 16 bit ADC and stores data into memory. The
rate at which the data was taken was monitored by an
external clock (a frequency synthesizer), we used a rate df
306 reads per.second. |

The data was then plotted.on thé screen and finally
analysed; One can use the program to calculate the signal
amplitude, the rms noiée in any portion of the data and
subsequently, the signal to rms noise ratio. Furthermore,
one can also fit an exponential to the sighal'in order to
detefmine the decay time.constant involved. Figure 5.12
shows such a free precession signal. The output of the
PM tube was fed to the current to voltage converter
described in Section 5.2.3. This was set to 1 V/uAmp
conversion ratio and an upper cﬁrner frequency of 16 ﬁz.
The output voltage was then fed to the PAR (sectién 5.2.5)
set on the pass band mode with a 8.33 Hz centre'frequéncy
and @ = 5. The bandwidth at these settings is then 2.6 Hz
(equation 5.2). The PAR alsc allowed an AC amplification
of 50. The total DC signal emerging from the current to
voltage converter was 9.5V which is equivalent to a

photomultiplier current of 9.5 pAmps.
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5.3, - Discussion of the Results

By refefence to figure.5.12 we can estimate the signal
strength S. We will call S the " modulation depth " (MD)
which is defined as the difference between the maximum and
minimum amplitudes. We will also be calling " noise " the
rms noise present with the signal and " S/N " the MD to rms.-
noise ratio. Taking into account the gain introduced by
the PAR as well as the effect of the low pass filter
' present in thé I/V converter ( which reduces the signal to

89% at 8 Hz ) we find that §=27mV. On the other hand, the

total dc incoming light (DCi-is 9.5v. This yields a ratic
S : _ : : :
—=0.28% (5.27)
De .

This value represents the amount of light being absorbed
by the vapouf iri this type of free precession experiment
and will be comparéd to absorption percentages as measured

in direct absorption experiments.

Determination of T,, Ty and the degree of polarisation
achieved:’

Before considering such a comparison, we will first
calculate the atomic polﬁrisation achieved'in the sample.
In other words, the proportion of Hg atoms whose spins
éould_be orientéted along the polarising field B, under the
action of the pumping light. The expression of such a

polarisation P is developed in appendix 2. We showed that

P, (5.28.2a)
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The light beam in this experimenf is being used to
polarise and detect so the ligﬁf polarisation P, comes in

twice and the atomic polarisation becomes

=-——E~!L--PL2 ~ (5.28.D)
Ty + T, -

where Ty is the wall relaxation time and T, the pumping
time. P, is a measure of how well the incident light is
circularly polarised (section 5.2.4.), assumed.to-be'SO%
for the present set up. In order to determine Tz and T,
the data of figure 5.12 was analysed. An exponential curve
was fitted to the decaying envelope which resulted in a
total relaxation time t = 4.5 secs. This relaxation time is
related to Ty and T, by the relation {appendix 2)

+ (5;295

11
Ty T,

d |+
1

The Samg experiment was repeated with half the total

. incident 1light but the total relaxation time < remained
unchanged. This suggests that the punping time Tp.is
rather long compared to Tﬁ and an experimental measurement
of T, in this manner has rather ﬁoor precision. T, could

- have been measured experimentally by combining the results
of thié experiment with those of some other teéhnique (like
the technique of relaxation in the dark developed by
Franzen (1959) [Fra 59]), but we preferred to calculate T,
theoretically. This calculation is detailed in appendix 3

in which it is shown that

v

T, =——> {5.30)
P 1/30t .
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where V is the volume of the cell (0.36 litres), £ =7.5 cms
is the light path in the cell, ¢ =2.533x10"'" n®* is the
effective light absorption cross-section calculated in
appendices A4 and.AT and finally, J is the total photon
current ente;ing the vapour. J is equal_fo the value of
the total emitted photon flux frdm the source (equation
5.25) multiplied by the solid_angle d2 used in the
experiment. The latter was rather complipated to evaluate
theoretically and had to be measured experimentally. The
measurement was done by setting up an experiment outside
the p-metal shield on the bench with the PM tube in place
of the absorption cell. The light intensity was then
measured with and without the lens and the guide tube, a
ratio which is equal to the ratio of the corresponding
solid angies. Knowing the two intensities as well as the
solid angle ﬁhen no lens and guide tube are used enables us
to calculate the solid aggle dQ in pfesence of the lensland

guide tube. We measured
de = 8.85x10° % Str. ' ' (5.31)

Taking the transmission of the LP (17.5%), the A/4 plate

(83.4%) and the cell wall (74%) into account and the fact

that ohly the 2914

204

Hg line does the pumping (there is 58.2%

Hg in the source) we calculate J to be
J=1.'_31x1013 photons/sec (5.32)

This is the actual number of photons per second interacting

with the Hg vapour in the cell in the free precession

experiment. Consequently, T, can easily be galculated from
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equation 5.30 from which we find

T =44 gecs {5.33)

Knowing T, and t, Ty is evaluated from equation 5.29
Tz = 5 secs : (5.34)

P (equatidn 5.28.b) can now be calculated and reads
P=86.5% | : {5.355

Comparison between the direct and free preceésipn
expériments: |

We can make use of the results elaborated in the direct
absofptidn experiment (section 5.2.8). We recall that the

absorption percentages obtained in that experiment are
A, =2.3%; A =0.9%; A; =0.96%5 A,, =1.4%

Note that the tafget was unpOlariéed. Thié is egquivalent
to saying that 50% of the atomic spins are parallel to the
light beam and the other 50% anti~parallel to it.
.Therefore, if the target were fully polarised one would
expect theSé percentages tb be doubled. However, we showed
in the free precession experiment that the atomic
polarisation.achieved was 6.5% (equation 5.35). This would

result in
A’ =0.299%; A,’ =0,117%; Ay" =0.125%; A”"='0-.182% (5.36)
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where the A;’ 's are now light ébsorption prercentages by the
vapour in a direct measurement.

These results can now be compared with the value
obtained_in the free precession experiment where we found_
(equation 5.27) that 0.28% of the light was absorbed. This
result is not in total disagreement'Withrﬁhe quantities in
(5.36). On the other hand it agrees very well with A,’ and
.is_of the gsame order as the rest of the A;" 's.

As far as the relaxation time Ty is concerned (equation
5.34), if seems rather short. The cell is coated with a
layer of tefion for which spin preservation properties are
known_tb be good with Hg vapours. Previous eXperiments
done at the University of Washington, two years ago; with
" the very same cell gave TR==1203ecs. The magnétic fields
involved do not seem to be the source of such a |
deterioration. The polarising field isfreasonably
homogeneous across the cell (6B=¥2007) for which the
relaxation time would be bout 180secs. Moreover, the
10mGauss analysing field is very homogeneous across the
cell (8B<1y ). Consequently, we think that such a
deterioration in Ty is probably caused by the high
background pressure existing in the cell. Ty is then
shortened through atomic collisions with foreign gas atoms.
The high background pressure could have built up from
leaks through the glue used to seél the cell ends (section
5.2.2) or due to the action of UV light on the walls. We
- think that UV light can make odd atoms come off the cell
walls. | |

The signal to noise ratio was about 80 when the stem of

the light source was maintained at 23°C, a temperature that
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gave the maximum S/N.

The other parameter that is worth mentioning at this
stage is the amplitude of the polarising magnetic field
B,. The S/N ﬁas found to be a maximum when B, ~ 4B,, a
compromise which made Beff==Bpk-Bq.reaSonabiy-parallel to
the light bean without introducing too much inhomogeneity

into the B field present during the polarising period.
5.4, -~ Summary and Conclusion

We presented in the course of this chapter the work that
was done to set up a mercury optical pumping experiment in
a 3-layer p-metal magnetic shield. For that purpése, a

--2537A Hg light source was fabricated as weli as a‘highly
stabilised microwave generator that served to drive it.
The noise from this source was measured rather-carefully-
and was shown to be purely of shot noise when f>3Hz. We
also showed that there is another source of noise and that
is the photomultiplier noise due_to tﬁe electfpn
multiplication processes in the tube. Ffom measurements of

these two noises the PM gain was calculated which allowed

us to determine the total photon flux emerging from the
light source. The optical pumping experiment was then

carried out in a 10mGauss magnetic field. The signal to

noise ratio (S/N) wés estimated to be about 80 with an
integpation time of 0.4 secs, the wall relaxation time T,
was found to be 4 secs and the pumping time T, was 44 secs.
Reasonable agreement Between the observed peak to peak
‘modulation and a direct light absorption.exPeriment was
achieved. ‘

Although the results detailed in this chapter were
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obtained with a sealed cell unlike the neutron storage
volume in the main experiment, they represent a significant
step towards the design and uﬁderstanding of a suitable

system.

The next-chapter is concerned with measurements carried

out in a 5 litre coated metal storage volume.,
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CHAPTER VI

A Prototype Mercury Magnetometer for the Neutron EDM

Experiment
6.1.- Introduction

We shall bé'conéerned, in—the'dourse of this chapter,
with the design, the construction and the testing of a
mercury magnetométer. More precisely, we are aiming to
'thically polarise Hg atoms in a F~1litre aluminium
container coated-with polyStjréne,tQ minimise sticking and
spin flip. In the first stage of the experiment thé vapour
in the 5-litre container was polarised directly. 1In the
second stagé the atoms were polarised in d small aluminium
chamber (0.16 1itre-in volume) and then transferred to the
big bottle in brder-to look for free precession.

Since.Hg tends to stick to surfaces, we shall have to
calculate the different filling and emptying time constants
involved and then measure them experimentally to see how
well the theory agrees with the experiment. We shall also
use the results obtained in the ﬁrevious chapter in order
to make an estimate of the way the system cught to behave.

Finally, the results of these experiments will allow us
fo design a_Hg magnetometer for the EDM experiment and the

performances likely to be attained.

6.2.-General outline of the system

204

We used a light source made up of 58% Hg, and a target
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*199Hg represénf_about 17% of the

of natural ﬁg in which
total. There are two reasons for utilizing such
concentrations. First, the very high cost of pure Hg
isotopes, and secondly the non-availability of such
elements when the experiment started. There are three
conseguences for using such mixtures:

1.0nly 58% of the light source will be effective.

204

2.The fact that other components in the target like Hg

201

ahd the Hg(F=5/2) component overlap with the 204 source

component reduces the light that could be absorbed by
REL)'PS
3.Finally, even if the sample polarisation wére 100%, the
ratio of the modulation depth to the total DC light would
' be rather small because much of the light is not absorbed
by the 199.componen£.
We'shall start off this éhapter by giving an overall View.
of the experimental set-up, then examine it in more detail,
.and finally present the experiments performed and the
results obtained, | |

'Figure 6.1 sﬁows the overall set-up of the magnetometer.
A 5.4 litre aluminium cylinder is positioned in the 3-layer
p-metal magnetic shield (section 4.3.7.1) in which é 10
mGauss. vertical field generated by a cylindrical solenoid
exists (section 4.3.7.3). On top of this vessel sits a
smaller cylindrical chamber (0.16 litres in volume)
communicating with it through a 2 mm hole. We shall call
the big chamber A and the small one B. Outside, at the top
of the shield there is a glass Hg container which is joined
to the small chamber by some glass tubing. The small
vessel can be filled with Hg vapour from the bead and then

emptied into the big vessel through the 2 mm hole. A non
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Figure 6.1: General setup of the Hg optical pumping experiment
"in the Aluminium chamber. the diagram is not to
scale.
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magnetic pneumatic valve connects A to a pumping system
when it is necessary to remove mercury vapour from A.

A second magnetic field perpendicular-to_the axis of the
shield is generated by a set of Helmholtz coils surrounding
the big chamber.

Light shining from outside the shield crosses-A through
quartz windows to a photomultiplier placed on the other
side of the shield. Light is first collected by a quartz
lens which focuses it into a light guide. It is then
circularly polarised before it crosses the big chamber.

The DC component of the photomultiplier current, converted
into a_vbltage, is read on a digital multimeter while the
AC component is amplified by a PAR. variable @ band-pass
amplifier and displayed on a scope OT read by a 16 bit ADC.

Without going into:detail as yet, let us mention that
three types of experiments were done with this piece of
apparatus. |
1. Study the flow of Hg between different parts of the
syétem and compare the relevant time éonstants with theory.
9. Polarise the vapour in the large chamber and attempt to
account for the properties of the free precession signals
observed.

3. Polarise Hg vapour in the small chamber, transfer it to
the_larger volume and, again, attempt to account for the
free precession signals observed.

The details of these experiments.are 1aid out in the
following section after giving a more complete description

of different items of the whole system.
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6.3.- Detailed description of the apparatus

6.3.1.f The analysing chamber

The term "analysing chamber" is given to the big vessel
as opposed to the "polarising chamber" given to the small
volume. This terminology will be more apparent in the
following sections. The analysing chambér js a 5.4 litre
aluminium leinder made up.of a 23 cm diameter ring, 13cm
high, with two aluminium plates. The.bottom plate contains
a 1 cm hole through which the system can be evacuated. A
hole, 2.5 cm from the center, communicates with the small
chamber. Two 1_inch diameter holes sealed with quartz
windows, 4 cm in diameter and 3 mm thick, exist in the
aluminium ring on opposite sides. The two plates seal onto
the cylindricai_ring by means of two Viton O-rings. This
chamber is very similar to the one used in the Caesium |
.experiments (section 4,4.2) where a more comprehensive
description is provided. Thé vacuum system and the _-
pneﬁmatic valve utilized are also described in +he chapter

dealing with Caesium and precisely in section 4.4.3.
6.3.2.- The polarising chamber

Figure 6.2 showg.the small polarising aluminium vessel.
It has a volume of 0.16 litre (i.e. 1/34 the VOiume of the
big chamber), a diameter of 6.63 cm and is 4.5 cm high., A
guartz window 3.5¢cm in diameter is sealed in the top to
allow polarising light to enter and a teflon pneumatically
actuated needle valve controls access to the large volume
through a 2 mm diameter hole. 'The Slmn-?ecess in the top of

the small volume seals to the mercury Ssource. Before the
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Figure 6.2: The small polarising Aluminium chamber.
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system is pumped out the small chamber is tightly clamped

down to the big volume.

6.3.3.- Coating the vessel

Very special care was taken coat every fegidn of the
apparatus. Each piece was thoroughly washed with a
detergent called "Decon 90", rinsed with de-ionised water
and finally dried in a hot stream of filtered air. We used
a solution of polystyrene in toluene which was made in our
laborafory. The polymerisation procedure and the way the
fluid was applied on surfages is explained in section
4,3.4.2, The O-rings and the teflon valve were coated
with some Fomblin grease because polystjrene does not stick

well on teflon. The choice of polystyrene is not unique

and pther kinds of coating ought to be tried. Polystyrene

was chosen because it was used successfully in the past
with polarised neutrons and Hg atoms in small quartz cells

[Lam 88].

A drop of natural Hg was placed in a I'-shaped glass tube._
The open bottom end of the tube fits into the recess in
the small chamber leaving the Hg at the other end outside
the shield. A manually operated tap near the bead prevents
evaporation of Hg while the system is being pumped or out
of use for an extended period of time. The Hg was cleaﬂed
by successive distillation in a separate vacuum system

before being distilled into the tube which fits into a
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block of aluminium cooled by a semi—coﬁduqtor cooler
similar to the one used in section 5.2.1.3. During the
experiment it is kept below 0°C in order not to fill up the

apparatus with Hg.

6.3.5. - The Magnetic Fields Involved

Two magnetic fields are genefated inside the shield.
6.3.5.1. The transverse Polarising Field

It is made up of & one turn pair of Helmholtsz coiis 40§m
in diameter with a separation of 20cm, positipnéd in such a
way that the generated field ié along the liéht beam
(perpendicular to the B, field). Figure 6.3 shows the
profile-of this field when a current of 1.11-Amps‘generates
a field at the centre of-50mGauss. The x-axis répresents
different.positions along the horizontal'axié-passing.
through the two sets of holes in the shield. When the big
chamber is in the shield, it extends over the interval 13cm
- 35cm, In this region the field is rather homogeneous and
maybe improved by reducing it even further if necessary.
The vertical component of the field was not measured but
precautions were taken to prevent the big vessel from
touching the coil. In the following, we will be referring

to this field by B

+

B

6.3.5.2, - The Analysing Field

This is the field as described in section 4.3.7.3, It is’

generated by a solenoid along the axis of the shield, and
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-is usually run to give 10mGauss. However, it can be easily
‘altered by connecting & resistor in parallel with the coil
as we have done on some occasions.

6.4. - Light Absorption Experiments

6.4.1. - Experimental Procedure

In the first stage of the experiment we used the
absorption of light by mercury vapour to monitor the flow
of the gas around the apparatus. Absorption signals allow
us to determine the time it takes to fill up the polarising
chamber from the Hg bead and measure the time it takes to
fill up and pump out the big chamber. We stdrted off with
all the §alv¢s open except the Hg valve (the one.used to
isolate the bead) (see figure 6.1).

1. The system was pumped out fo a background pressure of
about 10"* torr.

2. The teflon wvalve was then'closed.r

3. The Hg manual valve was opened to fill up the small
volume, |

4. The vacuum valve is then closed.

5. Hg is admitted to the analysing vessel after opening the
teflon valve.

Since Hg atoms absorb some of the light beam (the amount
of absorption depends on the quantity of Hg) the ocutput of
the photomultiplier tube decreasés at a rate which aepends
on the conductance of the system.

In fact there are two stages to the process. There is a
firsf short period while the small chamber shares the_gas

with the big one, and then the slower filling up process
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when gas is transferred from the region of the of Hg

bead. Each stage'is characterised1by'a time constant which
we will calculate and then measure experimentally. Another
time'constant calculated and measured is the one associated

with evacuation of ﬁhe system by the vacuum pump.
6.4.2f - Calculation of the Time Constants Involved

The detailed calculations of the filling up process of
the big vessel are outlined in appendix 5. 1In the present
section, we will only state the main assumptions made and

give the final resuits.
6.4.2.1. - The Analysing Chamber Filling Time

The system considered is made up of three sub-systems :
i. The Hg containef whose vplume'is taken to be negligible
compared to the other two'sub—sistems.

2. The small chamber having a volume V.

3. The bié chamber'with a volume V.

.The conductance of the connections (tubes, apertures
...etc...) are C, between B and the Hg container, and C,
. between B and A. We will be calling p, the Hg pfessure in
the Hg container, p, {t) the pressure in B, and p,(t) the
- one in A. We will assume that p, keeps constantﬂﬁhroughout
the tranSfef and thereafter.

The procedure consists of opening the Hg valve ( see

figure 6.1) until B is filled to pressure pg; =Py Then
open the teflon valve (the'vacﬁum valve is of course kept

closed all the way through) to fill up A. There will
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first be a sharing of the gas between B and A and then a
filling up period of the two volumes B .and A from the bead Qp

until the system reaches equilibrium.

The equations governing the flow of Hg in the system can be

written as

VS“&%=(p°(t)"Ps(t”01‘(Ps(t)*pb(t)-)cz (6.1)
dpy
Vb"_t'=(pa(t)—ph(t))cz _ (6.2)

This system of differential eguations is solved in
appendix 5. Taking the instant the teflon valve is opened

as the beginning ofrtime, we find

p. (t) =E:-g-———£2——--[exp(+mit)--exp(+m2£)]1-p0 ' (6.3) . 3
vV, (m; - m ) ﬁ
py (t) =pp [(dte) exp(+myt) - (A+f) exp(+myt) + 1] (6.4) |

where

i : i
ml =-2~(—a—4'§,2—45) ; m, =_-2"(-a+ a‘ = 4b) (6.5)
C, +C C C,C
as-t—"ty-2 ., p=-12 (6.6)
Vs Vh vsvb
+C . ' -
d= Cl'_ z ;ezf—l-n-l-—-' ; f=—-m—2-—- E (6.7)
(my, =my )V, m, - ml m, - m :
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From eguation 6.3. we verify that at t = 0, pg{(0) =P and
at t—0, P, () =g » gimilarly, from eguation 6.4. we see
that at £t = 0, p, (0} =0 whereas at t—w, p,{®) =Dpy.
Therefore, the solutions show well that the ultimate
pressure reached by the system, at equilibrium,.is the
pressure of the bead p, at a given temperature. ‘Knowing
that V, = 0.16 litre, V, =5.4 litre, C, = 0.0113 1/sec and

C, = 0.081 1/sec (¢, and C, are calculated in appendix 5) we

find

1.94 sec. (6.8)

Tan

T, = 9.3 mins. , _ - {6.9)
where T, is the time constant of the sharing process of
the gas between the two chambers; and Ty the total filling

time constant for the chamber.
6.4.2.2. - The Analysing Chamber Emptying Time

It is detefmined by the conductance of the vacuum valve
aﬁd the pipe work associated with it. We calculated the
total conductance (by adding up the different contributions
of the different parts of this system) C; to be -1.5 1l/sec
for air. This is multiplied by the ratio of the velocity
of Hg to the velocity éf air {vag/Vair =0.39), thus the
conductance C, becomes 0.58 1/sec for Hg. The time

constant defined by

=& | (6.10)

-168-




is then equal to 9.2 secs.

6.4.3. - Measurement of the Time-Constanté

The three time constants calculated:theoretically in the
previous section are nbw +o be measured experimenfally. ¥e
made sure that we were working with thin vapours so that
lightlgbsorption is always linear with increasing pressure.
For that reason, the Hg bead was usually ?un at -16°C

this resulted in absorption percentages of a few percents.

6.4.3.1. - Measurement of the Filling Time

The procedure, as explained in 6.4.1., involves filling
up the small chamber first and“then opening the teflon
valve to fill the big chamber keeping the Vacuﬁm-valve
-shut. First there is a sharing of the vapour between the
two chambers in a relatively short time t.4 and thgn the

whole system fills from the source with a time constant

r

tb *

1. Measurement of tsﬁ

Thé first attempts of measuring T from a bead maintained
at -24.5°C were rather disappointing. Instead of finding
1,+ equal to that calculated from eguation 6.9 we obtained:
values of the order of a few hours.

We initially thought that Hg might stlck to the walls of
the big container and then come off very slowly. However,
this possibility was tested and proved to’ be wrong. Some
Hg was admitted into A and then pumped out. After closing

both the teflon and the vacuum valves, we monitored the
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light intensity for a few hours and then opened the
vacuﬁm valve. 1If ﬁg had been coﬁing off the walls there
would have been a.steady decrease in light intensity over
the few hours and when the valverwas opéned the initial
-1light level would have been recovered. Nothing of the sort
was observed, The light intensity remsained constant during
the experiment. The same check was done on the small
chamber and the glass tubing connecting it to the bead. Hg
did not seem to be sﬁicking there either. -
Eventuall&, we considered the possibility that the Hg
bead might be rather dirty. This would decrease the
_emitting surface area of the bead considerably, and slow
down the evaquation process. The Hg container was then
tapped a few times to move the bead and uncover a new
surface. This resulted in an immediate improvement in T,
as shown in figure 6.4 where the rapid drop of intensity
“when the teflonrvalve was opened can be seen. This was
followed by a rather long rate of_drop of the intensitf
until the bead was disturbed again.
l'We made a computer fit to this long process and found it
to happen with a time constant of the order of 2.5 hours.
However, a fit to the last part of the graph (following the
second disturbance) resulted in a time constant T, =10 mins
which is in very reasonable agreement with the calculaﬁed
value of 9.3 minutes (equation 6.9). At the end of this
run, the vacuum valve was opened and the light intensity

returned to its initial wvalue.
2. Measurement of T,y:
The measurement of t,, was less troublesome. The small

chamber was filled up and the teflon valve opened. Light
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‘Figure 6.4: The big chamber filling up process.
In A the teflon valve was opened.
B and C indicate the points at which
the bead was disturbed (tapped).
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intensity drops rather quickly comﬁared to the decrease
seen when filling up the big chamber. ‘Figure 6.5 shows
such an experimental curve. In this run, the chamber was
pumped out once the sharing process seemed fq be complete.
A computer fit teo this daté resulted in a time constant
T, = 3 secs which has to be compared with the theoretical

value of 1.94 secs calculated above.
6.4.3.2.,-Measurement of the emptying time

Figure 6.6 shows a run to measure the time it takes to
pump out the chamber. After some Hg is admitted to the
vessel, the_teflon valve is closed and thg vacuum valve is
opened. The light intensity then reco#ers with a time
constant T, determined by the conductance of the pumping
system. Once aga{n, the agreement between the measured
value of T, and the calculated one is rather good. Fitting
the curve in figure 6.6, we find thaf T, = 9 secs {the
calculated value is 9.2 secs).

To conclude this section, we give in table 6.1 a summa?y

of the results obtaine& so far.

i Tab T Te
Theory 1:.94 sec | 9.3 mn | 9.2 sec
Experiment | 3.0 sec | 10.0 mn | 9.0 sec

Table 6.1
where T,, is the time constant for the gas sharing process

between the two chambers, T, is the big chamber total

filling time constant, and T, is the big chamber emptying

_172_




light intensity (arbitrary units)

A

time (secs)

Figure.G,Sf,

za | 40

The gas sharing process between the two chambers.

59

This quick decay (%,=3 secs) appears as s00n as

the teflon valve is opened.

The chamber was pumped out at A.
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Figure 6.6: The big chamber pumping out process. We

measure a time constant %,=9 secs.
Hg is pumped out at A.
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time constant.

Knowing these different time constants should help us teo
understand the transfer processes of Hg in the system and
explain the results obtained when free precession is

observed.
6.5.,- Free precession experiments
6.5.1.- Introduction

Having succeeded in monitoring the Hg flow in the
apparatus from one chamber to another, we are now ready to
-try'to do some free precession expefiments with the vapoﬁr.

As a first'steP; we shall describe an experiment that is
rather similar to the one done on the quartz sealed off
cell (see section 5.2.9). But, this time, it will be done
in the 5.4 litre aluminium container whose walls have been
treated with polystyrene. The second stage of the
experiment will involve polarisation of vapour in the small
chamber using a second light source and observation of free
precession in the'large chamber ﬁfter transferring fhe
polarised atoms, a procedure which we hope to copy in the
EDM experiment by mixing polarised mercury atoms with the
neutrohs, | |

We shall give the calculations done to determine under
what conditions the experiment is feasible, describe the
experimental procedure used for each experiment, and

finally discuss the results obtained.
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6.5.2.- Preliminary calculations

In what follows are some calculations that were done
either to make sure that the experiment is likely to be
successful or to evaluate some parameter needed in the

analysis.
6.5.2,1.- Pumping time in the big chamber

This can be calculated from the value measured in the
experiments done with the quartz cell (equation 5.33) and
equation 5.30. Using this equation both for the quartz

cell_and the aluminium chamber results in

(6.11)

i

]

H
<
u‘h tha

!

where V, =0.36 litre and £, =17.5 cm are the volume and the
-diamqtef of the guartz cell respectively. Ty is the
_pumping time in the big vessel énd Tpq = 44 secs the one in
the quartz cell. Since V, =5.4 litres and £, =23 cm we

obtain

T, = 215 secs (6.12) -

Equation 6.11 is correct only if the same light source is

used in both cases which is true in this experiment.

6.5.2.2.~ Effects of shining the light in a small region of

the chamber
In this experiment the light beam is effectively
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"squeezed" by the optical elements used {lens and light
gﬁide). it then crosses the chamber through a rather small
region, about 1/50 of the total volume. However, when the
experimépt was done using the guartz cell the beam was
" assumed to be éovering the whole volume. Thefefore, the
question is - does this squeeziné effect affect the pumping
rate? |

It turns out that it does not. Provided the light path
length is the same before and after squeezing the beam, and
provided the density of atoms is the same outside and
insidé the region crossed by the beam, the pumping rate
remains the same:. When one atom is outside the beam
another atom inside wpuld have twice the probability of
being pumped. However, one important conditién for this to
be true is that the probability of absorption in the beam.
is not too large as is the case with a laser. The
intensity of our light sourcé is rather weak compared to'a
laser. If the light beam is very intense the number of
excited atoms could be rather big and the density of atoms

capable of absorbing light becomes smaller.

6.5.2.3,- Magnetic field gradients
We are mainly concerned with the effects of the
polarising field gradients on the relaxation time, i.é.

evaluate the relaxation time Ty under the effect of field

inhomogeneities arising with B, . This is expressed as
o
Ty =772, (6.13)
vy 6Bt

where v is the gyromagnetic ratio of Hg, 6B the field

gradients across the chamber and t the mean transit time.
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According to figure 6.3, 8B is of the order of 200 Gamma.
The mean free path in the big chamber is eqdai to 12.2 cm
which results in & transit time t=6.9x10""% secs. Putting

all this together yields
Ty = 90secs : (6.14}

This was obtained in a field of 50 mGauss and should be
improved by working at a lower intensity.

As far as the analysing field B; is concerned, it is
substantially more homogenous than Bb and should not cause
any problem. However, this statement could be checked when
the free precession signal is obtained. _One would lower

B, and record the change in both the signal amplitude and
relaxation time. Indeed, this was done and the_results are

presented below.
6.5.2.4.- Calculation of the light absorption cross-section

The purpose behind the following calculation is to
determine the contribution of the actual pumping spectral

line to the total absorbed light. As we know, from

204

chapter 5, the pumping is done through the Hg line

199

component acting on the Hg(F=1/2) absorption line.

04
204y

However, both the source and the target are not pure g

199

and Hg respectively} but involve all the other isotopic

204H

components., The light source contains 58.2% of g

whereas the target consists of natural mercury which
contains 16.84% of }gng. The abundance of the other
components can be found in table 5.1 for the case of the

target and in table A4.2 for the source.
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Although the other components do not contribute to the
pumping process, they, on the other.hand, are absorbed by
some absorption lines of the target. 1In order to calculate
the contribution of the pumping component it is-necessary'
(among other pérameters) to calculate the effective |
absorption cross-section. The detailed calculations are
.given ip appendix 4, so we will only present the main
results for the moment. The numefical computation of these
results is given in the chputer'program liéted'in appendix
7.
| Since the source is an ensemble of different isotopic
lines, the incoming intensity on the chamber can be written
as |

204

' - 202
Iin - ID

+Io 01(F=512)+

+ 13 (6.15)
where I) = A% (2F+1)/[(23+1)(2I+1)] is the share of a given

component j to the total incident'beam. On the other hand,

the light scattered by the wvapour is

T e =I2%% exp-k(8ips +Z203 +...0)
+-1.§¢2_exp-k(z§g§+;;§g§+....)_+.... (6.16)
whefe
k=nx (6-17)

n is the density of the target vapour (atoms/ma), and x is
the light path length in the vapour i.e. the diameter of

the chamber.
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22 is the light absorption cross-section of the source

component j with the target component i. It is defined as
3 1 '
2] = Ay o3 (6.18)
N..
g1 .

where A; is the abundance of component i in the target and

N is the ground state degeneracy of the isotope 1i. oi is

gi
the effective cross section per atom. It depends firstly
on the overlapzog-of source line j with target line i,
secondly on the total probability (Ebr)i of optical
transition with ¢ light to the excited level, and finally
on the peak-cross section c(md) involving two components of

exactly the same centre wavelength_and a 100% overlap. It

is defined as (appendix 4)

2

3x .

olwy ) =— ?"——,y (nlog2)/? (6.19)
© 2w A ‘ ' : ‘ -

3

where A ‘is the wavelength of the incoming light, A} is the
Doppler width of the line i in the target and y is the
inverse of the excited state lifetimé. Substituting the
numerical valués Qf A, A} and vy (given in appendix 4) in

6.19 we find ®
o(wy ) = 6x10" 17 m® (5120)

The overlap function 0} is worked out in appendix 4 and
i

reads

I g2 [ 1 |
) (ai")"zﬁexp-(“ﬁi) [mi)”((ai)zu)” - 6.2l

0
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where'ai is the ratio of the Doppler width of the source to
the Doppler width of the target, and Bi = {wy; —wy; )4y

uhj/2n is the centre frequency of the source component j,

. wy; /2w is the centre frequency of the target component i

and A; =A}/Jlog . The actual expression of ci is
ol =o(wy ) 0! (b, ); (6.22)

When the computer program of appendix 7 is run, we find

that for the pumping component 204 with 199(F=1/2)
Ui33(?=1;2) =2.553x107 17 m? {(6.23)

which is the figure used in calculating the pumping time Tb

in equation 5.30. Using the-same.computer‘program we could

also evaluate the contribution of the pumping component to

the total absorbed light. We find that out of the total

absorbed source light by the target only 18% is due to the

204 line absorbed by the 199(F=1/2) component.
6.5.3.- Free precession experiments in the big chamber
6.5.3.1.~- Experimental procedure

The apparatus has already been shown in figure 6.1.
Before the experiment was realised, the whole system was
baked to 80°C. This was done by passing a current through
a thick constantan wire {which is non magnetic) wound
around the two chambers. The baking lasted for about 4
hours during which the system was continuously evacuated.

The final background. pressure attained was 10"* torr.
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The measurements were started By closing the tefloﬁ valve
with the Hg bead at a téﬁperaturé of —20’0 and opehing the
glass tap to fill the small-chamber. The vacuum valve was
then closed and the teflon valve opened to let Hg vapour
into the big chamber. The light inteﬁsity Io.as recorded
'by the photomultiplier tube then started falling steadily
until the teflon valve was closed when the intensity

reached a lower level I. The value of I is given by
I{n) =1, exp-(nof, ) (6.24)

where ﬁ is the Hg density, f, 1is the diameter of the big
chamber and o© is the atomic light absbrption cross-section.

The quantity (I, - I)/I, is then related to the Hg density
in the vessel. Equation 6.24 is just a simplified version
éf the actual equation. that relates to the existing
conditions in our experiment where many lines emitted by
the source induce several tranSitionS in the target atoms.

The next step in the procedure consisﬁs of applying the
magnetic field B, for a time comparable to the total
relaxation time T of the vapour magnetisation in the
chamber. If t is unknown to start with, one has to repeat
the experiment with different values of <t until the free
precession signal is optimised. The atoms are subjected to .
two perpendicular magnetic fields B, and By, with By
usuélly chosen to be a few times biggér than By so that the
'angular momentum transmitted from the pumping light to the_‘
vapour points mainly in the direction of B, .

Aftér the target is bélieved to be fully polarised the B,
field is turned off leaving the atoms to precess around B,

alone. This will result in the precession of the sample
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magnetisation around B, in a plane perpendicular to it

( we.will take this plane as the xy-plane and the
z-direction along By ). This behaviour is translated into a
medulation of the light beam at the Larmor freqguency
associated with B, (see chepter 2 for more details). A
‘sinusoidal decaying signal is then observed, and processed
in the same way outlined in section 5.2.9 (i.e. amplified,
filtered ...etc...). Once the decaying signal is over, the
" wvacuum valve is;opened,and the sﬁstem is pumped out and
ready to be used again. The light intensity recovers its

initial value I;.

A first experiment was done to test whether a light guide
‘would be of any help on the detection side. It turned out
that it did not. The longer the guide one puts in, ther
smaller the signal. 1In fact, this should not be surprising
because the nearer to the chamber the detection device is
the more " odd " the light rays it cellects. The meaning
of the word "odd " is any light that was reflected on the
chambers walls or scattered by the atoms i.e. any light
that did not cross the chamber in a* straight line but was
somehow scattered due to the relatively wide incident beam.

Consequently, we decide to use Just the PM tube, far
enough from the chamber but not too much to make the S/N
small.

In this section, we will only give the results obtained
and defer the explanations to the discussion section below.

Figure76.7 shows the result of an experiment done in an

analysing field B, = 10 mGauss. The signal to noise ratio is
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Figure 6.7: Mercury free precession in a 10 mGauss magnetic
field. 50 reads correspond to 1 second.

~184-



about 150 whereas the total relaxation time
t=10 secs. The frequency of the oscillations is

fo, =8.06 Hz from which the exact value of B, can be

calculated.

2uf
By =~ (6.25)

where ¥y =4768.97x10% s.ec"l.T"1 for 199Hg. We find that

B, = 10.62 mGauss. The integration time used is about 0.8sec
(the‘bandwidth used on the PAR is 1.26Hz). The
photomultiplier fube was working at the usual gain of 2661
and the ADC set to take 50.reads/sec. The low-pass filter
used in the.curren£ to vqltage converter reduces the output
to 89%. The total incident light intensity was.lo volts
and the intensity transmitted by the vapour was.5.5_volt33
This améunts to 45% absbrption. | | |

As far as the polafising field is concerned, we worked at

Bp =1.5B;. This was determined experimentally, B, was

changed until_we'obtained the best possible signal.

6.5.3.3.-Free precession in a low B, field

Anothér area of investigation is the behaviour of the
signal with the amplitude of the analysing field B,. 1If
field gradients are affecting the total relaxation time T,
then reducing the field B, ought to make <t lbnger. In
order to change the intensity of B; a resistor was
connected in parallel with the By coil. The resonance

frequency was adjusted to the new value on the PAR as well
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as the b#ndwidth. The integration time was still 0.8 sec.

We first reduced B, to half its value ie. By = 5 mGauss.
Figure 6.8 shows the signal obtained. The new resonance
frequency is 4.1 Hz. The polarising field giving the best
signal seems to be Bp==380. The signal to noise ratio is
about 184 which is a 20% increase from the last run.
However, thé relaxation time t does not seem to have
changed. The tbtal incoming light intensity is similar to
the one used with B, = 10 mGauss, it is 10.3 volts. The
amount of absorption was also similar i.e. 45%,

The_Bd fiéld was further reduced to 1 m@Gauss. The
resonan¢é frEQuéncy at this field is now 1Hz. The detécted
| signalris,shoﬁh in;figure 6.9. It exhibits a factor of two
improvemént-in'ﬁhé signai amplitude from the one obtained
at IOmGauss}'ahd a S/N of 126. Hoﬁever, the relaxation
timerstillwseems to be.unchanged. We notice that.the rms
noise 1eve1_has increased. This is probably the 1/f noise
from the light source shqwing at such a low frequency of
1Hz. The same incident light intensityrénd absorption
'fatio were used. The polarising field is about six times

the B, field.

6.5.3.4,-Free precession amplitude as a function of Hg

density

One measurement that seemed interesting to do is the
variation of free precession amplitude with the density of
Hg-adﬁitted to the chamber. Figure 6.10 shows such a
variation when the density is monitored by observing the
percentage of light absorbed. The optimum in this system

. occurs for 60% absorption.
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Figure 6.8: Mercury free precession in a 5 mGauss magnetic field.
50 reads correspond to 1 second.
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Figure 6.10: Variation of free precession signal amplitude
with the amount of mercury admitted.
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6.5.3.5.-Performances of a new source

B& the time these ekperiments wefe done a new light
‘source was made. In order to test it we decided to make
use of'it_in the experiment. The light intensity waé
rather large compared tp the old source, and thus'in'order
.not to exceed therallowed photomultiplier current the PM
tube was covéfed with a polythéne'sheet which absorbs 54%
of the in@oming light; ‘Taking this into account, the
eguivalent iﬁtensity used was 18.5 volts. The amount of Hg
‘admitted to the chamber was such that the transmitted light
through the vapour is-45% of the total beam. The |
experiment was done in a 10mGauss énalysing field and a
15mGauSs rolarising field B,. The Q of the tuned amplifier
was set to 10 and the resonance frequency to 8f06 Hz. Thé
Signal_obtainéd is shown in figure'ﬁ.ll. Although the -
relaxation time is still 10 secs, the S/N of 254 seems to be

a good improvement.
6.5,3.6.-Free precession at 50°C

Another experiment performed with this new light source
consisted of heating up the chamber to some temperature and
looking for a free precession signal at that temperature.
| The vessei was heated to 95°C and then allowed to cool
down. In figure 6.12 we.can see the signal obtained in the
normal way when the temperature on cooling was 50°C. The
. S/N was then about 270, and more importantly the relaxation
time has doubled to ZOSecsf The chamber w#s then allowed

to cool down to room temperature and a new signal was
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Figure 6.11: Mercury frge precession in a 10 mGauss magnetic
field using the new light source. 50 reads
correspond to 1 second.
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Figure 6.12: Mercury free precession in.a 10mGaussmagnetic
field using the new light source. The chamber is
at a temperature of 50 °C. 50 reads correspond to
1 second. ' . '
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taken, giving S/N:=225 and a relaxation time of 10 secs.
The improvement in relaxation time on heating and the

associated improvement in S/N may be due to a reduced

sticking time on the walls. Unfortunately the improvement

does not persist when the system is cooled down again.
6.5.4.- Discussion

: Thersignals obtained in these experiments seem to be of a
satisfactory S/N level. Nevertheless, the relaxatiOn times
invelved are rather short. We showed that the cause of
relaxation is.not originated by the magnetic field
gradients. Reducing the analysing field B, to 1/10 of its
value did not affect the total relaxation time although the
signal amplitude did improve by a factor of 2. The reason
is_that at such a low field (1 mGauss), the polarising field
was 6 times bigger than Bb (i.e. 6 mGauss), while

B, =1.5 By when B, = 10 mGauss. The bigger the ratio B, /B,
the more the effectively (B, +B, ) is aligned with the
pumping light beam and the polarisation is improved.

Using the new light source allowed us to double the total
incoming photon flux and thus half the pumping time but.
this did not have any effect on the total relaxation time
T |

The prime cause for relaxation must be the walls. We
calculate that a depolarising surface area of 12 mm’ can
shorten the relaxation time to 10 secs (the total area is
177%x10° mm®* ). An area as small as that could well have been
missed out in the coating process, especially around the
windows or theVOvring grooves. Another depolarising fgctor

could be the presence in the coating of the inhibitor used

-193-



bl
:

to keep styrene as a monomer. We élsc estimate that if
the inhibitor constitutes 1% of the polystyrene coating and
if we assume that there is complete spin destruction upen
hitting an inhibitor molecule, it would only take 1% of the
inhibitor to cause a 10 sec relaxation time.

The experiment perfﬁrmed at 50°C shows an improvement by
a factor of 2 in the relaxation time t. It confirmed that
the S is proportional to T since both of fhem improved by
the same factor. The.reason for such an improvement at high
temperature is due to the reduction in the atoms’ dwelling
time on the chamber walls which shortens'the interaction

time between an atomic spin and the depolarising site.

Quantitative analysis:

First, we shall calculate what the signal amplitude to
the fotal light (S/DC) ié froﬁ the free precession sigﬁal
obtained at 10mGauss_and.45%.iight absorption, and then
extrapolaté S/DC in the case where_iO% of the light is
absorbed. |

Secondly, we shall assume a 10% absorption and calculate

s/bC for the same degree of polarisation as that achieved

in the experiment.

1. ¥rom figure 6.7.we can calculate the ratio of the signal

.amplitude to the total DC light level

s  15.4x107° _
—z————— = 0.153 % (6.26)

DC 10.08

In this experiment the absorption was 4b%. Using figure
6.10 we can calculate what the ratic S/DC would be for a

10% total absorption. We find that S/DC = 0.089%.
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2, Taking Tty = 9 secs and T, = 215 secs and substituting in

199

(5.28.b) we obtain the polarisation of Hg as

P=1.3% (6.27)

Lét us take the case where the Hg admitted reduces the
intensity by 10%. This means that 1.8% is due to the
actual pumping component, namely 2047with“199(Fﬁ1/2)
component. We recall from secfion 6.5.2.4 that this
component constitutes 18% of the total absorption and thus
a 1.8% contribution to the total '10%. This amount refers
to an unpolarised target. A system which gives 1.8%
absorption when it is unpolarised would give a modulation
of 3.6%=of.the incident light if fhe system were 100%
 p0larised when the sﬁin vector precesses about the‘magnetic
field at the Larmor frequenéy. | |

We establishéd in equation 6.27 that only 1.3% of the
target is polarised. Consequehtly, the resulting |
modulation in the absorption is 3.6%x1.3% = 0.047% at the

precession frequency. This value is about half 0.089%.

An explanation for that-is=the‘tendency-of the pumping
light to be reflected by the aluminium chamber walis and
thus contribute to the pumping process more than once. It
appears that the average effect resulted in doubling the

light beam doing the pumping.
Noise estimation:
Let us estimate the rms noise present in the signal.

Taking I = 5pAmps as a typical photomultiplier current
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recorded after the vapour has been admitted to the big
chamber and assuming the noise at the input of the

photomultiplier tube to be purely shot noise, i.e
igus = (2aIAf)? (6.28)

we find that, at the output of the photomultiplier tube

RMS noise
bC

=0.0019% ' {6.29)

or
DC

— - x10* (6.30)
RMS noise

where we took the @ of the tuned amplifier to be 10 and a
center freQuency of 8H=z.

This figure is to be compared with the values observed in
_the experiment. These usually vary between 0.0018% and
0.0040%. 1In figuré 6.7 this ratio is equal to 0.0018%

which is in very good agreement with the calculated value.

6.5.5.~ Transfer of a polarised gas from one chamber to .

another

This section is concerned with an attempt to polarise Hg
atoms in the small chamber and then transfer them to the
big one where their precession around B; is observed.
6.5.5.1.~- Experimental procedure

The new light source was set up at the top of the shield
in order to shine light onto the small chamber (see figure

6.1) at a distance of 28 cm. A quartz lens { 6 cm of focal
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length and 4cm in diameter ) was positioned 6 cm away from
the source, whereas both linear polarisers and the X/4
plate were placed near the source because the A/4 plate was
slightly magnetic. The beam subtends a solid angie

dQ==0;358tr at the chamber.

The operating éequence adopted is as follows:

1. ane Hg is thought to be completely pumped in the small
chamber, the teflon valvé.is then opened for a time Tf:to
£fill the big chamber with polarised Hg atoms.

2. A ﬁ/2 pulse generated by the same coil used to generate
the B, field is applied for a time T, to flip.the spins
from the z-direction (along the axis of the shield) to the
xy-plane. Being in the presence of the B, field, the
atomic spins'start precessing around it at the Larmor
.frequency fy.

3. This precession is then monitored in the same usual way

by shining light across the big chamber.

A similar free precession sighal to the ones obtained
previously is then expected, As far as the detection is
~concerned, we will be using exactly the same items that we

have used so far.

6.5.5.2.- Preliminary calculations

Figure 6.13 shows the circuit generating the u/2 pﬁlse.
The manual switch can either be set to connect the coil to
a DC current supply {generating the field Bp when
necessary) or to an AC/open circuit position. Once on
position B, a square pulse T, seconds long from a timer is

used to activate the Hg relay and an AC current at the
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Figure 6.13: A DC field is obtained when the switch is in
‘ the BC position. An AC field is produced for
the duration of the pulse applied-at A when
the switch is in the AC position.
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resonance frequency is fed to the coil.

.In'order to test this technique, we polarised Hg atoms in
the big chamber along B,. Once this is switched off the
atoms precess around By. Before the precession has died
out we aﬁplied a n/2 pulse at the Larmor frequency and with
the appropriate strength; This makes the sighal'disappear'
by flipping.the spins along B, provided they are "picked
up" with the right phase which is a matter of pure luck.

We succeeded in reducing the signal_to 20% bf its
gmplitude. Fortunately, this problem of phase between the
n/2 pulse and the precessing spins is irrelevant in the
transfer experiment since we will be flipping spins which

are all along the B; field and not in a precession motion.

Strength of the /2 pulse:

This can be calculated from the following formula
yBT, =¢ (6.31)

where ¢ is the angle through which the spins are rotated
under the action of B in a period of time T,. 1In this
experiment ¢ = w/2. If the flipping is done in 2 secs we
find that B==Bu/32 i.e. 0.31 mGauss which requires 7 mAmps
preak in the 40 cm diameter Helmholtz doil generating the
pulse. However, when the expefiment was dqne,'we found
that a 2 sec pulse at 0.51 mGauss intensity gave the obtimum
Sighal. Thé disagreement between the qalculated value and
.the experimental one is of no surprise since the 8 Hz field
is expected to be attenuated by the aluminium walls to a

certain extent. -
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Estimation of the possible pumping time:

This can be calculated from the value obtained when the
pumping was done in the big ves_sel.(Tp = 44 secsg), Using
.eguation 6.11 we find that Tp==325ecs. Since we are using
- the new 1ight source to pump the small chamber T, = 16 secs
because this source is twice as bright as the old one.
Moreover, the solid angle used in this case is about 4
“times bigger, therefore Tp =4 secs.  This estimation of Tp
assumes the case of a thin target as it was the case when

the pumping was done in the big chamber.
6150503.-" Results

We showed in figure 6.10 that a maximum signal was
obtained When 55% of the incoming light is absorbed.
Consequently, it is worth setting the vapour pressuré in
the small chamber such that the same amount of light is
absorbed. This can be done by looking at the amount of
absorption in the big chamber after the gas has been
transferred. This émount would then be equal to
0.55EE“£E==8;3%. Ve, and V, are the volume of the small and
the bfé-ihamber respectively, £, is the diameter of the big
chamber and £, the height of the small chamber. We first
measured the time it takes tb absorb 8.3% in the big -
chamber for a given bead temperature and then calculate the
time it takes to absorb 55% of the vapour in the small
chamber. We find that opening the Hg manual valve for

28 secs would achieve such an absorption. However, using

the bead temperature to'mqnitor'the amount of absorption is
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rather unreliable. One has to make sure that the vapour is
in equilibrium at any given temperature which implies
waiting for a long enough time for that to take place.
Nevertheless;'a better way to run the experiment would be
to fill the small chamber, admit some polarised Hg into the
big chamber, and look at the signal amplitude at different
bead pressures. The teflon valve is opened for a fixed
'time'Tf but the Hg bead temperature is varied. We found
that for T, =2.4¢secs thé’best_signal amplitude was obtained
at a bead temperatﬁre of —3,2’C_giving an absorption of
10.2% in the big chamber.

This signal is shown in figure 6.14. We can now
¢calculate the absorption in the small_chamber using the

following relation

_ vV, £ 1
Abs(small) = Abs(big) 2 =& (6.32)

V, £, (1 -exp(-2.4/3))
‘The last term takes into account the fact that the teflon
valve is opened for 2.4 secs only'and the time constant for
sharing the gas between the two chambers is 3 secs.
Equation 6.32 yields 37.4% absorption. This actually
represents the ratio ( I, - I )}/I, = (1-exp-(nof,)) from
which we find thaﬁ the amount of absorption used in the
small chamber nof_ = 47%. This figure is in good agreeﬁent

with the absorption of 55% which gave maximum signal in the

._ big chamber {see figure 6.10)., Moreover, the geometry of

the two vessels is not the same, so the amount of reflected
light contributing to the absorption is also different.

The total analysing light intensity used was 8.6 volts.
The n/2 pulse was applied for 2 secs just after the teflon

valve was closed. In fact, we arranged for the timer
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2 Ss2a 12288 . 1523 208

Figure 6.14: The mercury vapour was polarised in the small
chamber and the free precession signal observed
in the big chamber. 50 reads correspond to 1 second.
The transfer was done at A (for 2.4 secs) and the
/2 pulse appLied {for 2 secs) at B.
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activating the teflon valve to initiate a second timer once
.the valve is closed. This second timer was then used to
send a pulse to the ®m/2 pulse generating circuit. The
signal to noise ratio achieved is 15.5 witﬂ a Q of 10 in
the tuned amplifier.

However, there is still a correction factor on this
figure due to the time required to fill the big chamber
(2.4 secs) and apply the w/2 pulse-(ZSecs). Assuming that
the average loss for the filling up process is 1.2 sec we
end up with a 3.Zsecs loss out of the 10 secs relaxation
time measured in the big vessel. In other words, this
- reduces the signal to 68% of its actual size. Consequently

the actual signal to noise ratio should be 23.
6.5.5.4.- Discussion

- Although the signalfto noise ratio obtained is rather
poor, we showed that polarised mércury vapour can be
transferred from one vessel to another and detect the spin
precession around an applied magnetic field in the second
chamber. One likely explanation for the poor S/N is a
éhort relaxation time in the small chamber. This could be
checked by polarising and analysing in the small chamber
just like it was done in the big vessel. An estimation of
the wall relaxation time in the small chamber from the
relaxation time measured in the big vessel gives
Tp = 3 secs, assuming the walls of both chambers to be
_similar. Combiﬁing this with the pumping time T, = 4 secs
gives a total relaxation time of 1.7 sec, which is rather
short. However, this is only a rough estimate of the

relaxation time and the state of the small chamber walls
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should be examined more carefully.

- As suggested earlier, the effect of the inhibitor mixed
with polystyrene should be investigated and we may attempt
.to remove the inhibitor. The two chambers will also be
recoated dnd the relaxation time remeasured.

We aiso intend to use a smaller quartz cylinder in the
Big chamber to get rid of reflection problems'éince guértz
transmits the majority of the UV light. Furthermore, there
‘should not be big stresses on the Cylinder walls to affect
the polarisation of the pumping light. This problem can
occur with aluminium cylinders fitted with flat quartz
windows. If these are fixed rather tightly the window can
easily develop stresses.

Finally, using a smaller analysing chamber reduces the
proportions between the analysing and the polariéing
chamber, which allows us to use a smaller vapour preésure
in the polérising volume to obtain the same absorption in

the analysing volume.

Radiation trapping:

Radiation trapping effects can cause some trouble. _If
the pressure is too high in the polarising cell, traﬁped
radidtion can cause a reduction in the amount of |
polarisation achieved. Lef us assume a cf polarised light
beam incident on an atomic system whose ground state and
excited state are F=1/2 states. This beam can only excite
the uy = -1/2 ground sub-level to the my = +1/2 excited
state. However, the spontaneous decay back to the ground

state can take place by
a/ emitting a ¢ polarised photon and the atom goes to the
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By = -1/2 sub-level. In this case the net angular momentum

gain is zero.

b/ or emitting a mn polarised photon and the atom goes to
the pF:=+1/2.sub—level. This ph&ton is generally emitted
in a direction perpendicular to the direction of the
incoming photon. Before leaving the cell, theln photon can
then meet another atom, if the target pressure is high
‘enough, and excite it fromsthe-pf==+1/2 state to the

mp, = +1/2 state, thus causing a depletion of the pp = +1/2
state and a reduction in the sample polarisation.

As far as our experiment is concerned it is then more
effective to use a long thin polarising volume to get rid
of any radiation scattered at right angle to the main

. pumping beam. However, the polarising chamber cannot be
made as long as one wishes because of existing magnetic

- field gradients.

Another improvement to the experimént would be to use

purer isotopes both in the light source and the target.

The fact that the source contains only 58% 2°4Hg reduces
these values by a factor of 0.58. ';Furthermore, the
204 201

amounts of Hg and Hg in natural mercury add.up to
about 20% and lssﬂg constitutes 17% of the total. Both | _
20430 and 2% Hg(F=5/2) lines overlap with the 204 line from
the source, therefore they absorb a total of
20/(17420) = 64% of the incoming 204 1iﬁe. This makes only
46% of the 204 source line available for '*?Hg in the
target. Consequently, there should be an improvement in
S/N of 4. It is then certainly worthwhile utilizing purer

mercury isotopés at the ILL for the source as weli'as the

target.
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CHAPTER VII
Design of the ILL Mercury Magnetometer

We finish this thesis by presenting the Mercury
magnétometer we think shoﬁld be used in the EDM experiment
at ILL. We first give the experimental layout to be

adopted and then estimate its performance.

7.1 -Experimental set-up

First of all, independently of the new magnetometer
system, the EDM bottle is rotated through 90° about the
hofizontal axis (Figure 7.1). This reduces the
displacement of the mean position of the neutrons by
gravity. Fufthermore, the vélume of the storage bottle.

will be increased te 20 litres in order to increase the

neutron storage time.

As far as the neﬁ magnetometer is concerned, mercury
atoms are polarised inside a small chamber fixed to the
bdttomwof the méin-neutron vessel. A first intense UV
light source positioned at the lower part of thé 4-layer

' p—metal magnetic theld_is used to do the polarisation.

Once the vapour is transferred from the polarising chamber

to the neutron storage vessel, the Hg precession signal

around the 10mGauss field is monitored with a second light
beam which we will call the analysing beam. This beam does
not have to be intense, but just strong enough to menitor
the Hg précessidn. It should be weak enough not to speed
up the relaxation process or cause a release of electrons

in the chamber that would break down the applied E field
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which is the reason for not polarising Hg inside the
storage vessel but have a separate polarising volume. Each
time the neutrons are admitted . to the big chamber, Hg atoms
are also transferred from the small volume to the big one.
By registering the decaying Hg sinéwave in the neutron
storage vessel a computer program is used to fit the data
and calculate the Hg resonance frequency in the applied-
maghetic field.

For a given direction of the_électric field E and a given
value of the neutron n/2 pulse strength, a typical

operating sequence would be

1. Close the Hg valve and polarise the atoms.

2. Open the neutron valve and fill the storage vessel.

3. Close the neutron valve, open the Hg valve and admit the
polarised vapour. -

4, Close the Hg valve.

5. Apply a n/2 pulse for both Hg and neutrons (8Hz for Hg

| and SOﬁz for the nettrons). | ‘

6. Monitor the Hg precession using the analysing beam.

7. Apply the second n/2 neutron pulse coherent with the
first one.

‘8. Open the neutron valve. Sin@e Hg is moving much faster
than the neutrons it will be pumped out of the systen
while the neutrons are directed onto the UCN detector to

-count them.

Since Hg atoms are about 100 times faster than the ultra
cold.neutrons used, the Hg vapour is admitted to the
storage vessel after this is filled with neutrons and the

neutron valve closed.
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7.2 -Expected Performance:

From the results obtained at Sussex which are given in
Chapter 6, we can estimate the S/N achievable at ILL. A
computer program working with simulated data having the
same S/N calculates the ﬁg precession frequency and the
Precision in that freguency.

Before such an estimation is done we have to make sure
that' the experiment at ILL works in the same sort of |
conditions existing at Sussex. For 1nstance, the analy31ng
photon flux has to be similar in order to use the same
noise figure measured at Sussex. Let us start by
estimating the analysing ﬁhoton.countingQrate R as seen by
the photomultiplier tube at ILL. Figure 7.2 shows the
optical path of the analysing beam. The solid ahgle dQ,
subtended at the source by the lens is dQ, =1.96x10" % str.
The product P, of the source surfacé.area by.dﬂs is eqﬁal.
to 2.22x107°% str.cm®. S_imilarly’, the solid angle dgQ,
subtended by the window that is on the detector side is
de, =4.91x10* Str.cmz. The window surface area times dQ,
is P, =2.41x10"° Str.cn’® which is very similar to P,
Taking into account the transmission of light through fhe
different optical components as measured in chapter 5, we
can estimate the counting rate detected by the PM tube. A
typical photon flux emerging from the light source is
J=2,34x101% photons/sec. str. The circular polariser
transmits 14.6%, the 4 windows and the lenses transmit 61%
'altogether, the‘two polystyrene layers on the storage
vessel windows transmit 80% and the quantum efficient of
the PM tube is 17;6%. Multiply all these factors togethef

and the solid angle dQSOQrcé vields a counting rate
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Figure 7.2 : Optical path of ‘the analysing beam in the ILL setup.
The diagram is not to scale.
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R= 5.753101° photéeléqtrons/sec (7.1)

The usual photdmultiplier current used at Sussex (see
Chapter 6) is about 10pAmp. This ;orresponds to a coupting
rate of 2.35x10%° photoeledtrons/sec which is in the same
range as R. Conseguently, a direct comfarison between the
two set-ups can be drawn, namelj we expect the detected
noise to be the same as the one measured at Sussex {see
chapter 6) ie. 0.0018% of the total incident light when the

data is collected every 0.4 secs.

Degree of,polarisation that will be achieved

We consider the polariser volume td be a cylinder 35cm
-long and 7.5cm in diameter totalling a 1,556 litre volume.
It can be a quartz cylinder coated with either polystyrene
or teflon which should give a total relaxation time of at
least 50secs. The magnetic field'inSide the 4-layer
n-metal shield was checkéd to be perfectly hbmogeneous over
a 35cm distance. We intend té use the set-up shown in
figure 7.3, The solid angle subtended at the source by the
lens is d2 = 0.22 Str. The polariser transmits 14.6%,
whereas the lehs, the quartz window, the vacuum vessel and
~ the coatfng transmit 72% alfogether._ If the photon flux
emitted by the lamﬁ is taken to be equal to the one
| measured at Sussex bj the intense source,'ie.
J¥4.68x1015 rhotons/sec.Str, using equation 5.30 results in
a pumping time

T =4.85.ecs. (7.2)

D

Assuming & wall relaxation time of 50 secs, one can then
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achieve a polarisation (using equation 5.28a)

P=73% (7.3)
Where the incoming light is éséumed to be 80% polarised.
Signal to Noise Ratio in the Main Vessel

Assume a mean free path Apo1 of 1 meter for the light in
the polariser volume. In the storage vessel thig would be
Vi

=}\p01 \—I"" (7.4)

where Vb==201itres and V, =1.55 litres. Therefore,

A =12 9m. If an unpolarised vapour is admitted to the.

- storage vessel, the amount of absorptlon it experiences is
equal to

(7.5)

unp

s
1}
>

where d=40cm is the diameter of the vessel. Thus

Aynp = 3.1%, ~For a 100% polarised target, the modulation
depth would then be 6.2% of the*incidenﬁ light when the
spin vector precesses about the magneticnfield at the
Larmor frequency. But the actual target will be 73%
polarised and the lightrbeam 80% polériSed. Therefore, the
amount of modulation that we will achieve is.S=3.62%.

Since one can assume that the noise at 8Hz (which was
checked to be shot noise from the source) will be of the
same order as in the Sussex experiment ie. 0.0018% of the

total light, with an integration time of 0.4 secs, we have
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3.62%

— = 2012 (7.86)
0,0018%

(S/N),isec =

We will probably be taking, in the actual experiment, data
with an integration time of 20 msecs (ie. 50 reads/sec),
thus this figure has to be multiplied by 40.02/0.4.

Therefore
S/N = 450 (T

which is the signal to noise ratio calculated at the

beginning of the decay signal.
Precision in the frequency measurement:

Assuming a relakaticn time of 100 secs in the storage-

" vessel, the S/N after 100 secs drops by a factor 1/e from
the initial value and becomes equal to'166. Entering this
figure of S8/N in the computer prograﬁ which does the daﬁa

fit vields
g - ;
~§—=2.54x10 7 (7.8.a)
for unfiltered noise, and
c ' .
—5—-:2,49;;107" (7.8.b)
for a noise filtered with a band pass,filter with a 0.01sec .
integration time.
This is better than the figure of 5.53x10° " achieved by

" the UCN magnetometer.
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7.3 -Conclﬁsion

The work in this thesis is primarily concerned with the
development of a new magnetometer system for the neutron
EDM éxperiment at ILL (Grenoble).

We established that the best'atomic system to use-is
probably spin polarised mercury atoms. They are easy to
polarise and can be stored for long péribds of time ( few
tens of seconds ) provided the container walls are |
adequately coated. The.Hg resonance frequency in a 10
mGauss field ( this is the value of the field used in the
EDM experiment ) is 8 Hz ahd'the neutrﬁn frequency is 30 Hgz,.
Computer simulation sho&s that the Hg'pdlse_applied at_fhe
same time as the neutron ®/2 pulse alter the neutron cbunt
at the end of the cycle by a significant proportion of the
order of the neutron couhting statistics. The effect is
calculable, however, and can be.allowed for during data
pfocessing. |

Magnetic field monitoring with Hg atoms is directly
achieved by measuring the Larmor precession frequency
~ rather than calculating it through some other parameter,
like degree of polarisation, as it is the case in & Helium
magnetometer.

We showed that Hg atons dan be polarised and stored in an
Aluminium cdntainer 5.41i;res in volume coated with
polystyrene, We_obtaiﬁed a good signal to noise ratio of
250, Howevér, the wall relaxation time was rather short
- and amounted t6 only 10 seconds. Nevertheless, there is
still quite a few changes_that could be implementéd in the
experiﬁent in order to improve both S8/N and the relaxation

time. We established that uéing pure isotopes in both the
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light source and the target should improve the signal to
noise ratio by a factor of 4. While this thésis was being
written, a S/N of 1500 was obtained using 90% separated
isétopes in both target and source.

In order to obtain more useful pumping light, we should use
a larger guarter wave plate than the one we have been using
gso far (it is only 1.5c¢cm in diameter ).

As far as improving the wall reiaxation time, SeparatiOn_
of the inhibitor from Styrene before polymerisation is
certainly worth ﬁrying. It is believed that the presence
of the inhibitor in the polystyrene wall coating.may be the
main cause of relaxation. Névertheless, a mere recoating of
the vessel could result in a better lifetime. We showed
that an uncoated surface area as small as 1/10000 of the
total area of the 5.4 litre volume could result in a 10
second relaxatioﬁ time,

We also succeeded in polarisihg Hg atoms in a separate
: smali Aluminium-side chamber and in transferring them to
the main chamber . The signal to hoise ratio was only 23,
Vbut the main achievement, as far as this thesis is
_concerned.is the fact that such a transfer could Be done.
One can now work on improving it in order to use such a
technique - in the ILL experiment. An immediate improvement
that comes to mind is the use of a longer polarising
chamber, probably made of quartz, in order to eliminate any
trapped radiation problems,

Concerning the implementation of this technique in the
neutron EDM experiment, we estimated that by using pure
isotopes and prdvided we achieve a Hg wall lifetime of 100
Vsegonds, the precision to whiéh the magnetic field is

measured is o, /f =2.5x10"". This is better than what the
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neutrons provide ( of/f;=5.5_3x10'7 ) but a further

improvement is certainly helpful. A limiting theoretical

figure was calculated to be ~ 2.3x10'?.

Compared to ofher_mégnetometer systems, Hg.seems to be the

best. Helium atoms can only achieve a precision of
cf/f:=9.5x10'7. In addition, 3He poiarisa#idn is rather
difficult to measure. Another magnetbmeter system that was
considered in this thesis is a Caesium systen.

The tendency fof Caesium to form a metallic layer on the

walls causing a ‘E field breakdown makes it a less likely

system to use.
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APPENDIX 1

Modulation of a light beaﬁ by precessing absorbing atoms

Let us assume a completely polarised atomic system with a
ground state total angular momentum F=1/2 and J=0, and an
excited state with F=1/2 and J=0. This is the case of an

£ 199

ensemble o Hg atoms subjected to a o' polarised 2537 A

resonance radiation. The ground state is a 1Sn and the

excited state a 3

Pl L[]
We also assume a quantisation axis in the direction 8,¢ and
a magnetisation M in this same direction: The state ly>

'describing such a system in the ground state is
e ie /2 e “ief2
iy > =Sin5e |-1/23 +COS—2-e 1+1/2> (A1.1)

We then apply a mégnetic field B in the z-direction and.
shine a &+,polarised light beam in the x-direction.

Let us calculate the prdbabiliﬁy of finding the system in
the excited SPI state under.the action of such a light
bean,

The electric vector E of the incoming light beam (o

rolarised} can be written as

E (j+ik) | (A1.2)

- E
J2

o 7 B
if it was ¢  polarised it would be_E=f}§(j-—ik).

The position of the electron making the transition is
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r=xi+yj+zk (A1.3)
therefore

{y +1iz) (A1.4)

el

The spherical tensor components of r are defined by

Ty =g
L ( ) (Al1.5)
r —{x-1i .
- J_Z ¥ |
r, -=—E(:;+iy)
thereforq
Lo vy  (A1.6)
¥y= 2 r, +r_ .

The probability of making an electric dipole transition to

‘the 3P1 state is
P = i<:LiE.Thp>1% + l<%—%}E.rlw>l2 (A1.7)

which ié the sum of the transition probabilities from the
superposition state IY> to either of the IFM;> excited
states,

In the |J M;>II M;> representation the ground state levels
are 100>i13+3> an_d 100>14-3> whereas the excited states |FMy>,

they are written as
133> =—1|10>i %>+~/Z|11>'|%-%> l(A1.8)
i3 37 7 .
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and
1$-3> = -ﬁ1—1>1§%> +i|'10>|%-§—> (A1.9)
3 {3 '
note that we do have <%%1%-%>:¥0 therefore

-1 o
l<§-%lE.-rl¢r>|2 = l(ﬁ(%%l(lm + ﬁ(-};—%!(lli)E.r(lOO)

0 ; | 8 _;
Sin-é—e””,i%—%) + I00>Cos_§e'1”2 t%%>)12- (A1.10)

Note that when including the electronic spin states, ly> is

written as
NIRCYE: W8 Lisr2 002
[y> = Sl“’é""‘ [00>13-3> + COS'Z—e 1003133 (A1.11)
Also note that the |IM;> states do not act on E.r, thus

' -1 o _.
1,<%%aﬁ.rt¢r>lz;i—g<101005_e"“"ZE.r|00>+ |

jg<1llsin§e”/2E.rI00>lz

-1 e _. E
zi—Cos—e ** 12 —<10ly+izl00>+
i2

43

0 . E )
ﬁSin“el‘.l2-—<11Ey+izl-00'>i2 _ (A1.12)
377y i3 -

But (see Woodgate page 162),

<10ly+izl00> =.i<10I2i00> = i{B (A1.13)
: i
<11lly+izi00> = <11lyI100> = E{E : (A1.14)

-223-




where /B is a reduced matrix element dependent on the other

commun guantum numbers (like n) and a radial integral.

Therefore

-1 0 _, i - 2 1. i,
<3LE.riy>? = EBl—Cos—~e ' */2=4+ [—sin—e'*/?—-—
5 32 2 N3 2 242
EZB 6 . 0 .
= | Cos—e %12 4 gin—el?/?? (A1.15)
6 2 2
Now we use the fact that
laet®/? + be 197212 = 3% + b + 2abCos¢ (A1.16)

where a and b are real, therefore

=
™
o

{1 -Sin6Cosd) (A1.17)
Similarly we obtain
E’B |

I<i-3E.rly>1? = — (- Sin6Cosd) (A1.18)

The total probability of equation (Al.7) is then
‘B
I’=—§—11-—Sin90056) {A1.19)

In our experimént, the magnetisation M ié in the xy-plane,

for which 06=n/2 and Sin@=1, therefore
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E2B
P=-?;%1.-Cos¢) - (A1.20)

¢ = wt where w is the precession frequency of the sample

magnetisation around the applied B field. Hence

2
B .
E’=-§—(1*Coswt) : {a1.21)

indicating a modulation in light absorption at the

frequency w.
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APPENDIX 2

1

Solution to the Rate equations for the 99y System

Let us consider a simplified modei of the energy levels of
199Hg, in which the ground étate is madé up of two Zeeman
states 1 and 2 having'spin projection gquantum numbers

B, =-1/2 and py = +1/2 respectively. Let the excited state
be made up of level 3 with m, =-1/2 and level 4 with

m =+1/2. Let this system of atoms be subjected to.the.
action of a light beam made up of y% left circularly
polarised light (¢’ ) and (1-y}% right circularly polarised
light (o‘); We definé the overall polarisation of this

beam as

_y = {i-v) _

= . =2y -1 - (A2.1)
y+(1-v) Y : (

L

We also define the following probabilities as follows:

~P1,2 =P, 1 = the probabilities per atom and per unit
. R

time of having a transition from 1 to 2 (or 2 to 1) under
the action of the relaxation processes influencing the
system.

1 1 . .
-P, 4 :yEf-and P, .3 =(1-Y)ET . P; 4 is the probability per

- ) B )
unit time of having a transition from i to 4 per atom due
the o' light component and P, ; the probability per unit

time of having a transition from 2 to 3 per atom due to the

¢ component.

: 1 i 1
'_Pa'.l =0..'; ¥ P3’2 = (1-0.); 1 P4,1 =Ct"; and P4’2 = (-1-0.' );a

Py, ; is the probability per unit time of having a
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spontaneous emission from 3 to 1. Py ; » ?4.1

and P, , are similarly defined. a is the relative
transition strength from 3 to 1 and o' is the relative
transition strength from 4 to 1. =t is the lifetime of
levels 3 and.4 assuméd to be the same.

One can now write the rate equations for the evolutioh of

the populations of all the four levels.

dn, o .
a1t =-mPy, g 0P 3 -0y Py 4 40Py tna Py 4
1 Y (1-v)
=(n,-n; })—-n;—(1-a’ ) + n,—a_ (A2.2)
2 T, 'm LI _
dt="'n2P2’1 +n1P.1.2—n2P2.3 +n3P3,2 +n4_P4'2
(1-v) y
==(n,-ny )—— -n,——a+n;, —(1-a’) . (A2.3)
dny P P, , +n,P
—= = -n -n n
dt 3F3 1 383 2 z%2,38
" =Ny - {1-v)
= +n2 ;
Tt T,
{A2.4)
dn, P 3 P
= —-n n +n
at 1Py 1 44,2 11,4
~n
L A . (A2.5)
T T; ‘
At equilibrium, we have dn,/dt=dn,/dt =0 , thus
{(1-v)
ny = n, Y T {A2.6)
Y .
n4:n1'ri‘“;'~'p : (A2;7)
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Subtracting (A2.2) from (A2.3) and putting hz“nx=‘1

and n; +n; =N we obtain

d(n,-n, ) n (1-vy
—_JL—J~—=———~—2n2 - )a-FanlL(l-a’) (AZ2.8)
dt Tg T, T,

] N+n N-n
Since n, =—2-* and n, =7 we have
dn [1 . 1( .y (1ea’ ))] N-[.'+ (o1 )] (AZ.9)
—=-nl—+—(a -a’-a -—la a'-1-a R
dt T, T, T, 4 S

We define the degree of polarisation as

)
[}

(A2.10)

= |

Therefore eguation (A2.9) can be written in the form

j_i= -TyP - T, P(a + y(1=a’-a)) + I, (y(1-a’) - (a(l-y)) (A2.11)

1 1
where Tp=—""and T =E:-. We have a=1/3 and o' =2/3, thus
. . , 4 .
O e rgP+IT,l(2y-1) - P] (A2.12)
ac R Tgrettey T

but 2y-1 is the polarisation of the light beam as expressed.

in equation (A2.1), hence

dp 1
o= TrP+ ST (P-P) (A2.13)

If we call pumping time the quantity T, defined as

w | =
-

1
= =T , (A2.14)
T, .

equation (A2.13) can then be written under the form
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dpP , -
E-‘:,»(r,“rp)lv:rp P, (A2.15)

The solution to this equation is

r_. P
P(t) =—JL—L“{1-exp—(FR+FP)t) ' (A2.186)
Iy + T, ' : :
We can easily see that at equilibrium (i.e t— «) the
optimum atomic polarisation attained is
T, P

S T (A2.17)
Ty + T,

If the light beam is 100% o' polarised (i.e v=l , Py =1)

'then

T '
-— P (A2.18)

Ty +T,

If the light beam is 100% o~ polarised (i.e y=0 , P =-1)

theh

r .
Ty + Ty

If the light beam is 50% o and 50% o pqlarised'(i.e y=1/2

and P;=0), then P, =0.
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APPENDIX 3
Derivation of the Expression of the Pumping Time T, }

We are concerned in this appendix with the derivation of

199Hg atomic system

equation (5.30). Let us consider the
130 ground state and 3P1 excited state. Both states have
two Zeeman components. The My changing decay rate is twice
as probable as the M; conserving one. This can be shdwn by
writing the expression of the four states in the [|JM;>IIM;>

representation and then compute the radiative transition

operator between two states involved in the transition.

+1/2

1
H

Let N, = total populatidn in the ground state with My

and'N_ total populatioh in the ground state with M, =-1/2.

If N=N, +N_., n=N,.-N_, n, =N,/V and n_ =N_/V, we can see
_ﬂth_=~?ﬁ—N)amﬂN+:?n+NL

Suppose this atomic system is subjected to the action of =a
o' polarised iightrbeam. In a-time t, the N_ population
decreases by a factor of 1/3 and N, increases by a factor
of 1/3._ We can then write the equation of evolution of the

difference between N, and N_ as

d(N, - N_)

- =RI'e}§p—'(n,ox) - (A3.1)
dt °

_where R==2/3 is the relétive transition probability for
the upwards transitiOn involving a change in M, (i;e from
Mp =-1/2 to Mg =+1/2); We also introduced n_ in the
exponential term because only the atoms in the M =-1/2 of
"the ground state are excited. I; is the total incoming

phdton flux which we will call J, x is the distance
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travelled by the beam in the vapour and o is the light
absorption cross-section per atom. If we assume the case

of a thin target we can write that
exp~(n_ ox)an_ox : (A3.2)

‘therefore equation {A3.1) takes the form

d{N, - N_})

2
— =—~Jn_ ox- (A3.3)
dt 3

Substituting for (N, -N_) and n_ we obtain

ala
o |3
w |~

Jaox
— (N-n)
AY

Introducing the degree of atomic polarisation P =n/N, this

equation becomes

dP 1 Jox
— ==>—(1-P)
dt 3 V )
(A3.5)
At £t=0 , P(0) =0 and the solution of (A3.5) is
P{t) = 1-exp—(t/Tp) (A3.6)
- where
P 1/30xJ

The quantity we defined as the total pumping time of the

vapour.
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APPENDIX 4

Calculations of the Effective Light Absorption

Cross-section in a Hg Vapour

We are concerngd here, of éourse,.with the 2537 A Hg
intercombination line incident on a Hg vapour. We assume
that both the gsource and the target are not pure but
contain a mixture of Hg isotopes. We defined, in equation
6.19,as the light absorption cross-section of the source

component j with the target component i the quantity

=) = A, — ol (A4.1)

where A; is the abundance of component i in the target and

Ngi is the ground-state degeneracy of the isotope i. For
example, for the even isotopes Nyeven =1 » but Ngjg9 =2 and
Ng201 =4 - cg is the effective light absorption

crosg-section per atom defined by

o) = o(w,) O} (ﬁ:br)i , (A4.2)
where (Zb_),is the total probability of optical transition
with o' light to the eﬁcited_level for each target
component i. In table A4.1l wé give (Zb_); for each
component [Cag 61]. Oi is a factor describing the extent
to which source cﬁmponent j overlaps with target component
i. c(ub) is the peak cross-section involving two |

components of exactly the same centre wavelength and

complete overlap.
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Overlapping Lines | )b, for o™ light
T 204 - 204 1
204 — 199-1/2 | 2/3
204 - 201-5/2 | 2
202 - 202 1
200 - 200 | 1
- 198 - 198 | 1
198 — 201-3/2 |  4/3
199-1/2 - 199-1/2 —2/3
199-1/2 - 204 | = 1
199-1/2 — 201-5/2 2
199-3/2 - 199-3/2| @ 4/3
1199-3/2 = 20i-1/2 2/3
201-1/2 - 201-1/2|  2/3
{201-1/2 - 199-3/2]  4/3
[201-3/2 - 201-3/2 4/3
201-3/2 — 198 | 1
201-5/2 — 201-5/2 T2
201-5/2 - 204 | 1
201-5/2 - 199-1/2 | 2/3
Table A4.1
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In what follows is a detailed calculation of both o(w;) and
i ' ' '

01'

- Let o(w) be the frequency dependent absorption cross-

section given by [Cor 771

olw) = (A4.,3)

3n? yi/a
2u [(w—u%)z-+y2/4]
‘'which exhibits a Lorentzian shépe of height 1 and width vy.
®w is the frequency of the incoming light_being ponsidered,
wy is the centre frequency for the absorbing atom and may
be a valﬁe-influenced by Doppler shift due to the motion of
the atom. Let w; be the unshifted vaiue for an atom at
rest.

We then assign to the astom to have a probability

distribution over the thermal speeds. Thus

(w) jm 3n2 [ .),2 /4 ] (o )dat (Ad.4)
w) = : p(wf )duwy Ad.
° JO 2m (m—w;]')z +yi/4 0 ¢

where p(w, )dw is the probability for an atom to have an

angular frequency between w;, and wj +dw,. We have
o]
Io plag )dawy =1 (A4.5)

Since the Lorentzian shape is much more smaller than p(wj)
{it is about 1MHz wide as opposed to the width of pluwp)
which extends over more than 1000 MHz) , it behaves like a

& function and the integral in (Ad.4) becomes

. | 00.3}\2  yi/4 '
= * - - . A4‘16
otw) =ple) .[0 21 [(w—w;, )2+ y2/4] b (A4.8)

Doing the integration results in
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2 - "
g{w) = p(w) '—4-? (A4.7)
- The quantity p(w) is given by
_ 2 2,2
plw) =— _e_xp-[4(w—wo) /A% ] | (A4.8)

{ma

where A is a quahtity proportional to the true Doppler

half-width A’

A.: : A4-9)
{Tog?l {
and _ :
o wy | 2kT 3
A" =2 — |— Log2)° (A4.10)
c M

. ¢ is the velocity of light in free space, T is the

temperature of the target, k is the Boltzman constant and M
is the mass of the radiating atom. A' can also be written

under the form

| T
A = 7.16x1077 v (X)é (A4.11)

where A is the atomic weight of the radiating particle and
C

Vo =;. ' :
Sﬁbstituting for p(w) in (A4.7), we have

N’y 3 : 2 4,2
o{w) = ——— (nwLog2)® exp-[4{w-w, } /4% ] (A4.12)
: 2n A’
The peak value o(w; ) of o{w) is obtained at w=w; .

Therefore
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an? y . _
o(wy ) =—— (nlog2) (A4.13)
2w A’ ' -
which is the expression used in section 6.5.2.2.4 eguation
6.20 . Since A=2537TR , y=1/t (where t=1.18x10"" sec, is
the lifetime of the 3P1 level), T=294"K (we assume the

target to be at room temperature) and A=199 , we have

r

— = 1030 MHz (Ad4.14)
2n :
and
olwy ) = 6x10"*" n® ‘ (A4.15)
Let us now find an expression for the overlap Og. It is

defined for & thin source as the weighted cross-section

over the incoming spectrum and expressed as

j:>Ij(uﬂ [o;{w)/o(wy )] dw

ol{w)

(A4.16)
o(w, )

jwlj(m)dm
0

where we introduced the index i for the target and j for
the source. The light spectral profile Ij(w) emitted by

the source is assumed to have a Gaussian shape, i.e

I’ (w) = B exp-[4(w-wy; )2 /0] (A4.17)
where A; is defined through equation (A4.9) , uhj/2n is the
centre frequency for the source and B is a constant.

Substituting for o; (w) , o(wy) and Ij(w)'in equation

(A4.16) we find
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o0
.[0 exp"[4(u)—moj )Z/Ai ] exP“[é(w-wﬁi )ZIAE ] dw
o = - ' : (A4.18)
o .
IO exp—[4(w—woj)2/A§] dw

After integration we obtain

; 1
0y =
A i Y

exf—(4(ﬁ?)2 [ ? + — 1 ]) (A4.19)
o le)® T (tal)® 41 |

where we put

(A4.20)

Because of the small differences in the atomic weights of
the different isotopes, we assumed A3/2n==1200MHz to be the
same for all, and'A;/2n==1030MHz. The source temperature

was taken to be egqual to 400°K and the target temperature

- to 294°K.

Finally, a detailed picture of the different light
components existing in both the source and the target is
presented in figure A4.1. The components at the bottom

199Hg corresponding to

représent the absorption lines of
q+ transitions in an ﬁnpolarised targef.These are drawn for
naturﬁl Hg used in the resonance experiments of chapter 6.
However, the spectral lines at the top of the picture
represent theremiSSion lines from the source used in those
same experiments for which the isotopic abundances are

given in table A4.2. The x-axis corresponds to the

different positions of the lines in the frequency domain.
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HEHil

I

Figure A4.1: Diagram showing the target absorption lines (on the lower side
of the axis) and the source emission lines(on the upper side}.The target is
natural Hg, whereas the source is made up of a mixture given in table A4.2.
On the vertical axis, each division corresponds to 2.5% of the total intensity.
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~Teotope | 204 | 202 | 201 | 200 | 199 [ 198 |
[ Abundance (%) | 58-20 | 17.05 | 5.26 [ 8.78 [6.50 | 4.10 |

Table A4.2: Hg isotopic abundance from Harwell used
. in the light socurce.
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The scalé on this axis is 1000 MHz per division. The width
of each line is determined by its bopplef—ﬁidth calculated
using equation {A4.11). The y-axis cbrresponds to the
strength of each 11ne. We just took the quantity

g (3by)y /Ny to represent the strength of each target
line. A;, {(Zb, ); and Ng; were all defined in the begining

of this appendix. As far as the source is concerned, we

took the gquantity

1l =7 A (a4.21)

to represent the strength of the line. A is the abunbance

of source line Js and F ig defined by

(2F+1)

i _ (A4.22)
(2J+1)(21I+1)

for each source component j. The different Fl values are

summarised in table A4.3.
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| Isotope | 2J +1 |21 +1 2F +1 ﬁﬂg%%m
202 | 3 1 3 1
201-5/2 | 3 4 6 1/2.
2013/2| 3 | 4 4 1/3
01-1/2 | 3 4 2 1/6
200 3 | 1 3 1
1199372 3 2 4 2/3
199-1/2 | 3 2 2 1/3
7198 3 1 3 1

Table A4.3: Summary of the F¥ factors used to
determine the intensity of each
source component.
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51: - APPENDIX 5

Calculations of the Equilibrium Pressure in the Experiment

of Chapter Vi

The system considered is made up of three subhsystems

e —

1. The Hg container whose volume is taken to be negligible
compared to the other two sub-systems.

2. The small chamber having a volﬁme Vg .

,_ 44‘..

3. The big chamber with a volume V.

E : .~ The conductance of the connections (tubes, appertures

...etc...) are Ci between V., and the Hg container, and C,

between V, and V,. We will be calling p, the Hg pressure
ié | "in the Hg COntainéf, p, (t) the pressure in V,, and Pp (t)
é? the one in V,. We will assume that p, keeps constant
'gé | throughout the transfer and thereafter.

The procedure consists of opening the Hg valve { see

g% ' ‘ figure 6.1) until V, is filled to pressure p, = Pp. Then
lé _ opeh the teflon valve (the vacuum valve is of course kept
iic _ closed all the way through) to fill up V. There will
first be a sharing of the gas between V_, and V, and then a
Ly £i1ling up period of the two volumes V., and V,, from the

bead, until the system reaches egquilibrium.

The equations governing the flow of Hg in the system can

be written as
dp, | _ ' |
VB*EE-=(Po(t)-pB(t))CI-(ps(t)..pb(t))cz (A5.1)
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ETHEE,

AT

d
Vy o m(p (6) - R (D) G, (A5.2)

Ll

Differentiating the two sides of equation (A5.1) with

respect to time we obtain

, .
d Ps dps dpa dpb
v : = -C -Co—+ C,— (A5.3)
s gt bat 24t %at
Using equation (A5.2), we have
2 2
d” pg C3 _
V. = ={C,+C, )p. + —(p. Py ) {(A5.4)
s g1l 110 /P vy Pg 7Py

Using eQuation {A5.1), we end up with the differential

equation describing the evolution of the pressure in V_,

c,+C, C c,C C,Cy
Let us put
C, +C C C,C, :
a=(.1_.£+__2_);b= 1 z,;cszo (A5.6)
V., Yy VoV,

The general form of the solution of equation (A5.5) is

given by

pa(t}=Aexp-(+m1t)+Bexp(+m2t)'+ (A5.7)

my oy

where m, and m, are the solutions of the following equation

m* +am+b=0 ' (A5.8)
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ml:%(‘—a-ﬁzﬁr‘a 5 m, =§('a*'52":¥5) (A5.9)

note that mym, =b and c¢ = bp, .
At t =0 (i.e when we open Vi) Py = P, and thus A= -B,

. C
Moreover, we have according to equation (Ab5.1) p, =-;§-pa at

b
t=0.

Differentiating equation (A5.7) and setting t =0 we obtain

C _ .
‘V—lPs =mA+mB={(m -m} A (A5.10)

or

C, 1
A =—-.3—'———————--Pn {A5.11)
Vg (my -m; )

The final'form of the solution is then

Ca  Po

t) =
P {t) v, (my -m)

[exp(+m1_t)_--exp(,+m2t)]-I-p0 (A5.12)
We verify that at t =0 p_ =p;, and when t — oo p_ =p,

Writing_equatiOn (A5.1) under the form

Vy . (C;4C,) Cy
Py =.-é—*’—ps+———ps-“Po - (A5.13)
2

and substituting for p; (calculated from equation A5.12),
we end up with an expression of the pressure in the big

vessel in the form

p, (t) =y [(d+e) exp(+m, t) - (d+f) exp(+myt) + 1] (A5.14)

-244-




R it _,

R

i g

4 ey R ; - . . e st

,.__..... - e ,44“‘“‘

T R T T P T R

s

Ny e

where

C, +C n ’ m
i S R (A5.15)

(mp - my )V,

we see that at t = 0, pb(O) = 0 whereas at t — o, pb(oo)r“—' Dg +
Therefore, the solution shows well that the ultimate
pressure reached by the system, at equilibrium, is the
pressure of the bead p, at a given temperature.
The conductance C; of the pipework connecting the Hg bead
to the small chamber is calculated to be egual to
0.01131/sec. for Hg. Whereas, the conductance of the 2 mm
long and 2 mm diameter hole chnecting the tﬁo chambers is
C; =0.081 1/sec. for Hg atoms. Note that the ratio of the
velocity of air molecules to that of Hg atoms is equal to

0.39.
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APPENDIX 6

10REM SAVE"ADPLOT3"
20%KEY10"OLD/IMMODE131]IMLISTOT7|{IMVDU141IIML, lIM"
30%KEYD"32767+2T3*EXP(~(X-6156)/400)"

40REM N% HB in bank%, LB in bank%+1
50D%=0:REM No points already stored
607&0405=0:?&FE6GE=16:MODE128

70DIM MCx% 100

80M%=20000

90Y1=32200:Y2=33200
100C%=280

110DIM bank% M%

120T%=bank%+M% : - - :
1307&F8=(bank%+28) MOD 256 :REM START OF DATA LO BYTE

1407&F9= (bankx+28) DIV 256 REM START OF DATA HI BYTE
150:

160a$="Take new data 2": :PROCans:IF A$-“Y" PROCdata
170a$="Graph data ?":PROCans:IF A$="Y" PROCplot
180a$="SAVE data 7" :PROCans:IF A$="Y" PROCsave
190a$="LOAD data from dlsk 2" PROCans IF A$="Y" PROCToad
200GOT0O 160

210:

-220DEF PROCdata

23078206=MC% MOD 256 :REM REPLACE IRQ2 VECTORS
24078207=MC% DIV 256 :REM REPLACE IRG2 VECTORS

250 :REM PROGRAM 16BIT

260 ' : :REM 2 8 BIT READS OF THE USER PORT
270 : :REM IRQ2V INTERUPT VIA CB1 ON 6522
280 : : , :REM LINE 350 = JMP &DE89 FOR BBC/B
290 :REM LINE 350 = JMP &E60C FOR MASTER
300 : : :REM INTERUPT ON CB1 PROG
3107&FE62=0 ' :REM PORT B SET TO I/P MODE
3207&FE6C=238 *REM CB2 HIGH

330PRINT "Memory ava11ab1e for ";INT((M%-2-1-25-C%-D%*2)/2);" reads"”
340INPUT "Number of reads 7"N%: Dx-D%+N%

3507 (bank%+2)= C%/SO '

360C%=C%+80

3707bank%=D% MOD 256

3807 (bank%+1)=D%. DIV 256 -

39048 (bank%+3)=TIME$

400FCRPASS=0TON1 . ' :REM SET FOR 2 ASSEMBLER PASSES
410P%=MC% :

420

430{OPT PASS*2

440 PHA: TXA:PHA:TYA:PHA : "\SAVE STATUS

450 = LDAL16:STA&FEGE \DISABLE FURTHER INTERUPTS ON CBf
460 LDA&FE6D:ORA £16:STA &FE6D \CLEAR CB1 INTERUPT FLAG

470 LDA£1:STA&0405 \SET INTERUPT FLAG

480 LDY£2 , \SET LOOP COUNTER

490.Toop LDA£206:STA&FEGC \CB2 LOW

500 LDAXFEG0:STA(&F8) \READ ADC

510 INC &F8 \INCREMENT STORE POINTER LO BYTE
520 BNE high - \BRANCH IF < 255

530 INC &F9 - \INCREMENT STORE POINTER HI BYTE
540.high LDA£238:STA&FE6GC \CB2 HI

550 DEY:BNE loop _ - \BRANCH TO LOOP FOR HI BYTE

560 LDA£144: STALFEGE \ENABLE INTERUPTS ON CB1

570 PLA:TAY:PLA:TAX:PLA \RESTORE STATUS

580 JMP &EGOC L \RETURN TO BASIC
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- ~ 590]INEXT PASS

| 600

P 610FOR I%=1 TO N%

6202&FEGE=144

63OIF?&0405=0THEN630

64078405=0

650NEXT

6607&FEGE=16

‘670PRINT:a$="Save data to disk 2" :PROCans:IF A$="Y" PROCsave

680ENDPROC

o 690

; TOODEF PROCplot

b 710PROCaxes

N - T20PROCpoints

g 730INPUTTAB(0Q,3) "Name Y axis “a$:VDU26:PRINTTAB(8,1)a$:vDU28,0,31,79,28 -

- TA0INPUTTAB(O,3)"Name X axis "a$:VDU26: PRINTTAB(40,24)a$:vDuU28,0,31 219,28
. 750PRINTTAB(0,3);:a$="Graph to printer?":PROCans:IF A$="Y" PROGgraph

760a%$="Change axes”" PROCans:IF A$="Y" GOTO 710

770a$="Calculate Ymax,Ymin?":PROCans:IF A$="Y" PROCmax:PROCT1indx

780a$="Fit a curve?“:PROCans:IF A$="Y" -PROCadd

790a$="Graph to printer?”:PROCans:IF A$="Y" PROCgraph

g800a$="Calculate noise?":PROCans:IF A$="Y" PROCnoise

810ag$="Calculate Signal/noise?":PROCans:IF A$="Y" GOTO 830

820ENDPROC

830PROCmax: INPUT"Noise in which interval? ":PROCnoise:PROCston

840ENDPROC

850DEF PROCans '

860PRINTas;" (Y/N) ";:A$=GET$:PRINTA$:IFA$<>"Y"ANDA$<>"N"GOT0860

1

e

AN, :

B s P

870ENDPROC
880
890DEFPROCaxes: LOCAL W,N,NX,NY
i 900PRINT"No data po1nts ava11ab1e = ";D%

: 910INPUT“Xmin, Xmax="X1, xz _

: 920PRINT"Y range is " Y1 " to "3iY¥2;" change it (Y/N) ";:A$=GET$

‘g 930IF A$="Y" OR A$ y" INPUT’"Ym1n Ymax="Y1,Y2:G0TO 940

: 940CLS: CLG: VDU28 0,31,79,28:W=Y2-Y1:N=0: PROC1nterva1s

950NY=N:W=X2-X1:N=0: PROC1ntervals
960NX=N:VDU5: @%=80500
"9TOFOR N=0 TO NY:W=200+N*800/NY-
980MOVE 0,W+10:PRINT(Y1+(Y2-Y1)*N/NY)
I 990MOVE 100,W:PLOT 21,1200,W:NEXT

g 1000FOR N=0 TO NX:W=100+N%1100/NX
= 1010MOVE W-30,180:PRINT(X1+(X2-X1)%N/NX)
| 1020MOVE W,200:PLOT 21,W, 1000:NEXT:VDU4
"y 1030ENDPROC

i 1040DEF PROCintervals:LOCAL I

1050IF W<1 THEN W=Wx10:G0TO 1050

1060IF W>1E6 THEN W=W/10:GOTO 1060
10701=3 -

1080IFABS (W/I-INT(W/I+.001))<. 001THEN1110
1090I=1+1:IF I<6GOTO1080
1100W=W¥10:GOTO 1070

1110N=1: ENDPROC

1120 '

. 1130DEF PROCpoints
N _ 1140VDU5
i 1150BA%=bankx+28+2%X1
1160x=X1+1

1170y=256%7BA%+? (BA%+1): BA%—BA%+2
1180MOVE FNX, FNY

1190FOR x=X142 TO X2
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N2 1200y=256%7BA%+7? (BA%+1) : BAX=BA%+2
5 1210DRAW FNX,FNY
1220NEXT
1230VDU4
1240ENDPRQOC
1250
i 1260DEF PROCgraph
Lk 1270a$="Large print?"”:PROCans
' 1280IFA$="Y"GOTO1290ELSEGOTO1330
o 1290%FX108,1
! 1300%RUN BDUMP2
 1310%FX108,0
1320G0TO1360
1330%FX108,1
1340%RUN BDUMP1
- 1350%FX108,0
1360vDU2,1,27,1,64, 1 27,1,33,1,1,1,27,1,108,1, 12 3
1370VDU2: PRINT
1380PRINTDS: PRINT
{1390PRINT"Comments”:FORI%=T%-80 TO Tx%-Cx% STEP ~80:PRINT$I%:NEXT
1400VDU3
1410a$="Reprint graph?":PROCans:IF A$="Y" GOTO 1270
1420ENDPROC
1430 _
1440DEF PROCsave
1450INPUT"Filename (7 char max)="Q$
1460PRINT “Comment, one line max”
1470INPUTLINE" "A$: $(T%-C%+80)=A$
14800SCLI"SAVE "+Q$+" "+STR$ bank%+"+"+STR$ "M%
1430ENDPROC
1500:
1510DEF PROC1oad
1520INPUT""Filename {7 char max) Q%
15300SCLI"LOAD “+Q$+" "+STR$ bank%
1540REM BA%=bank%+28
1550REM FORI%=0 TO 10
1560REM y=256%2BA%+7? (BA%+1): BA%=BA%+2
15TOREM PRINTY
1580REM NEXT
1 1590C%=80%7 (bank%+2)
b © 16000%=?bank%+256%? (banks%+1)

i | 1610D$=$ (bank%+3) : PRINT"Data was saved on ";D$
- 1620PRINT "Comments"” : FORI%=T%-80 TO T%-C% STEP ~80:PRINT$I%:NEXT
| 1630ENDPROC

L 1640:

: 1650DEF FNX=100+ (x-X1)*1100/(X2-X1)
1660DEF FNY= 200+(Y"Y1)*800/(Y2 Y1)
1670:
1680DEF PROCadd
4690INPUTLINE"Y(X) = "E$
1700X=X1:x=X1:y=EVAL(E$)
1710MOVE FNX,FNY
1720F0R x=X1 TO X2 STEP (X2 X1)/100
4730X=x:y=EVAL(E$)
1740PLOT 5,FNX,FNY
1750NEXT
1760a$="Another curve?”:PROCans:IF A$'"Y GOTO 1690
17T0ENDPROC
1780:
1790DEF PROCnhoise
180081=0:82=0:MS=0:RM5=0
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1810INPUT " Xmin, Xmax= "Xmin,Xmax
1820BA%=bank%+28+2*%Xmin-2
1830F0OR x=Xmin TO Xmax-2
1840y=256%7BA%+7 (BA%+1) : BA%=BA%+2
185081=81+y:82=82+y"2.
1860REM PLOT 69,FNX, FNY
; ' 1870NEXT
fg 1880N=Xmax-Xmin-1
; 1890MS=(82/N)-(S1/N)"2
1900RMS=SQR(MS)
1910PRINT“RMS noise {(bits) = ";RMS
- 1920PRINT"RMS noise (mv) = " ;RMS*0.1526
1930ENDPROC
_ 1940:
: : 1950DEF FNy(I%)
i .- 1260BA%=bank%+28+2%I%
1 1970=256%7BA%+7? (BA%+1)
1980: .
199C0DEF PROCmax
2000INPUT"Enter Xmin,Xmax where the max and min are likely to be: " XX1,XX2
P 2010Ymax=FNy(XX1):¥Ymin=Ymax
5 2020FOR I%=XX1 TO XX2
' 2030IF Ymax<FNy(I%) Ymax=FNy(I%)
20401IF Ymin>FNy(I%) Ymin=FNy(I%)

- -.m

T aTR.

sty Zau

2050NEXT
2060PRINT"Ymax = “Ymax," ";:PRINT" ymin = "Ymin," ";
2070PRINT" Ymax-Ymin = "Ymax-Ymin
. 2080ENDFROGC :
; 2090:

2100DEF PROCston
: 2110PRINT"S/N. = "(Ymax-¥Ymin)/RMS
E' : 2120ENDPROC -
2130: -
2140DEF PROCfindx
= 2150F0R I%=XX1 TO XX2
-} 2160IF Ymax=FNy(I%) PRINT"X(Ymax)= "I%+1
! 2170IF Ymin=FNy(I%) PRINT"X(Ymin)= "I%+1
5 2180NEXT
2190ENDPROC
2200:
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APPENDIX 7

REM SAVE"OLAP"

VDU14

DIM omega$(18):DIM A(9, 9):DIM beta(9,9):DIM beta1(9 9):DIM Sig(9,9)
DIM abdt{9):DIM br(9):DIM weight(9):DIM B(9,9):DIM Seff(9,9):DIM F(9)
DIM abds{9):DIM Cross(9,9)}:DIM 1in(9):DIM E(9):DIM Ng{9):DIM Satom(9,9)
DIM atom(9):DIM D(9,9)

dels=1200%2%PI*1E6/SQR(LN{2)} ):del= 1030*2*PI*1E6/SQR(LN(Z))

DATA -1.5333E10,-1.0116E10,-1,4679E10,-6. 78EB,6.881399999E9,-4. 812E9,
6.738000001E9,-1.5429E10,0

990 DATA 204,202,201-5, 201 3 201-1,200,199-3,199-1, 198
100
110 FOR I%=1 TO 18
120 READ omega${I%)
130 NEXT
140 3
150 FORJ%=1 TO 9
160 FORI%=1 TC 9
170 REM IF J%<=I% A(J%, I%)~EVAL(omega$(J%)) EVAL(omega$(I%))
180 A(J%,1%)=EVAL(omega$(J%))-EVAL(omega$(I%))
190  NEXT : '
200 NEXT
. 210
ZZOCLS
230
240, FORJ%=1 TO S
250 FORI%=1 TO 9
REM PRINT TAB(7*JZ+5 I%+5) A(J%,1%)
270  NEXT
280 NEXT
290 : .
300 PRINT TAB{25,1) "Line profile weighting factors (Overlaps)"
310 PROClabel
320 FORJ%=1 TO 9
330 FORI%=1 TO 9
340 beta(J%,I%)= 2*PI*A(J% 1%)/del:betal(J%, I%) bheta(l%, I%) 2
350 alfa=dels/del :
360 alfal=alfa”2: 1alfa2=alfal+l:alfa3=SQR(alfa2):alfad=1/alfal:alfab=1/alfa2
370 alfab=1/alfal
380 Sig(J%,1%)= alfaG*EXP( -4¥betal (J%, I%)*(alfa4+a1fa5))
390 REM PRINT"Sig="Sig(J%,1%)
400 NEXTI%
410 NEXTJX
420
430 @%=£20408
440 FORJ%=1 TO 9
450 TFORI%=1 TO 9
460 IF 8ig(J%,1%)>1E-5 THEN PRINT TAB(7%J%+5,1%+5) Sig(J%,I%)
470 REM PRINT TAB(7#J%+5,I%+5) Sig(J%,I%)
480 NEXT '
490 NEXT
500
510 PRINT:PRINT '
520 PRINT" Overlap=(1/sqr(1+a”2)}exp-4b~2{(1/a"2+41/(1+a"1)} with a=alpha,b=beta"
530 PRINT
540 PRINT" alpha=delta(source)/delta(target) ; beta=(Wos-Wot)/delta(target)"
550 PRINT '
560 PRINT" delta is the Doppler width ; Wo is the centre frequency{rad)"
570 PRINT
580 PRINT TAB{12) "Do you want to dlsplay next page ? (Y/N)"
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590
600
- 610
620
630
640
650

660 .

670
680
690

700

- 710
720
730

- 740

750

760
770
780
790
800
810
820
830
840
850
860
870
880
890

900

910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120

- 1130

1140
1150
1160
1170
1180

1190 :

IF GET$="Y" THEN GOTO 620
END

REM These are the abundances (in the target)

REM of 204,2025201—5;201—3,201—1,200,199-3,199r1,198 respectively
ahdt(1)=.0685:abdt(2)=.2980:abdt{3)=.1322:abdt(4)=.1322:abdt(5)=.1322
abdt (6)=.2313:abdt (7)=.1684: abdt(8)=.1684:abdt(9)=.1002 '

REM br(I%Z) are the (sum of br’s)/Ng for each component

REM Ng=2 for 199,Ng=4 for 201,Ng=1 for even isotopes
Ng(l)=1:Ng(2}=1:Ng(3)=4:Ng(4)=4:Ng(5):4:Ng(6)=1:Ng(7)=2:Ng(8)=2:Ng(9)=1
REM The sum of br’s is the strenght of each component for sigmat light
REM they are given in Cagnac’s thesis :
br(1)=1:br(2)=1:br(3)=1/2:br(4)=1/3:br(5)=1/6:br(6)=1:br(7)=2/3:br(8)=1/3
br{9)=1 : : ' .

FOR I%=1 TO 9
weight{I%)=br(I%)*abdt(I%)
NEXT

FOR I%=1 TO 9 :
atom{I%)=weight{I1%)*Ng(I1%)/abdt(I%)
NEXT 1% A

FOR J%=1 TO §
FOR I%=1 TO0 9
B(J%,1%)=weight(J%):D(J%,1%)=atom(J%)
REM PRINT B(J%,I%)
NEXT I%

NEXT J%

FOR J%=1 TO 9
FOR I%=1 TO 9
Seff(J%,1%)=B(J%,1%)*Sig(J%,1%)*6¥1E-17
Satom(J%,I%)=D{J%,I%)*Sig(J%,[X)*6*1E-17
NEXT 1% ' '

NEXT J%

CLS
PRINT TAB(35,1) "n.Sigma for target absorber”
PROClabel
@%=£10408
FOR J%=1 TCO 9
FOR I1%=1 TO 9
IF Seff(J%,1%)>1E-22 THEN PRINT TAB(?*J%+5,I%+5) Seff(J%,I%)
NEXT I% '
NEXT J%

PRINT:PRINT:PRINT: )

PRINT TAB(12) "Do you want to display next page ? {(Y/N}"
IF GET$="Y" THEN GOTO 1120

END

CLS:PRINT TAB{30,1) "Effective cross-section per atom" ;PROClabel
ex=§10408
FOR J%=1 TO 9
FOR I%=1 TO 9
iIF Satom(J%,1%)>1E-22 THEN PRINT TAB(?*J%+5,I%+5) Satom{J%,I%)
NEXT 1% |
NEXT J%
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1200 REM These are the (2F+1)/(2J+1)(2I+1) values

1210 REM for 204,202,201-5,201-3,201-1,200,199-3,199-1,198 respectively

1220 F(1)=1:F(2)=1:F(6)=1;F(9):1:F(3)=1/2:F(4)=1/3:F(8)=1/3:F(5)=1/6:F(7)=2/3

1230 REM These are the source abundances in the same order

1240 abds(1}=.582:abds(2)=.1705:8bds(3}=.0526: abds(4)=.0526: abds(5)-.0526
- 1250 abds(ﬁ)— 0878:abds(7)=.065: abds(B)- 065: abds(g)- 041

1260

1270 PRINT PRINT:PRINT: '

1280 PRINT TAB(12) "Do you want to display next page 2 (Yy/n\y"

1290 IF GET$="Y" THEN GOTO 1310

1300 END S

1310 CLS:PROClabel

1320 Sum=0

1330 FOR J%=1 TO 9

1340 FOR I%=1 TO 9

"1350 Cross(J%,1%)=Seff{(J%,I%)*abds(I%)*F(I%)

1360 Sum=Sum+Cross(J%,I1%)

1370 NEXTI%®

1380 NEXT J%

1390 :

1400 FORJ%=1 TO 9

1410 FORI%=1 TO 9

1420 IF Cross(J% I%}>1E-25 THEN PRINT TAB{7%J%+5, I%+5) Cross(J%,1%)

1430 REM PRINT TAB(7*%J%+5,1%+5) Cross(J%,I1%)

1440 NEXT

1450 NEXT

1460

1470 @% &20309: PRINT: PRINT: PRINT

1480 PRINT " The 204--199-1/2 component represents ";Cross(8,1)/Sum;

" of the total light"

1490 '
1500 PRINT:PRINT:PRINT
1510 PRINT TAB(12) "Do you want to display next page ? (Y/N)"
1520 IF GET$="Y" THEN GOTO 1540

1530 END

1540 CLS

1550 @%=&00305

1560 Itot=0
1570 FORI%=1 TO 9
1580 Tin(I%)=abds(I%)*F(1%)
1590 PRINT"Iin(";omega$(I%49);")= ";Iin{I%)
1600 Itot=Itot+lin(I%)
1610 NEXT
1620
1630 PRINT
1640 PRINT"Total 1ncom1ng llght intensity I{tot) = ";Itot
1650 PRINT
L 1660

; 1670 PRINT
1680 PRINT:a$="List results as a function of k ?":PROCans:IF A$—“Y“GOT01710
| 1690 PROCresult

E 1700 END .
;¥ 1710 FOR K=1E16 TO 1E17 STEP 1E16
| 1720 PRINT"k=n.x=";K;:PROCpressure

p 1730 PROCresults
F 1740 NEXT
1750 END
L 1760 :
’ " 1770 DEF PROCresult

1780 INPUT"What is the value of k=n.x ; "K;:PROCpressure
1790 C=0:D=0:8ef£(8,1)=B(8,1)*Sig(8,1)*6*1E-17
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1800 PRINT
1810 PRINT"c is the x-section of an 1sotope from the source with the ensemble
1820 PRINT"of all the isotopes present in the target”
1830 PRINT
1840 FOR I%=1 TO 9
4 - 1850 =0
i i860 FOR J%=1 TO 9
1870  C=C+Seff (J%,1%)
| 1880  NEXT J%
‘ o 1890 PRINT"c= "; H
1900 E(I%)= Iln(I%)*EXP(-C*K)
| 1910 PRINT TAB(25)"Iln(",omega$(1%+9),"} exp-ke = ";E(1%);
? 1920 PRINT TAB(55) "exp-c.k : ",E(I%)/Iln(l%)
i 1930 D=D+E(I%)
1940 NEXT I%
1950
1960 PRINT
1970 PRINT"Total output light from the target (Iout) = ";D:PRINT
1980 PRINT"Ratio of total output light to incoming light (Iout/Itot)= ";D/Itot
1990 PRINT '
2000'PRINT "1-exp-(k.c[204--199-1/21) = ";(1-EXP-(K*Seff(8,1))):PRINT
2010 : ' .
.2020 D1 0
2030 FOR I%=1 TO 9
2040 C=0:Seff(8,1)=0
2050 FOR J%=1 TO 9
2060 C=C+Seff(J%,I%)
) 2070 NEXT J%
! 2080 E(I%)=1in{I%)*EXP(-C*K)
. : 2090 D1=D1+E(1%)
2100 NEXT I 4
2110
2120 PRINT"Total output light without [204--199-1/2] component (Ia)- ".Di
2130 PRINT.
2140 PRINT"(Ia-Ib)/Itot =";(D1-D)*100/Itot;" %"
2150 GOTO 1670
2160 ENDPRCC
2170 :
2180 REM END
x 2190 :
L 2200 DEF PROClabel
2210 PRINT TAB{42,2) "Target"
2220 PRINT TAB{1,5) "Source"
2230 FOR I%=10 TO 18 '
2240 PRINT TAB(T*(I%-9)+7,4) omega${IX)
: 2250 PRINT TAB(2,(1%-9)+5) omega$(I%)
| 2260 NEXT
" 2270 ENDPROC
2280: |
2290 DEF PROCresults _
" 2300 C€=0:D=0:Seff(8,1)=B(8,1)*Sig(8,1)*6*1E-17

}' _ 2310 FOR I%=1 TO 9
- 2320 C=0
i 2330 FOR J%=1 TO 9
‘E 2340 C=C+Seff(J%,1%)
S 2350  NEXT J%

; 2360 E(I%)=1in(IX)*EXP{-C*K)
g 2370 D=D+E(I%)

% 2380 NEXT I%

P 2390 PRINT "1-exp-(k.c[204--199-1/2]1) = ";(1-EXP-(K¥Seff(8,1)));
P 2400 Di=0

P 3o
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2410 FOR I%=1 TO 9

2420 C=0:8eff(8,1)=0

2430 FOR J%=1 TO 8

2440 C=C+Seff(J%,I1%)-

2450  NEXT J%

2460 E(1%)= Iln(I%)*EXP(-C*K)

‘2470 D1=D1+E(I%)

2480 NEXT 1%

/2490 PRINT TAB(40) "(Ia-1b)/Itot =";(D1- D)*lOO/Itot " ogn
2500 ENDPROC

2510

2520DEF PROCans

2530PRINTa$;" (Y/N) ";:A$=GET$:PRINTAS: IFA$(>"Y"ANDA$<>"N"GOT02530
2540ENDPROC

2660 ¢+

2560 DEF PROCpressure

2570 P=0

2580 kb=1.38E-23:T=294:x=,23

2590 P=7.5E-3%(K*kb*T)/x:PRINT" Pressure (Torr)=";P;
2600 Tb=3214/(8.164-LOG(P)):PRINT" Tbead (C)=";(Tb-273.15)
2610 REM pressure(T)=10"(8.164-3214/T)

2620 REM gives p{torr) given T(K) for Hg

2630 ENDPROC '

2640
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