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by Chrysovalantis KANNIS

The ability to control the spin of electrons and nuclei is of great importance to
many scientific and technological fields, such as MRI (Magnetic Resonance Imaging)
and the study of nuclear reactions. It is well known that completely polarizing the
nuclear spins in the D-T and D-3He reactions increases the fusion cross section by
∼50%; however, such effects have not yet been measured in a plasma, because of
the lack of high-density spin polarized atoms. Recently, high-density spin-polarized
atoms have been produced by molecular photodissociation, however the standard
(optical) methods of detection cannot be used as the sample is too thick. Moreover,
in both NMR-related applications and in the environment of a nuclear reactor, high
magnetic fields are present. Therefore, it is crucial to study the interactions of spins
in the presence of magnetic fields.

The first part of this thesis is dedicated to the theoretical study of depolarization
of H, H2, and HD in the presence of magnetic fields. In the second part we introduce
a versatile method for measuring atomic polarization via the detection of macro-
scopic magnetization, which can be applied to high density samples (>1017 cm−3)
in contrast to optical methods, which are efficient only for lower density samples
(<1013 cm−3).
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Chapter 1

Introduction

1.1 Applications of spin polarized atoms and molecules

The ability to prepare atomic and molecular samples in a non-thermal distribution
of their electronic and nuclear spin, as well as the ability to characterize them, is of
crucial importance in many fields. Various applications include the study of spin-
dependent effects in atomic and nuclear collisions [1], the clarification of molecular
structure and dynamics using NMR [2], and even schemes for quantum compu-
tation [3]. Methods for achieving such non-thermal, i.e. polarized distributions in
atoms include Stern-Gerlach separation [4], optical pumping [5], and spin-exchange
optical pumping [1], while, in some cases, polarized molecular ensembles have been
prepared using spin-exchange optical pumping [6].

In addition, nuclear-spin-polarized atoms are useful for the study of nuclear re-
actions [7]. For example, the use of nuclear-spin-polarized reactants can increase
or decrease the reaction cross sections, while also controlling the emission direction
of products (with important benefits to the efficiency and the safety of reactors).
Consequently, it is crucial to study the phenomenon of polarization in atoms and
molecules, as a means of producing spin-polarized nuclei for nuclear fusion.

Nulcear spin-polarized molecules of hydrogen isotopes (e.g. H2, HD, D2, and
DT) can be produced by cryogenic cooling in strong magnetic fields [8], Stern-Gerlach
spin-separation [9], recombination of spin-polarized atoms at surfaces [10], and by
rotational polarization through optical pumping followed by hyperfine beating (whi-
ch transfers the rotational polarization to the nuclear spin) [11]. In the gas phase, the
rotational polarization can be lost through collisions with other molecules or with
the gas-cell walls; subsequently, the loss of rotational polarization produces a loss
in nuclear polarization (also through the hyperfine beating mechanism). However,
an external magnetic field can reduce the polarization transfer from the nuclear spin
to the molecular rotation. In chapter 2 of this thesis, we present calculations for
hyperfine beating in H, H2, and HD, as a function of magnetic field. In this way,
the B-field-dependent nuclear depolarization can be calculated, which is important
for understanding and protecting spin-polarized molecules of hydrogen isotopes in
magnetic fields.

Additionally, methods for measurement of polarized atoms, in high density, have
not been developed. Conventional methods of measurement include optical mea-
surements and atomic polarimeters; neither can be used here, as the density is too
high (making the sample optically thick, and also not allowing an atomic beam
for measurement in an atomic polarimeter). Recently, the Milner group has pro-
duced highly spin-polarized oxygen molecules, from the optical centrifuging of O2
molecules [12]; subsequently, the rapid change in magnetization of the O2 sample
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was measured with a pick-up coil. In chapter 3 of this thesis, we describe the adap-
tation of this method for the measurement of spin-polarized atoms from the pho-
todissociation of diatomic molecules.
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Chapter 2

Depolarization of H, H2, and HD in
the presence of magnetic fields

2.1 Polarization transfer from molecular rotation to nuclear
spin and vice versa

In general, molecules and atoms contain more than one angular momentum entities.
These can be associated with molecular rotation, often symbolized as J, the electronic
angular momentum L and intrinsic angular momentum (called spin) S and finally
the nuclear spin I. The angular momentum entities associated with the electron are
usually weakly coupled to the ones associated to the nuclei via the hyperfine inter-
action, thus they are considered to be independent from each other over relatively
short timescales. The spins that have a random spatial distribution initially, couple to
the molecular rotation J to produce a total angular momentum vector F. If the molec-
ular rotation polarization is observed in subsequent times, it will be found to vary in
an oscillating way. The oscillation is caused by the interaction of the electron and the
nuclear spin. Consequently, this interaction leads to polarization exchange between
the two of them. If we start with an ensemble of atoms with their electron spin totally
oriented (e.g. ⇑) but with the nuclear spin unpolarized (i.e. ↑, ↓), then the half of the
atomic population will go to one of the co-oriented, time-independent spin states
(|⇑, ↑〉) and the other half to one of the two counter-oriented, time-dependent spin
states (|⇑, ↓〉 , |⇓, ↑〉). Changing from one counter-oriented to the other spin states,
causes the total polarization to bounce from the electronic to the nuclear spin on the
sub-nanosecond timescale. Additionally, the molecular rotation is similarly coupled
to the nuclear spin and polarization is transferred from the molecular rotation to the
nuclear spin and back, but on much longer timescales (on the order of µs). Thus,
photodissociation of the molecule at the appropriate time, when the nuclear spin is
sufficiently polarized, can lead to the production of atoms with their nuclear spin
polarized.

Various spin-physics experiments in high energy and nuclear physics use as tar-
gets polarized hydrogen and deuterium gases, such as the experiments performed
by the HERMES Collaboration, which have studied, e.g. deep inelastic scattering of
27.6 GeV electrons from a polarized H target at DESY [13], while the polarization
of atomic hydrogen can be monitored using atomic polarimeters. However, in such
experiments, an important part of the population of the H atoms recombines into
molecules, and it is not clear if the polarization is in this case conserved.

In their 2001 letter [14], T. Wise and co-workers try to shed light in this open ques-
tion, while the same problem is examined by the Ralf W. Engels group in Forschungs-
zentrum Jülich Institute for Nuclear Physics. For such a task to be achieved, we need
to be able to model the polarization transfer between the molecular rotation and the
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nuclear spins in the presence of magnetic fields. R. Altkorn et al. [15] developed
a general expression for the rotational depolarization, using the "angular momen-
tum algebra" (a brief description is given in section 2.3). Subsequently, P. Rakitzis
extrapolated this method to develop the respective expression for the nuclear spin
depolarization in the hierarchical approximation [16] and a year later L. Rubio-Lago
et al. [17] developed the full solution, i.e. in the nonhierarchical coupling formalism.
We need to mention that these solutions are reliable only for zero magnetic field,
because they use the |J, I, F, mF〉 basis, which is diagonal only if B = 0. So, in this
chapter we develop a purely quantum mechanical method to study the depolariza-
tion of atoms and molecules in the presence of magnetic fields. Our results agree
with the "angular momentum algebra" results (for B = 0), and in some cases (HD
molecule) with the available experimental data [18].

2.2 Atomic Hydrogen in homogeneous magnetic field

The simplest case in which we can study polarization transfer between the electronic
and the nuclear spin, and how this is affected is atomic hydrogen. For the cases
examined in this thesis, the polarization is initially acquired by the electron and
it is then transferred to the nuclear spin via the hyperfine interaction between the
nucleus and the electron. However, the dynamics of this interaction, as well as the
magnitude of the polarization which can be transferred can be severely modified by
the presence of magnetic fields. In the first part of this thesis we will study how
the polarization transfer is modified by the presence of magnetic fields, for atomic
hydrogen, and the H2 and HD molecules.

The hamiltonian [e.g. 19, chapter 6] which describes the interaction of a hydrogen
atom with an external magnetic field ~B is:

H = −~µatom · ~B + A~I ·~J, (2.1)

where ~µatom is the total atomic magnetic moment, A the hyperfine-structure con-
stant, and ~I, ~J are the nuclear and electronic angular momenta respectively. The
total atomic magnetic moment of the atom is the sum of the electronic and nuclear
moments, i.e. ~µatom = −gJµB~J + gIµN~I ' −gJµB~J, (h̄ = 1). Since µN � µB we can
neglect the nuclear contribution (for all but the most precise measurements), so that
the hamiltonian for the interaction with an external field ~B is: H = gJ~µB · ~B + A~I ·~J,
defining the direction of ~B to be z-axis, we get H = gJµBBJz + A~I ·~J. Employing
J± = Jx ± i Jy and I± = Ix ± iIy into~I ·~J = Ix Jx + Iy Jy + Iz Jz , the hamiltonian can be
written as

H = gJµBBJz + AIz Jz +
1
2

A(I+ J− + I− J+). (2.2)

Suppose that J = 1
2 and I = 1

2 , yielding to the hamiltonian matrix in |mJ , mI〉 repre-
sentation:

H =


1
2 gJµBB + 1

4 A 0 0 0
0 1

2 gJµBB− 1
4 A 1

2 A 0
0 1

2 A − 1
2 gJµBB− 1

4 A 0
0 0 0 − 1

2 gJµBB + 1
4 A

 .

In order to describe the time evolution of our system we need to solve the Schrödinger
equation. Thus, we firstly diagonalize the matrix and calculate the eigenvectors and
eigenvalues.
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|1〉 = |⇑, ↑〉 E1 =
1
2

gJµBB +
1
4

A (2.3)

|2〉 = cosθ |⇑, ↓〉+ sinθ |⇓, ↑〉 E2 = −1
4

A +
1
2

gJµBB

√
1 +

( A
gJµBB

)2
(2.4)

|3〉 = cosθ |⇓, ↑〉 − sinθ |⇑, ↓〉 E3 = −1
4

A− 1
2

gJµBB

√
1 +

( A
gJµBB

)2
(2.5)

|4〉 = |⇓, ↓〉 E4 = −1
2

gJµBB +
1
4

A (2.6)

where tan2θ = A
gJ µBB = Bc

B , Bc =
A

gJ µB
.

Figure (2.1) shows the energy of the four states as a function of the external magnetic
field.

FIGURE 2.1: The energy of the four states as a function of the external
magnetic field B.

Using the above equations we can write the hyperfine states with respect to the
four eigenstates and evolve them in time, multiplying by the time evolution opera-
tor. In the following formulas h̄ = 1.

|⇑, ↑〉0 = |1〉 |⇑, ↑〉t = e−iE1t |1〉 (2.7)

|⇑, ↓〉0 = cosθ |2〉 − sinθ |3〉 |⇑, ↓〉t = e−iE2tcosθ |2〉 − e−iE3tsinθ |3〉 (2.8)

|⇓, ↑〉0 = sinθ |2〉+ cosθ |3〉 |⇓, ↑〉t = e−iE2tsinθ |2〉+ e−iE3tcosθ |3〉 (2.9)

|⇓, ↓〉0 = |4〉 |⇓, ↓〉t = e−iE4t |4〉 (2.10)

Now, we need to restore the units in order to determine the timescale for the beatings
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of angular momenta projections. The critical field Bc for the atom of hydrogen is
Bc = 50.7 mT [7], h̄ = 1.0545718× 10−34 Js, µB = 9.274× 10−24 J/T. Suppose the
atom is prepared with mJ = + 1

2 . The value of 〈m〉 is defined as

〈melectron〉 =
∑1/2

mI ,mJ ,mI′=−1/2 mJ | 0〈⇑, mI |mJ , mI′〉t |2

∑1/2
mI ,mJ ,mI′=−1/2| 0〈⇑, mI |mJ , mI′〉t |2

(2.11)

for the electron and

〈mproton〉 =
∑1/2

mI ,mJ ,mI′=−1/2 mI′ | 0〈⇑, mI |mJ , mI′〉t |2

∑1/2
mI ,mJ ,mI′=−1/2 | 0〈⇑, mI |mJ , mI′〉t |2

(2.12)

for the proton. The respective graphs for different values of magnetic field are shown
below. As figure (2.2) shows (for zero magnetic field), it is easy to notice that one

FIGURE 2.2: The value of the projection of J (black line), I (orange
line), and their sum (blue line) for zero magnetic field.

period for 〈melectron〉 (and for 〈mproton〉) has a duration of ∼ 7 × 10−10 s, i.e. λ =
c · T ∼ 21 cm (that is microwave radio region)! This is the well-known hydrogen
line, which is observed frequently in radio astronomy, since those radio waves can
penetrate the large clouds of interstellar cosmic dust that are opaque to visible light.
Thus, it is obvious that 21-cm line comes from the spin-flip transition of hydrogen.
The other two figures (2.3,2.4) display the behavior of 〈melectron〉, 〈mproton〉 as the
magnetic field increases. We infer that for large magnetic fields (large, comparing to
Bc) the 〈melectron〉 tends to 1

2 and 〈mproton〉 tends to 0. This is happening because the
system was initially prepared at mJ = + 1

2 states.
In addition, integrating the quantities 〈melectron〉, and 〈mproton〉 for a large amount
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FIGURE 2.3: The value of the projection of J (black line), I (orange
line), and their sum (blue line), for B = 0.5Bc.

FIGURE 2.4: The value of the projection of J, I, and their sum, for
B = Bc, 1.5Bc, 2Bc.
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of time, that is 〈m〉avg = lim
T→∞

1
T

∫ T
0 〈m〉 dt, one can obtain their behavior with respect

to the external magnetic field. As it shown in figure (2.5) for large B the nuclear and
rotational angular momenta do not interact with each other.

FIGURE 2.5: Graph of 〈m〉avg for the proton spin I = 1
2 (orange line)

and the electron spin J = 1
2 (black line) with respect to magnetic field

B.

2.3 H2 molecule in external magnetic field

Norman F. Ramsey [20, 21] showed that the hamiltonian for a homonuclear diatomic
molecule* in a magnetic field ~B is:

H/h =− (1− σi(~J))a~I ·
~B
B
− (1− σJ(~J))b~J ·

~B
B
− c~I ·~J

+
5d

(2J − 1)(2J + 3)
[
3(~I ·~J)2 +

3
2
~I ·~J −~I2~J2]

− 5 f
3(2J − 1)(2J + 3)

[
3
(~J · ~B)2

B2 −~J2]− g

(2.13)

where~I is the resultant spin angular momentum in units of h̄ and~J is the molecular
rotational angular momentum also in h̄ units. The first term in (2.13) corresponds to
the interaction of the nuclear magnetic moments with the external magnetic fields
and a is defined by

a =
µiB
ih

(2.14)

*except for I = 1 and J = 2
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where µi is the magnetic moment of one of the nuclei and i the corresponding nuclear
spin. The factor (1 − σi(~J)) arises from the magnetic shielding of the nucleus by
the molecule. The second term in (2.13) includes the interaction of the molecular
rotational magnetic moment with the external magnetic field field and b is defined
by

b =
µJ B
Jh

(2.15)

where µJ is the magnetic moment due to the rotation of the molecule in the rotational
state J. The third term corresponds to the spin rotational magnetic interaction. The
fourth term provides for the combination of the spin-spin magnetic interaction of
the two nuclei with each other together with the interaction of any nuclear electrical
quadrupole moment with the variation of the molecular electric field in the vicinity
of the nucleus. The last two terms in (2.13) are for the diamagnetic interaction of the
molecule with the external magnetic field.
The case of greatest experimental interest is molecular hydrogen in the first rota-
tional state of which I = J = 1. In this case, the magnetic shielding which arises
in the spin-spin magnetic interaction should also be included, but this correction is
negligibly small (of order 3× 10−5), as proved experimentally [22]. The diamagnetic
constants [23] are too small as well, so these terms will be omitted in the following
analysis. The values of the rest constants of the hamiltonian are shown in the table
below:

Constant H2

a 4.258× 104B
b 0.6717× 104B
c 113.8
d 57.68

TABLE 2.1: The values for the constants in the hamiltonian. The con-
stants are given in kHz and B in Tesla.[20]

Now, we are ready to calculate the hamiltonian matrix and diagonalize it. The
eigenvalues of the hamiltonian correspond to the eigenenergies of H2 which are plot-
ted as functions of magnetic field B (figures 2.6,2.7). According to Abel–Ruffini the-
orem [24], there is no algebraic solution (i.e. solution in radicals) to the general poly-
nomial equations of degree five or higher with arbitrary coefficients. In our system
the characteristic polynomial is of order nine, and so the evaluation of eigenvalues
and eigenvectors is achieved arithmetically (using Mathematica) and they cannot be
written in close form (with radicals). The same procedure also applied to HD, where
the hamiltonian is an 18× 18 matrix.

As it is indicated (better) in figure (2.7) at zero magnetic field that we can distin-
guish the states in a quintuplet, a triplet and a singlet with energies −84.96 kHz,
−30.4 kHz, and 516 kHz, respectively.

Suppose that the H2 molecules are prepared (t = 0) in the state mJ = +1. The
projection of nuclear and rotational angular momentum as a function of time is eval-
uated by the formulas:

〈mnucl〉 =
∑1

mI ,mJ ,mI′=−1 mI′ | 0〈+1, mI |mJ , mI′〉t |2

∑1
mI ,mJ ,mI′=−1 | 0〈+1, mI |mJ , mI′〉t |2

(2.16)
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FIGURE 2.6: Energies of H2 as functions of magnetic field B from 0 to
0.5 T.

FIGURE 2.7: A zoom in. Energies of H2 as functions of magnetic field
B from 0 to 0.01 T.
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and

〈mrot〉 =
∑1

mI ,mJ ,mI′=−1 mJ | 0〈+1, mI |mJ , mI′〉t |2

∑1
mI ,mJ ,mI′=−1| 0〈+1, mI |mJ , mI′〉t |2

(2.17)

Applying the equations (2.16), and (2.17) for B = 0 we get the following figure (2.8).
These results agree with the "angular momentum algebra" solution [15, 16], which is

FIGURE 2.8: Time dependence of 〈m〉 for the nuclear spin I = 1 (or-
ange line) and the rotational angular momentum J = 1 (black line).

The sum of these two (blue line) is constant, and equal to one.

valid only for zero magnetic fields. A brief description of the method is given below:
Consider an ensemble of molecules, each with angular momentum J. The spatial

distribution of their angular momenta may be described by the (2J + 1)2 density
matrix elements ρm′m, or, equivalently, by the (2J + 1)2 multipole moments A(k)

q (J),
with k ≤ 2J. These two sets of parameters are related by the following expression
[25]:

ρm′m = ∑
k,q

(2k + 1)[J(J + 1)]k/2

c(k) 〈J|| J(k) ||J〉
(−1)J+q−m′

( J k J
−m q m′

)
A(k)

q (J). (2.18)

Note that the diagonal elements ρm′m of the density matrix describe the m-state pop-
ulations, p(J, m), of the ensemble. In the case that J couples with I via the hyper-
fine interaction, they give total angular momentum states described by the quantum
number F, each having an associated hyperfine energy EF. Coherent excitation of
all of the hyperfine F states, and the subsequent time evolution of their wave func-
tions, produces a time-dependent quantum beating of the A(k)

q (J, t), which has been
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shown to be described by the depolarization factor G(k)(J, t):

A(k)
q (J, t) = G(k)(J, t)A(k)

q (J, 0) (2.19)

where

G(k)(J, t) = ∑
F,F′

(2F′ + 1)(2F + 1)
2I + 1

{F′ F k
J J I

}2
cos
( (EF − EF′)t

h̄

)
. (2.20)

Using a similar derivation, it is possible to show that the spatial distribution of the
nuclear spin I may be described by parameters A(k)

q (I, t), which may be related back

to the original molecular polarization of J, A(k)
q (J, 0), and a time-dependent polar-

ization factor H(k)(I, t):

A(k)
q (I, t) = H(k)(I, t)A(k)

q (J, 0), (2.21)

which is more complicated than the G(k)(J, t). For the complete form of H(k)(I, t)
you can see reference [16].

Furthermore, integrating the quantities 〈mnucl〉, and 〈mrot〉 for a large amount of
time, that is 〈m〉avg = lim

T→∞
1
T

∫ T
0 〈m〉 dt, one can obtain their behavior with respect to

the external magnetic field. As it shown in figure (2.9) for large B the nuclear and
rotational angular momenta do not interact with each other.

FIGURE 2.9: Graph of 〈m〉avg for the nuclear spin I = 1 (orange line)
and the rotational angular momentum J = 1 (black line) with respect

to magnetic field B.
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2.4 HD molecule in external magnetic field

Eventually, after studying these two simple cases, we can apply the same procedure
for a more complicated molecule, HD. The only difference is that now instead of two
different angular momenta, we have three, because the nuclear spins (for H and D)
are not equal.

Norman F. Ramsey and Henry R. Lewis, in their paper "Theory of Hydrogen
Deuteride in Magnetic Fields" (see [26, 27]), define the hamiltonian for HD molecule
as:

H/h =− (1− σp(~J))ap~ip ·
~B
B
− (1− σd(~J))ad~id ·

~B
B

− (1− σJ(~J))b~J ·
~B
B
− cp~ip ·~J − cd~id ·~J

+
5d1

(2J − 1)(2J + 3)
[3

2
(~ip ·~J)(~id ·~J) +

3
2
(~id ·~J)(~ip ·~J)−~ip ·~id~J2]

+
5d2

(2J − 1)(2J + 3)
[
3(~id ·~J)2 +

3
2
(~id ·~J)−~i2

d
~J2]

− 5 f
3(2J − 1)(2J + 3)

[
3
(~J · ~B)2

B2 −~J2]− g + δ~ip ·~id

(2.22)

where~ip and~id are the spin angular momenta of the proton and deuteron, respec-
tively, in units of h̄ and~J is the molecular rotational angular momentum.

The first two terms in (2.22) correspond to the interactions of the nuclear mag-
netic moments with the external magnetic fields and the a’s of the proton and deuteron
respectively are given by

ap =
2µpB

h
, (2.23)

ad =
µdB

h
, (2.24)

where µp and µd are proton and deuteron magnetic moments, and σp(~J), σd(~J), σJ(~J)
are the magnetic shielding constants.
The third term in equation (2.22) includes the interaction of the molecular rotational
magnetic moment with the external magnetic field and b is defined by

b =
µJ B
Jh

, (2.25)

where µJ is the magnetic moment due to the rotation of the molecule in rotational
state J. The fourth and fifth terms correspond to the spin rotational magnetic interac-
tion. The sixth term provides for the direct spin-spin magnetic interaction between
the two nuclei together with a small contribution from the tensor portion of the
electron coupled nuclear spin-spin interaction. The seventh term represents the in-
teraction of the electric quadrupole moment of the deuteron. The eighth term arises
from the orientation dependence of the diamagnetic susceptibility. The ninth term
includes the orientation independent molecular susceptibility and is of no signifi-
cance in experiments for which all transitions involve only changes of orientation
of~ip,~id, or ~J, [28]. The last term corresponds to the portion of the electron coupled
nuclear spin-spin interaction that depends only on the nuclear orientation.
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In the rotational state J = 0, all orientations of the HD molecule are equally
probable as a result that the interactions of interest average to zero; the hamiltonian
reduces to the first two and last terms. Therefore, the first rotational state J = 1 is
the case of greatest experimental interest. In this case the values of the constants are
given in the following table (2.2).

Constant HD

(1− σp(1))ap 4257.796× 104B
(1− σd(1))ad 653.5832× 104B
(1− σJ(1))b 505.5870× 104B

cp 85589
cd 13118
d1 17764
d2 −22452
f −26.3× 102B2

δ 43

TABLE 2.2: The values for the constants in the hamiltonian. The con-
stants are given in Hz and B in Tesla.[26]

Substituting the above constants into the hamiltonian and diagonalizing it, one
can plot the eigenenergies of HD as a function of the external magnetic field. The
representation most appropriate to a very weak magnetic field is not trivial. With
only two interacting vectors, a simple F, mF representation is appropriate in very
weak fields. However no such simple representation is available for three interacting
vectors, as in HD. The nature of the coupling in zero-field limit for HD depends on
the relative magnitudes of the ~ip −~id interactions, the ~J −~ip interactions, and the
~J −~id interactions. Nevertheless, in order to distinguish the states we can use the F,
mF, Fint representation, where

~F = ~J +~ip +~id (2.26)
~Fint = ~J +~id (2.27)

For J = 1, ip = 1
2 , id = 1, Fint becomes Fint = 0, 1, 2 and the respective (F, Fint) are

(F, Fint) =



(1
2

, 0
)

(1
2

, 1
)

,
(3

2
, 1
)

(3
2

, 2
)

,
(5

2
, 2
)

The following figures show the energy for both of eighteen states of HD. Figure (2.10)
shows the energies for B from 0 to 1 T, and figure (2.11) indicates the corresponding
F, mF of states. The second figure also displays the degeneration of states for zero
magnetic field.

Suppose that HD molecules are prepared (t = 0) in the state mJ = +1. The pro-
jections of nuclear and rotational angular momenta as a function of time are evalu-
ated by the formulas:
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FIGURE 2.10: The energy of the eighteen states as a function of the
external magnetic field B.

FIGURE 2.11: A zoom in. Energies of HD as functions of magnetic
field B from 0 to 0.01 T.
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〈mp〉 =
∑

mI1 ,mJ ,mI′1
=1,mI2 ,mI′2

=1/2

mI1 ,mJ ,mI′1
=−1,mI2 ,mI′2

=−1/2 mI′2
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〉
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|2

∑
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=−1,mI2 ,mI′2
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, mI′2
〉

t
|2

, (2.28)

〈md〉 =
∑

mI1 ,mJ ,mI′1
=1,mI2 ,mI′2

=1/2

mI1 ,mJ ,mI′1
=−1,mI2 ,mI′2

=−1/2 mI′1
| 0〈+1, mI1 , mI2 |mJ , mI′1

, mI′2
〉

t
|2

∑
mI1 ,mJ ,mI′1

=1,mI2 ,mI′2
=1/2
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=−1,mI2 ,mI′2

=−1/2 | 0〈+1, mI1 , mI2 |mJ , mI′1
, mI′2
〉

t
|2

, (2.29)

〈mrot〉 =
∑

mI1 ,mJ ,mI′1
=1,mI2 ,mI′2

=1/2

mI1 ,mJ ,mI′1
=−1,mI2 ,mI′2

=−1/2 mJ | 0〈+1, mI1 , mI2 |mJ , mI′1
, mI′2
〉

t
|2

∑
mI1 ,mJ ,mI′1

=1,mI2 ,mI′2
=1/2

mI1 ,mJ ,mI′1
=−1,mI2 ,mI′2

=−1/2 | 0〈+1, mI1 , mI2 |mJ , mI′1
, mI′2
〉

t
|2

(2.30)

FIGURE 2.12: Time dependence of 〈m〉 for the deuterium nuclear spin
I1 = 1 (orange line), hydrogen nuclear spin I2 = 1

2 (green line) and
the rotational angular momentum J = 1 (black line). Their sum is a

constant equal to 1 (blue line).

Applying the equations (2.28), (2.29), and (2.30) for B = 0 we get the following
figure (2.12). These results agree with both the "algebra momentum algebra" results
[16] and the respective experimental data [18].

In addition, integrating the above quantities (〈mp〉, 〈md〉, 〈mrot〉) for a large amount
of time, i.e. 〈m〉avg = lim

T→∞
1
T

∫ T
0 〈m〉 dt, one can obtain their behavior with respect to
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FIGURE 2.13: Graph of 〈m〉avg for the deuterium nuclear spin I1 = 1
(orange line), hydrogen nuclear spin I2 = 1

2 (green line) and the rota-
tional angular momentum J = 1 (black line) with respect to magnetic

field B.

FIGURE 2.14: Graph of 〈m〉 for the deuterium nuclear spin I1 = 1,
hydrogen nuclear spin I2 = 1

2 and the rotational angular momentum
J = 1 for B = 0.1T and B = 0.01T.



18 Chapter 2. Depolarization of H, H2, and HD in the presence of magnetic fields

the external magnetic field. As it shown in figure (2.13) for large B the nuclear and
rotational angular momenta do not interact with each other. It is also noticeable that
at very low fields, the D nucleus couples to the H nucleus, and can steal some po-
larization. However, at higher fields, the D nucleus is decoupled, and the H nucleus
alone steals from J. Consequently, it is worth plotting the beatings for B = 0.01 T
(maximum 〈m〉 for this magnetic field), and B = 0.1 T (figure 2.14).

HD is very similar to DT (same nuclear spins), and hence studying HD molecules
allow us to draw general conclusions for DT as well. The study of depolarization
dynamics of these molecules in the presence of magnetic fields offers important in-
formation for nuclear physics and other, polarization-related experiments. These
results can be useful for experiments where molecules with either their rotational
angular momentum or their nuclear spin is initially polarized. Since the polariza-
tion transfer is a function of the magnetic field, these graphs can be used in order to
determine which magnetic fields are sufficient in order to prevent depolarization for
a given timescale.
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Chapter 3

Detection of macroscopic
polarization

3.1 Methods for the production and detection of polarized
atoms

In this chapter, we will focus on experimental methods for the production and de-
tection of polarization in atoms and molecules, with emphasis on hydrogen and
deuterium atoms.

We will begin by describing a laser-based method for the production of macro-
scopic polarized samples developed by the Polarization Spectroscopy group in IESL-
FORTH. This method take advantage of the dissociation dynamics of small molecules
to initially polarize the electronic spin of the atomic photo-fragments. A second
method, which relies on the hyperfine depolarization beating to transfer this polar-
ization to the nuclear spin, is described in the introduction of chapter 2.

In the following, we will describe the experimental methods used to detect this
polarization in hydrogen and deuterium atoms. We will describe how this can
be done either indirectly using 2+1 Resonance Enhanced Multi Photon Ionization
(REMPI) [29], or directly using Laser Induced Fluorescence (LIF) [30].

Finally, we will describe a recently demonstrated method for the detection of
atomic polarization through the detection of the macroscopic magnetization [12].
This is a versatile method that can be used for a variety of atoms and molecules,
and most importantly, can be used in high-density samples, where most laser-based
methods cannot. This method has been demonstrated recently by detecting the
electronic polarization induced in O2 molecules using an "optical centrifuge". The
adaptation of this method to the detection of polarization induced in the atomic
photofragments after molecular dissociation is the experimental part of this work.
The final goal is to use this method to detect the polarization in high-density (∼ 1018

cm−3) deuterium atoms produced from the dissociation of Deuterium Iodide (DI).
Such high-density polarized deuterium atoms can be combined with laser fusion to
measure polarized D-D fusion cross sections [31]. However, we begin our experi-
mental effort by detecting the polarization of chlorine atoms produced by dissoci-
ation of Cl2 molecules, due to the availability of Cl2 gas and the appropriate laser
sources.

3.1.1 Preparation of polarized atoms from molecular photodissociation

In 1968 van Brunt and Zare first introduced the production of high-density polarized
atoms by photodissociation of diatomic molecules [32]. This technique exploits the
fact that the projection of the molecular electronic angular momentum, for prompt
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photodissociation, is conserved within the atomic photofragments. In fact, the elec-
tronic states of diatomic molecules correlate adiabatically, at large internuclear sep-
aration, to atoms in specific |JM〉 states:

AB(Ωi) −→ A(JA, MA) + B(JB, MB) (3.1)

where AB is a diatomic molecule, Ωi is the projection of the total electronic angular
momentum of electronic state i along the AB bond axis, and (JA, MA) and (JB, MB)
are the atomic states of atoms A and B, respectively. Conservation of angular mo-
mentum projection along the recoil direction yields the constraint:

Ωi = MA + MB (3.2)

For optical excitation of a particular Ωi state, prompt adiabatic dissociation will pro-
duce atoms in particular M states.

As an example let us consider the prompt photodissociation of HCl molecules
by circularly polarized light. The absorption of left circularly polarized light (σ =
−1) (propagating parallel to the HCl bond) by ground state HCl (Ω = 0) produces
excited state HCl with Ω = −1. In the dissociation step, the conservation of Ω the
photofragment’s angular momentum projections MH and MCl produces polarized
atoms (figure 3.1).

FIGURE 3.1: Photodisociation of excited HCl (Ω = −1) with circu-
larly polarized light (figure adapted from reference [33]).

3.2 Production and detection of spin polarized hydrogen (SPH)
atoms

The technique for the production of polarized atoms through molecular photodis-
sociation described in paragraph 3.1.1, although proposed in 1968 [32] it remained
without significant experimental exploitation, especially due to the lack of intense
laser sources. The development of pulsed lasers provided with the possibility to
explore the production of polarized atoms this way, as well as their detection.

Hydrogen is the simplest and one of the most important atoms. However, the
optical production or direct detection of spin-polarized hydrogen (SPH) atoms has
proven to be very difficult. Polarized nuclei can be produced effectively by the
Stern–Gerlach separation [4] and the polarization purity attainable using this tech-
nique can be as high as 100%. Nonetheless, the production rates are relatively low
(about 1015 atoms per second) and the time resolution is poor. Another approach,
which can yield high-density polarized nuclei, is optical pumping. Unfortunately,
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optical pumping is not practical for hydrogen, as continuous-wave light sources
with an energy corresponding to the 1s�2p transition (121.6 nm) are not commonly
available.

3.2.1 Production of SPH from molecular photodissociation and indirect
detection

In the initial experiments where it was shown that spin polarized hydrogen atoms
can be prepared using molecular photodissociation, the polarization detection was
done indirectly. The development of the direct detection method is described in the
next paragraph (3.2.2). The problem of the hyperfine depolarization, which gave
the initiative for the development of the technique of polarization transfer from the
molecular rotation to the nuclear spin, became evident through the analysis of these
experiments. Thus, it is natural to start by describing these experiments, both for
practical and historical reasons.

The photodissociation of HCl at 193 nm satisfies the necessary requirements as a
potential candidate for the production of state-selected photofragments: the optical
excitation accesses predominantly (98%) a single excited state (the A 1Π1 state via
a perpendicular transition) with |Ω| = 1, and yields photofragments with small
angular momentum values. For molecules with their bonds lying exactly parallel to
the photolysis laser propagation direction, excitation with right (σ = +1) or left (σ =
−1) circularly polarized light selectively accesses the Ω = +1 and Ω = −1 excited
states, respectively, which then dissociate, conserving the projection Ω as the sum of
the atomic projections mH and mCl . For molecules with bonds that are not parallel
to the photolysis laser propagation direction (i.e. at an angle θ to this direction), the
final polarization P of the fragments will be reduced by a factor of cosθ with respect
to the polarization for θ = 0 (assuming that there are negligible contributions from
parallel transitions, which is true in this case). In addition, the average polarization
of all photofragments (averaged over all angles for a pure perpendicular transition)
is P/2. For dissociations, which involve a coherent excitation of both parallel and
perpendicular transitions, a full quantum mechanical treatment [34], has been used.

The A 1Π1 state with Ω = +1 adiabatically correlates to "spin-down" H atoms
with mH = −1/2 (opposite sign to Ω). For Ω = −1, all the signs are reversed:

HCl(A1Π1; Ω = +1) −→ H(mH = −1/2) + Cl(mCl = +3/2) (3.3)

However, the prompt dissociation may also proceed nonadiabatically, via a mecha-
nism that involves an H atom spin flip. This occurs either through the a3Π1 state,
which yields products in their electronic ground states, or through a second path-
way, which leads to electronically (spin–orbit) excited Cl (2P1/2). Henceforth, the
latter will also be referred as Cl∗.

HCl(a3Π1; Ω = +1) −→ H(mH = +1/2) + Cl(mCl = +1/2) (3.4)
HCl(Ω = +1) −→ H(mH = +1/2) + Cl∗(mCl∗ = +1/2) (3.5)

If either the spin-down channel (equation 3.3) or the spin-up channel (equations 3.4,
3.5) dominates, then spin polarized hydrogen (SPH) will be produced. The degree
of nascent SPH produced by the photodissociation must be probed before secondary
collisions can cause relaxation, preferably using pulsed-laser detection. This may be
achieved by exciting the H atoms with circularly polarized light at 121.6 nm (pro-
duced by frequency tripling in a Kr cell) [35], of sufficiently narrow bandwidth to
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resolve the 1s(2S1/2) → 2p(2P1/2) transition. As shown in figure 3.2, only one of
the spin states has a permitted transition for a given circular polarization of probe
light; this allows the spin-up and spin-down states to be selectively excited. Ioniza-
tion from the 2p(2P1/2) state may then be achieved using 364.7 nm light. The major

FIGURE 3.2: Resolution of the 2p(2P1/2) and 2p(2P3/2) states al-
lows the selective ionization of the m = −1/2 spin state of ground-
state hydrogen using right circularly polarized (RCP) excitation light

(∆m = +1).

disadvantage of this scheme is that the H atoms probed must have a narrow speed
distribution, such that the Doppler broadening is less than the ∼ 0.37 cm−1 splitting
between the 2p(2P1/2) and 2p(2P3/2) states. This constraint limits the use of this de-
tection method to a few special cases with near monoenergetic speed distributions,
such as slow atoms or collimated atomic beams. In contrast to the tiny spin–orbit
splitting in the H atom products, the respective spin–obit splitting in the electronic
ground state of the Cl atom co-fragments is ∼ 881 cm−1 (about 2380 times larger).
This means that the Cl atoms may be detected polarization sensitively through a
standard (2+1) REMPI (resonance enhanced multiphoton ionization) scheme, using
commercial lasers of moderate bandwidth and with no complications arising from
Doppler broadening. Figure 3.3 shows the right circularly polarized two-photon ex-
citation of atomic Cl to an intermediate state, followed by an one-photon ionization.
Using this scheme, only the m = −1/2 state of Cl* and the m = −3/2 state of Cl can
be detected. When left circularly polarized light is used, the situation is reversed.
The polarization, P, of the Cl(2P1/2) atoms is then given by the normalized signal
difference between left and right circularly polarized probe light:

P =
I(L)− I(R)
I(L) + I(R)

(3.6)

3.2.2 SPH detection with Laser Induced Fluorescence (LIF)

As we saw in the previous section, one of the biggest problems in the detection of
the spin polarization in hydrogen atoms was the small hyperfine splitting that de-
stroys selectivity in 1+1 ionization schemes as the one shown in figure 3.2. It is true
that spin polarization detection in hydrogen was achieved this way [36] but only for
translational temperatures lower than 80K. We can extend this method by photodis-
sociating HBr, for example, at room temperature and at relatively high pressures,
and show that the production of SPH is achieved under these conditions, i.e. unlike
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FIGURE 3.3: Two-photon resonant and one-photon ionization transi-
tions for a) Cl(2P1/2) via a Cl(2P3/2) excited state at 236.51 nm, and
b) Cl(2P3/2) via a Cl(2P1/2) excited state at 234.62 nm with the light

being Right Circularly Polarized (RCP).

many other cases of molecular photodissociation, the photodissociation mechanism
of HBr does not change significantly from 15 K to 300K. We can directly detect the
SPH spin-selectively on the nanosecond timescale with a new polarization scheme
based on fluorescence at 121.6 nm, which does not require hyperfine resolution and
hence is independent of the SPH translational temperature, while retaining the ex-
cellent detection sensitivity of Lyman-alpha fluorescence. The combination of these
two pulsed-laser techniques, and the characterization of the photodissociation of
HBr at room temperature, allow us to infer that pulsed densities in excess of 1017

cm−3 are attainable, and allows the nanosecond-timescale production and detection
of SPH.

FIGURE 3.4: (a) Energy-level detection scheme, showing that no sig-
nal is detected in the limit of no spin-orbit coupling. (b) Similar to (a),
but with spin-orbit coupling, showing that only the m = −1/2 state

is detected using RCP 121.6 nm probe light (see [30]).
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The photolysis pulsed laser beam, at 193 nm is circularly polarized and the probe
one, at 121.6 nm is circularly polarized as well. After the photodissociation, the H
atoms are excited from the 1s 2S1/2 to the 2p 2PJ states using circularly polarized
121.6 nm light. The 121.6 nm fluorescence of excited atoms is detected perpendicu-
lar to the propagation of the excitation laser, and a polarizer is used to detect only
fluorescence that is linearly polarized along the z-axis, which ensures that the po-
larization components of the transitions that are observed are those that correspond
to ∆m = 0, irrespective of the original polarization of fluorescence (we note that
the polarization components of the transitions that corresponded to ∆m = ±1 are
rejected by the polarizer). It is obvious that this geometry is chosen so that angular
momentum selection rules constrain the excitation and fluorescence processes to be
allowed for only one of the spin-states, so that the H-atom spin-polarization can be
determined along the z-axis. The success of the detection scheme relies on the cou-
pling of the electron’s spin to its orbital motion. If the H atoms were to fluoresce
very rapidly, on a sub-picosecond timescale where spin-orbit coupling can be ig-
nored, our detector would see no fluorescence since, according to selection rules for
linearly polarized fluorescence emission, ∆m = 0 (see figure 3.4(a)). In contrast, for
the ∼ 1 ns fluorescence lifetime of the 2p state, we see that only atoms that originate
from the 1s (m = −1/2) "spin-down" state, and that are excited to either of the 2p
2PJ (m = +1/2): no fluorescence can be detected from atoms that originate in the
1s (m = +1/2) "spin-up" state (see figure 3.4(b)). The reverse applies for excitation
by left circularly polarized light (with ∆m = −1), whereby only the "spin-up" state
can be detected. Thus, this detection scheme allows complete spin-state detection
selectivity for SPH in the ground state.

3.3 Detection of induced polarization via the macroscopic mag-
netization

3.3.1 High-density polarized molecular samples produced using an opti-
cal centrifuge

In their paper "Ultrafast Magnetization of a Dense Molecular Gas with Optical Cen-
trifuge" [12], A. Milner and cooperators achieved experimentally, on the sub-nanose-
cond timescale, strong laser-induced magnetization of oxygen gas at room tempera-
ture and atmospheric pressure. Their method is based on controlling the electronic
spin of paramagnetic molecules by means of manipulating their rotation with an op-
tical centrifuge. In their Letter they demonstrate a technique which is based on the
unidirectional rotation of molecules in an optical centrifuge [37, 38]. Unlike optical
pumping, it operates far off electronic resonances. Owing to its nonresonant nature,
the process can be carried out in a dense gas. Even though only a few percent of O2
molecules are centrifuged at room temperature, the observed density of polarized
electrons exceeds 6× 1017cm−3.

3.3.2 Polarization detection via the macroscopic magnetization

This high degree of gas magnetization is three orders of magnitude above the mag-
netization typically obtained with optical pumping and can be detectable with a
simple pick-up coil. The pick-up coil was centered at the location of the centrifuged
volume and it was connected to an oscilloscope, which recorded the time-dependent
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electromotive force EMF E(t). The latter is proportional to the time derivative of the
induced magnetization ~M perpendicular to the plane of coil. Using the Faraday’s
law of induction for the N turns of the coil:

E(t) = −N
∂Φ
∂t

= −µ0N
∂(MA)

∂t
, (3.7)

where Φ is the magnetic flux and A the coil area. Thus, the magnetization was
retrieved from the recorded EMF as:

M = − 1
µ0NA

∫ t

−∞
E(t′)dt′, (3.8)

where M = nµ, µ is the magnetic moment per molecule and n is the number density
of centrifuged molecules. It is n = ηP

kBT , where P and T are the gas pressure and
temperature, kB is the Boltzmann constant (kB = 1.38 × 10−23 J/K), and η is the
fraction of molecules spun by the centrifuge (η = 0.04, for intensity of laser pulses
∼ 1012 W/cm2, at room temperature). The observed magnetization is shown in
figure 3.5. The detected EMF signals are on the scale of 100 µV and correspond to
the induced magnetic moment moment of up to 0.16 µB/molecule.

FIGURE 3.5: Centrifuge-induced magnetic moment in oxygen gas,
in units of Bohr magneton µB. Inset shows raw EMF signals E(t)
recorded under the pressure of 0.45 bar (dashed blue) and 0.9 bar
(solid red). Time zero corresponds to the arrival of the centrifuge
pulse, whose duration of ∼ 30ps was adjusted for the excitation of
O2 molecules to the rotational level N = 33 (figure adapted from ref-

erence [12]).

3.3.3 Adaptation to the detection of polarized photofragments

We want to adapt the aforementioned method to the detection of polarization in-
duced in the atomic photofragments after molecular dissociation of Cl2. Below, we
give a rough estimation of our signal: The total magnetization ~M is ~M = ~m

V , where
V is the magnetization volume and ~m is the atomic magnetization:

~matom = − gJµB

h̄
〈Ψ|~J |Ψ〉 , (3.9)
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where ~J is the total angular momentum (~J = ~L + ~S), gJ the Landé g-factor (gJ =
4/3, for atomic Cl in the 2P3/2 state; see reference [39]) and µB is Bohr’s magne-
ton (µB = 9.274× 10−24 J/T). The component that contributes to the macroscopic
magnetization is the parallel component to the z-axis, i.e.

matom,z = −gJµB MJ , (3.10)

where MJ is the projection of~J along the quantization axis (z-axis).
The interaction of the magnetic field with the pick-up coil (N turns) induces an elec-
tromotive force (EMF) across the coil:

E(t) = −Nµ0
∂

∂t

∫∫
~M · d~S (3.11)

However, the current changes with time, and according to Lenz’s law, an induced
EMF will arise (rapidly) to oppose that change:

εL(t) = −
L
R

∂E
∂t

, (3.12)

where R is the electrical resistance and L is the inductance, L = µ0 N2 A
l K, K is referred

as Nagaoka coefficient [40] and depends on the ratio between coil’s diameter and
length. The other values correspond to permeability of free space (µ0 = 4π × 10−7

H/m), the area of cross-section of the coil (A), and the length of coil (l). Eventually,
the detected signal will be:

V(t) = E(t) + εL(t) = E(t)−
L
R

∂E
∂t

(3.13)

We should notice that E(t) is proportional to the time derivative of polarized atoms,
thus εL is proportional to the second derivative of that quantity. An important aspect
of the method is that the EMF signal reverses every time the orientation of the spins
is reversed. This will facilitate the use of a Photoelastic Modulator (PEM) in order to
enchance our signal-to-noise ratio (SNR) as described in section 3.4.2.

Suppose that we use a Gaussian pulses with duration (F.W.H.M.-pulse duration)
τp = 6 ns, energy E = 15 mJ, wavelength λ = 355 nm, beam diameter (spot size)
1.2 mm. The pick-up coil’s diameter and length are d = 2 mm and l = 3.5 mm
respectively, and its distance from the window of the cell is l1 = 0.5 cm. The coil
is relatively short in order to facilitate the acquisition of rapidly changing signal
(a measure of this is the value τ = L/R ∼ 0.36 ns). The photodissociation cross
section for Cl2 at 355 nm (room temperature) is σ = 1.7× 10−19 cm2/molecule. In
order to make some rough estimations for the magnitude of the signal we follow the
following steps. The initial available photons are:

Nphotons =
λE
hc

. (3.14)

Applying Beer-Lambert law, the photons that will reach the coil are:

Nphotonse−σl1n, (3.15)

where n is the particle density and is related to the pressure P(mbar): n = P
1000 2.44×

1019 cm−3. Once more, the number of photons that photodissociate Cl2 in the vicinity
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of the coil is:
Nphotonse−σl1n(1− e−σln) (3.16)

Considering that every photon of the previous produces two polarized atoms, we
can make a rough estimation of the signal for various values of gas pressure, as
shown in the following table (3.1):

Pressure (mbar) Voltage

0.1 4.50 µV
1 45.00 µV

10 0.44 mV
50 1.98 mV
100 3.40 mV
500 5.61 mV

TABLE 3.1: Signal for various values of gas pressure.

However, the expected signal is smaller if we include the following loss factors:

1. Cl atom polarization depends on the angle of the bond with the z-axis (laser
circular polarization) as |cosθ|. Angular distribution of Cl photofragments
I(θ): I(θ) = I0(1 + cos2θ). There is also a factor of cosθ from the projection
of the polarization to the axis parallel to coil axis. Therefore, loss of polar-
ization is given by the ratio of Cl polarization to the total polarization if the
photofragments were aligned:∫ π

0 cos2θsinθ(1 + cos2θ)dθ∫ π
0 sinθ(1 + cos2θ)dθ

=
2
5

.

2. The magnitude of electronic polarization is decreased due to the hyperfine de-
polarization (by 2)[16]. The loss of polarization from J = 3/2 to nuclear spin
IN = 3/2 is given by (k = 1):

|J+IN |

∑
F=|J−IN |

(2F + 1)2

2IN + 1

{F F k
J J IN

}2
=

1
2

.

Due to the fact that our pulses have duration τp = 6 ns, it is unattainable to
have quantum beating resolution (at nanosecond timescales).

3. Another possible loss factor is the pressure-dependent depolarization [11]. Nev-
ertheless, we cannot predict if the depolarizing collisions affect our signal and
how. According to the latter reference, the depolarization due to collisions is
negligible for pressures lower than ∼ 40 mbar.

4. Finally, the stray capacitance of the coil [41] reduces the efficiency to∼14%, i.e.
7.1 times smaller signal.

Applying the above loss factors to the estimated signal, we get a 35.5 times
smaller signal. The reduced values of voltage as a function of pressure are shown in
the following table (3.2).

Figure 3.6 shows the time-dependence of the estimated signal for 500 mbar pres-
sure, using a pulse of 6 ns duration.
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Pressure (mbar) Voltage

0.1 0.127 µV
1 1.267 µV

10 12.394 µV
50 55.775 µV
100 95.775 µV
500 158 µV

TABLE 3.2: The reduced signal for various values of gas pressure.

FIGURE 3.6: The first graph shows the Gaussian pulse, which is being
used, and the second shows the number of spins which produces the

estimated signal (third graph).
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Consequently, the expected signal is very small. Various sources produce noise
comparable or larger than our signal, so our main goal is to suppress noise and
enhance the signal-to-noise ratio (SNR) to at least ∼ 10, or greater. Using a pho-
toelastic modulator (PEM) we can double our signal, simply by subtracting the two
individual signals for the two polarizations (see paragraph 3.4.2) and also suppress
the noise, which should be similar for consecutive pulses.

In the next paragraphs we describe the experimental setup, with emphasis on
noise reduction and PEM’s integration in our system.

3.4 Methods for noise reduction

As in many experiments, the ability to perform our measurements consists in obtain-
ing a signal that is greater than the noise. The laser we use to dissociate our chlorine
molecules is an Nd:Yag system (Quanta-Ray Pro-230) and one of the main sources of
noise comes from the laser’s Q-switch. We have taken two measures to reduce the
noise: a) setting up the experiment far away from the laser, approximately 12 meters
away (in an adjust laboratory) and b) integrating into our setup a device called pho-
toelastic modulator (PEM) which allows to invert the polarization of the photolysis
laser in a shot-to-shot basis, and thus offering a signal reversal which can lead to an
enhancement of the SNR by a factor close to 10. These two measures to enhance the
SNR are described in the following paragraphs.

3.4.1 Reducing noise by distance

Our first attempts to realize the experiment was to set it up in close proximity to
the dissociation laser, which is an Nd:Yag laser which generates light at 355 nm, and
contains a Q-switch synchronized with the arrival of the light. The coil used for the
magnetization detection acts like an antenna and picks up this noise with great effi-
ciency. The fact that the electromagnetic noise reduces as 1

r (it comes from oscillating
electrons, i.e. it is an electric dipole field) dictates that the experiment should be re-
moved as far away from the laser as possible. The Nd:Yag dissociation laser is placed
in the "Reaction Dynamics" laboratory on the first floor of the Institute for Electronic
Structure and Lasers building. We decided to move the setup to the lab next door
("Ultrafast Laser Micro and Nano Processing Laboratory"), which involved drilling
a hole in the wall and transmitting the laser beam in a height of ∼ 2.5 meters (close
to the sealing) for safety reasons.

This strategy enabled us to reduce the noise by a factor of∼ 10. The fact that this
reduction is smaller than what is expected from the ratio 1

r indicates that the noise
detected in the new location of the experiment is from a new source, different from
the laser’s Q-switch. This assumption is supported by the fact that the noise has
different temporal characteristics, as can be seen in figure 3.7.

3.4.2 Photoelastic Modulator (PEM)

A PEM is an optical device used to modulate the polarization of a light source. Its
principle of operation is based on the photoelastic effect, in which a mechanically
stressed sample exhibits birefringence proportional to the applied strain. PEMs are
resonant devices, each producing oscillating birefringence at a fixed frequency in the
low frequency ultrasound range (20 kHz to 100 kHz). In its simplest form the PEM
consists of a rectangular bar of a suitable transparent material (fused silica, for exam-
ple) attached to piezoelectric transducer. The bar vibrates along its long dimension
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FIGURE 3.7: The noise magnitude at 30 cm and 12 m from Nd:Yag
laser.

at a frequency determined by the length of the bar and the speed of a longitudinal
sound wave in the optical element material. The transducer is turned to the same
frequency and is driven by an electronic circuit which controls the amplitude of vi-
bration. The oscillating birefringence effect is at its maximum at the center of fused
silica bar.

If the optical element is compressed the polarization component parallel to the
modulator axis travels slightly faster than the vertical component. The horizontal
component then "leads" the vertical one after light passes through the modulator. If
the optical element is stretched, the horizontal component "lags" behind the vertical
one. The phase difference thus created between the two components oscillates as a
function of time and is called the retardation or retardance. An important condition
for the experiment, occurs when the peak retardation is one-half the wavelength
(λ/2) of the light. When this happens, the PEM acts as an oscillating half-wave
plate. The polarization is modulated between two orthogonal linearly polarized
states at twice the PEM’s frequency (2 f ).

Henceforth, we will refer to the PEM’s status as high when the optical element of
PEM is stretched, and low when it is compressed. Consequently, synchronization to
the stress cycle of the PEM allowed the linear polarization of the light to be alternated
between vertical and horizontal; after passing though the quarter-wave plate, the
photolysis laser polarization alternates between right and left circular polarization
states on a shot-to-shot basis.
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FIGURE 3.8: PEM (Hinds Instruments)

3.4.3 Synchronization and data acquisition

The most common use of a PEM is in polarimetric measurements with CW laser
light. In most of these cases, the goal is to modify the polarization of the CW laser in
a harmonic fashion. The PEM provides a signal at the same frequency (and at dou-
ble the frequency) as the stress cycle and thus of the polarization modulation. This
reference signal can be inserted to a lock-in amplifier so that sensitive polarimetric
measurements can be performed.

When a PEM is used to modulate the polarization of pulsed lasers (for example
ns pulses), such a harmonic modulation cannot be achieved, since the pulse duration
is much smaller than the PEM’s cycle. The objective in this case is to synchronize the
PEM and the arrival of the pulses, in such a way so that for each two consecutive
pulses, the polarization is exchanged between two values (for us orthogonal polar-
izations).

The synchronization of the PEM’s stress cycle with the laser beam is attained
by using an electronic device called "billbox". This is a frequency divider (which
converts the PEM frequency at 100 kHz to 10 Hz), which can insert, on demand, a
small delay to synchronize the laser with either a "high" or "low" part of the PEM
cycle. When the experiment runs, this delay is inserted every two laser shots (i.e.
at 5 Hz). Additionally, the billbox provides with a voltage signal which has a non
zero value when the laser is synchronized with a high and zero when the laser is
synchronized with a low part of the PEM cycle. The operation of the PEM-billbox
system is shown graphically in figure 3.9.

As described in the above sections, PEM changes the light polarization in shot-
to-shot basis. Thus, in order to refine our signal, Dr. Sofikitis developed a program
in Labview, which allows us to evaluate our measurements in real time. The PC
that runs the Labview program is connected to the oscilloscope (LeCroy WaveRun-
ner 44Xi-A), which displays the PEM status (see figure 3.9) and the detected signal.
In the Labview interface we have graphs of the signals and their difference. This
is feasible, because the program acquires measurements from the two oscilloscope
channels (PEM status and signal) and sorts these measurements into two lists. The
first list corresponds to the high PEM status and the second to the low one. These
lists of measurements and their difference are plotted in real time. We illustrate the
respective Labview screen shot in figure 3.10. The program also allows us to average
the differences of the signals. In this way, we attain a big noise suppression, as the
noise is common in both cases.
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FIGURE 3.9: PEM status (high/low) with respect to the incident laser
beam.

FIGURE 3.10: A screen-shot of Labview program.

3.5 The complete set-up

The main parts of our experimental set-up are: the cell, in which the pick-up coil
is centered (figure 3.11). The cell is also connected to the Cl2 bottle and to the vac-
uum pump (figure 3.12). We also placed two pressure meters in the cell, one more
sensitive to low pressures (0-100 mbar) and the other at pressures between 100-1000
mbar (figure 3.14). Figure 3.15 shows the optical path of the beam. The pulse passes
through the mirrors and the first iris in order to reach the PEM, the second iris, the
telescope, the tunable wave-plate and finally the cell. The telescope, which consists
of a convex and a concave lens, is used for reducing the spot size and the tunable
wave-plate to transform the linear polarization to circular.

The experiments for the detection of the macroscopic magnetization produced
by the Cl atom polarization are in progress. Currently, the noise levels are below
100 microvolts (for a reasonable number of averaging of the signals), which might
already allow detection of spin-polarized samples at a pressure of∼500 mbar. How-
ever, we work on noise suppression (<10 µV) by electromagnetically shielding our
experiments in order to detect signal for lower pressures, e.g. 40 mbar.
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FIGURE 3.11: The front window of the cell. The pick-up coil is cen-
tered in the cell, about ∼ 0.5 cm from the window.

FIGURE 3.12: A part of the experimental set-up.

After this method is successfully implemented for the detection of polarized
chlorine atoms, the next step would be to employ it in the detection of high-density
polarized deuterium atoms, which are relevant in polarized fusion experiments.
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FIGURE 3.13: The optical instrumentation.

FIGURE 3.14: The second pressure meter, which is used for pressures
between 100-1000 mbar.
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FIGURE 3.15: The optical path of the beam.
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