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Magnetic Control of Supersonic Beams: Magnetic Slowing
to Isotope Separation

Isaac Chavez, M.A.
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Supervisor: Mark G. Raizen

General control of atoms and molecules has long been a goal for atomic
physicists and physical chemists. Techniques such as laser cooling have been a
huge breakthrough in studying ultra cold atoms and BECs. Although laser cooling
has been a remarkable tool, it is limited to small group of atoms on the periodic
table. A general technique to control and manipulate the entire periodic table
has been out of reach until now. In this thesis I describe two methods of general
control of atoms in the contexts of stopping supersonic beams and of isotope
separation. Both these methods take advantage of high ﬂux supersonic beams
and the fact that every atom has a magnetic moment in the ground state or a
long-lived excited state which can be manipulated using magnetic ﬁeld gradients.
The ﬁrst method uses a series of pulsed electomagnetic coils to slow and
stop a supersonic beam of paramagnetic atoms and molecules. We have demonstrated the slowing of metastable neon and molecular oxygen using 64 coils from
446.5 m/s to 55.8 m/s for metastable neon, and from 389 m/s to 83 m/s for
molecular oxygen respectively.

vii

The second method is a novel and eﬃcient approach to isotope separation
which utilizes the concept of Maxwell’s Demon. We call this technique SinglePhoton Atomic Sorting as it is closely related to Single-Photon Cooling, a cooling
technique developed in our laboratory. Our method uses a laser beam to change
the magnetic moment to mass ratio in such a way that the desired isotopes are
guided through a multi-pole magnetic ﬁeld and collected. We show simulation results for various test cases which highlight the general applicability of this method.
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Chapter 1
Introduction

Controlling and manipulating the motion of neutral atoms has been a goal
of atomic physicists since the early 20th century starting with the work of Otto
Stern and Walther Gerlach. They used magnetic ﬁeld gradients produced with
permanent magnets to deﬂect silver atoms from an oven source [1]. This work
pioneered the understanding of spin quantization and ultimately the development
of quantum mechanics. It was not until the development of lasers in the 1970s,
however, that the door was opened for control and manipulation of atoms using
light. Since then, the ﬁeld has made great progress starting with laser cooling and
trapping, which led to the formation of a Bose-Einstein condensate [2–4]. Other
methods have also been developed, such as buﬀer gas cooling, which relies on
collisions with liquid helium within a dilution refrigerator [5]. Buﬀer gas cooling
has been successful in cooling and trapping many atomic and molecular species.
All of these techniques, however, are problematic for general control of atoms.
For example, laser cooling and trapping is limited to a small subset of atoms on
the periodic table and while buﬀer gas cooling is general, it is very expensive,
complicated to operate, and has limited optical access.
Recently developments have been made to control and slow supersonic
beams. These developments include mounting a supersonic nozzle on a spinning
rotor, and reﬂection from a moving crystal [6–8]. The supersonic beam has re-
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markable properties; it is a cold, intense beam of atoms with a divergence angle of
only a few degrees and a velocity spread of only 1% of the mean velocity [9]. Atoms
in gas phase can be seeded with a carrier gas and put directly in a supersonic nozzle, while other species can be entrained into the beam through laser ablation or
eﬀusive ovens [10–12]. The ability to entrain gives the supersonic beam a huge
advantage over other atom sources. One drawback, however, to supersonic beams
is their high velocities, typically on the order of hundreds of meters per second.
Mounting the supersonic nozzle on a spinning rotor has been successful in slowing
a supersonic beam but entrainment is diﬃcult and is limited to species in gaseous
form. Reﬂection from a receding crystal has demonstrated slowing of a supersonic
beam of helium, but no other species has been slowed with this method.
To address the issue of general control, we have developed two new methods for controlling and manipulating paramagnetic atoms. The ﬁrst, the magnetic
slower, uses a supersonic beam as a bright source of atoms and stops them in the
laboratory frame using a series of electromagnetic coils [13–15]. The second is
a cooling technique called Single-Photon Cooling, which uses informational entropy (Maxwell’s Demon) to eﬃciently cool trapped species with a single photon
[16–18]. Both techniques combined will allow trapping and cooling of any paramagnetic species. This thesis will focus on the magnetic slower portion of these
two techniques.
These new methods have also led to practical applications, one being isotope separation. We have developed a new technique to eﬃciently separate isotopes by utilizing the magnetic moment of the atoms. We call this technique
Single-Photon Atomic Sorting, as it is closely related to Single-Photon Cooling.

2

This method separates a supersonic beam by probing the desired isotope with a
laser, and it uses a magnetic guide to perform the separation [19]. Our technique
takes advantage of the magnetic moment, which most atoms possess in either the
ground state or a long lived excited state.
In this thesis I describe in detail the magnetic slower and Single-Photon
Atomic Sorting. The thesis layout is as follows:
Chapter 2 discusses the underlying principles of both the magnetic slower
and isotope separation. It describes in detail the operation of the supersonic beam
and atomic interactions with external magnetic ﬁelds. It highlights how one can
control and manipulate paramagnetic atoms. A brief discussion of Maxwell’s
Demon and its relevance to informational entropy is given and related to our
isotope separation technique.
Chapter 3 discusses the experimental setup and results of the magnetic
slower. The 64 stage coil setup is described in detail, as are the driver electronics
and magnetic ﬁeld characterizations. We show slowing results of metastable neon
and molecular oxygen.
In Chapter 4, I describe the simulation results of Single-Photon Atomic
Sorting. We propose two methods of isotope separation, one for atoms with a
non-zero magnetic moment in the ground state, and the other for atoms with
zero magnetic moment in the ground state. This technique enables separation of
almost every isotope on the periodic table.
Finally, a summary and future applications are discussed in Chapter 5.

3

Chapter 2
Principle of Operation

In this chapter, a thorough analysis of the physical principles of both the
magnetic slower and isotope separation will be discussed. We start with a general
description of supersonic beams, our Even-Lavie valve, a DC discharge to create our metastable neon, and a description of atomic interactions with external
magnetic ﬁelds. We also discuss phase stability and outline a method used to
characterize our magnetic coils using Faraday rotation. Finally a brief discussion
of Maxwell’s Demon as applied to Single-Photon Atomic Sorting is discussed.

2.1

Supersonic Beams
Atomic beams of atoms and molecules are generally produced by allow-

ing a gas from a high-pressure reservoir to escape through an aperture into a
low-pressure region. Two key regimes are realized: the eﬀusive regime and the
supersonic regime. In the eﬀusive regime the mean free path of the atoms is
much larger than the aperture through which the atoms escape. The velocity
distribution of such a beam is as follows [10]
(
)
−mv 2
4 ( m )3/2 2
v exp
f (v) = √
2kT
π 2kT

(2.1)

where m is the mass of a single particle, v is its velocity, k is Boltzmann’s constant,
and T is the temperature. The most probable speed vw deﬁned as the speed at
4

which the distribution function has its maximum value, is
√
vw =

2kT
= 1.2895 × 102
m

√

T
M

(2.2)

where M is the molecular weight of the atom and the resulting speed in is m/s.
The velocity spread of the distribution is given as
√
σv =

√
kT
T
= 91.18
m
M

(2.3)

with σv in units of m/s. For neon at 300 K the most probable velocity is 500 m/s
with a beam spread of 350 m/s. The velocity spread is about 70% of the most
probable velocity, and is therefore very broad.
The mean free path of the particles is proportional to the temperature
and inversely proportional to the pressure. Therefore, increasing the pressure of
the gas will decrease the mean free path. When the mean free path becomes
comparable to the escaping aperture one must consider collisions during the gas
dynamic expansion. When the mean free path becomes smaller than the escaping
aperture, the gas expansion becomes supersonic. The supersonic regime is very
important to producing high-intensity, low-divergence atomic or molecular beam
sources. The basis of describing the dynamic ﬂows of the supersonic beam begin
with three conservation equations given in one dimension:
1) Continuity equation
dw dρ dA
+
+
=0
w
ρ
A

(2.4)

2) Momentum equation
wdw = −

5

dP
ρ

(2.5)

3) Energy equation
wdw + dh = 0

(2.6)

where w is the velocity of the gas, ρ is the gas density, A is the cross-sectional
area of the nozzle, P is the pressure of the gas, and h is the enthalpy per unit
mass deﬁned as
h=e+

P
RT
=e+
ρ
M

(2.7)

where e is the internal energy of the atom and R is the gas constant. Using the
above equations and the ideal gas law one can derive a simple equation which
describes the change of ﬂow velocity w through a passage with a changing crosssectional area [10].
dA dw
+
(1 − Ma2 ) = 0
A
w

(2.8)

where Ma is the Mach number deﬁned as: Ma = wc . The Mach number is the ratio
of the ﬂow velocity w, to the speed of sound c in the medium. From equation 2.8,
for Ma < 1 (w < c), the ﬂow velocity increases with decreasing area and decreases
with increasing area. For a supersonic ﬂow velocity w > c (Ma > 1) the opposite
holds. Equation 2.8 gives insight into the type of nozzle that is needed to obtain
a supersonic beam namely a convergent-divergent nozzle or a Laval nozzle named
after Swedish engineer De Laval.
By integrating the energy equation 2.6, the ﬂow velocities at two diﬀerent
positions labeled 1, 2 are related by:
w22 − w12
= h2 − h1 =
2

∫

T2

cp dT = cp T1 (1 − T2 /T1 )

(2.9)

T1

Where cp is the speciﬁc heat at constant pressure. The speciﬁc heats at constant
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pressure and volume are deﬁned as:
(
cv =
(
cp =

∂e
∂T
∂h
∂T

)

(
=
v

)

(
=
p

de
dT
dh
dT

)
(2.10)
v

)
(2.11)
p

The partial derivative can be replaced by an ordinary derivative for an ideal gas.
Diﬀerentiating equation 2.7 and using 2.10 and 2.11 gives this relation between
speciﬁc heats,
R
M

(2.12)

cv =

1 R
κ−1M

(2.13)

cp =

κ R
κ−1M

(2.14)

cp = cv +
and by inserting κ=cp /cv into 2.12 gives:

and

Substituting equation 2.14 into equation 2.9 taking into account stagnation pressure P0 and temperature T0 where w1 ≈ 0, and Point 2 denotes any other point
in the ﬂow (i.e. w2 = w) the velocity of the supersonic beam is
√
(
)
κ RT0
T
w= 2
1−
κ−1 M
T0

(2.15)

This is a very useful relation as it gives a relationship between the velocity and the
mass of the atom. This means a heavier gas will give a lower initial beam velocity.
Expressing equation 2.15 in terms of Mach number and solving for temperature
yields:
T =

1+

7

T0
κ−1
Ma2
2

(2.16)

It is clear from equation 2.16 that a higher Mach number will produce a colder
beam. Experimentally it is often convenient to rewrite the Mach number in terms
of the speed ratio. The speed ratio S is the ratio between the ﬂow velocity w and
the most probable velocity vw namely,
w
=
S=
vw

√

κ
M
2

(2.17)

Now the temperature can be written as

T =

T0
1 + 25 S 2

(2.18)

In practice the speed ratio can be calculated by ﬁtting the pulse distribution to a
Gaussian curve centered at time t. The relation is given by [9]:
√
S = 2 2ln(2)

t
∆tF W HM

(2.19)

where ∆tF W HM is the full width half maximum of the distribution. This relation
relates experimental time of ﬂights of the supersonic beam and its corresponding
temperature.
Since we are interested in slowing and controlling supersonic beams of
atoms, it is advantageous to start with a beam with the lowest possible initial
velocity. This is done in two ways: ﬁrst to cool the nozzle to lower the gas
temperature, and second to seed the supersonic beam with a heavier “carrier
gas”. For instance we cool our nozzle to 77 K for neon for which the mean beam
velocity is 400 m/s. By contrast, neon at 300 K will give a beam velocity of 800
m/s. Care must be taken when cooling a supersonic nozzle to prevent clustering
and condensation which will degrade the performance of the nozzle. Seeding two
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species together is a great way of reducing mean velocities. As equation 2.15
dictates, a heavier mass will have a lower beam velocity. For instance seeding
helium into a neon carrier gas at 77 K at a ratio of 1:10, will produce a beam at
500 m/s. This is a huge advantage as opposed to a pure beam of helium which
has a mean beam velocity of 900 m/s at 77 K. When slowing molecular oxygen,
we seed oxygen with krypton for this purpose.
Supersonic beams are a great source of atoms but are only applicable to
gaseous atoms at room temperature. To introduce any other species into a supersonic beam, an external source must be used. This process is called “entrainment”
which involves an eﬀusive beam of atoms created in an oven being crossed with
the supersonic beam, or laser ablation which uses a high-power laser to evaporate
atoms oﬀ a solid target next to the aperture of the nozzle [10]. The two processes
must occur near the entrance of the nozzle where densities are extremely high, and
thus the external atoms have a greater chance of being picked up in the supersonic
ﬂow. Since the beam is still collisional, the entrained gas will thermalize with the
supersonic beam and cool through adiabatic expansion, and take on the properties
of the supersonic beam. This allows any type of species to be introduced into a
supersonic ﬂow without putting the gas directly into the nozzle.
2.1.1

Even-Lavie Valve
We use an high-intensity, cryogenic, pulsed Even-Lavie supersonic nozzle

[9, 20]. The properties of this nozzle are remarkable with pulses as short as 10 µs
FWHM, and a repetition of 40 Hz (nozzles with repetition rates of 1 kHz are also
available), with cryogenic (77 K) operation. The nozzle emits a ﬂux of Φ = 4×1023
atoms/s/sr with a divergence of 7 ◦ half angle. The valve produces the shortest
9

pulse and gives higher ﬂuxes than other commercially available supersonic nozzle.

Figure 2.1: The Even-Lavie cryogenic supersonic valve. A cross-sectional view is
taken to give a better view. The nozzle assembly is attached to a cryostat and
is cooled. The mechanism for the valve (plunger and spring) is enclosed in the
yellow tube and sealed with two kapton washers in red. The assembly is held by
a large spring in the back of the nozzle. Gas is supplied to the nozzle by a 1/16”
stainless steel tube shown here in red at the back of the assembly.

The nozzle is backed with a plunger which is held in place with a spring.
An electromagnetic coil surrounds the plunger and produces a magnetic ﬁeld of
2.5 T for 20 µs. The electromagnetic coil pulls the plunger back opening the
nozzle. The nozzle is pulsed on and oﬀ by pulsing current to the electromagnetic
coil. The nozzle seals with two kapton washers (front and back). Gas is supplied
to the back of the nozzle with a 1/16” stainless steel tube. The assembly is held
in place by a large spring and nut in the back of the nozzle. The nozzle is clamped
at the bottom of a tank for cryogenic use. The complete assembly and cryostat
are shown in Figure 2.1.
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2.1.2

DC Discharge

Figure 2.2: Schematic view of the DC discharge. The discharge is mounted on the
front copper plate of the nozzle. Wire leads are spot welded to the stainless steel
plates to provide high voltage and ground. It is held together with the mounting
screws.

We use a direct current (DC) discharge between two stainless steel plates to
create a metastable beam of neon in the 3 P2 state. The discharge produces a beam
of electrons between the plates which create metastables through electron-beam
bombardment [21]. The discharge consists of two stainless steel plate electrodes,
an aluminum cathode, and macor spacers all mounted to the front copper plate
of the nozzle (shown in Figure 2.2). The inner stainless plate and aluminum
cathode are held at a voltage of 1 kV (pulsed) while the outer stainless steel plate
is held at ground. With our electronics we can pulse up to a voltage of 2 kV.
We use a capacitor bank of 20, 5.6 nF capacitors(0.112 pF total capacitance)
charged through a 10 MΩ resistor limiting the current to 0.2 mA. We discharge
the capacitors through a fast high voltage transistor switch (Behlke, HTS 31-03-
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GSM) through a 100 Ω resistor. The discharge is initiated and stabilized with
a tungsten ﬁlament held at 3.5 A and -100 V (not shown in Figure 2.2) and is
placed as close to the front of the discharge as possible without blocking the beam
line. Typical discharge pulse widths are about 3 µs with a 100 µs delay from the
nozzle pulse with a repetition rate as high as 5 Hz.
The stainless steel plates are 1.182” in diameter and 0.06” thick. The macor
spacers provide a 0.118” space between the two plates. The aluminum cathode
has a inner bore of 0.157” and is spaced 0.039” from the nozzle. The discharge
occurs between the ground stainless steel plate and the aluminum cathode which
can be viewed through a view-port. Figure 2.3 shows a picture of the discharge
during a pulse.

Figure 2.3: A picture of the DC discharge during a pulse.

2.2

Interaction with Magnetic Fields
The principle of the magnetic slower is based on the Zeeman eﬀect, similar

to the Stark decelerator based on the DC Stark shift [22–25]. Atoms or molecules
12

with a non-zero total angular momentum will split their internal energy into magnetic sublevels in the presence of a magnetic ﬁeld. Depending on the magnetic
projection of the atom, it is said to be a high- or low-ﬁeld seeking atom once it
enters a magnetic ﬁeld. Atoms which are attracted towards regions of low (high)
magnetic ﬁeld are called low-ﬁeld seeking (high-ﬁeld seeking) atoms. Our design for the magnetic slower uses electromagnetic coils which are optimized for
low-ﬁeld seeking atoms. In the case of isotope separation the low-ﬁeld seeking
atoms (high-ﬁeld seeking atoms) are guided (anti-guided) through the multi-pole
magnetic ﬁeld.
When a low-ﬁeld seeking atom enters the bore of our coil it will lose kinetic
energy as it compensates for the Zeeman shift and thus feel a magnetic potential
“hill”. If the coil were left on, the atom will exit the coil and regain the lost
kinetic energy and leave with the same velocity it entered with. However if the
coil is switched oﬀ when the atom enters, the atom will lose kinetic energy equal
to the Zeeman shift and decelerate. By having multiple coils the atom can lose all
of its kinetic energy and thus be brought to rest in the laboratory frame without
aﬀecting the temperature of the atoms. The atoms will be suﬃciently slow enough
to be trapped with a magnetic trap.
2.2.1

Atoms in an External Magnetic Field
Atoms experience a change in internal energy due to their magnetic mo-

ment within a magnetic ﬁeld. Atoms within a weak magnetic ﬁeld (weak ﬁeld
limit) will experience a shift in energy equal to
∆E = −mj gj µB B

13

(2.20)

where mj is the projection of the total angular momentum on the quantization
axis, gj is the Landé g-factor, µB is the Bohr magneton, and B is the component
of the magnetic ﬁeld along the quantization axis. The atom’s magnetic moment
will adiabatically follow the direction of the magnetic ﬁeld as long as the atom’s
Larmor frequency is much greater than the rate of change of the magnetic ﬁeld.
The Landé g-factor is given by
gj = 1 +

J(J + 1) + S(S + 1) − L(L + 1)
2J(J + 1)

(2.21)

where J is the total angular momentum (J = S + L), S is the total spin, and L
is the total orbital angular momentum.
When the energy shift becomes large enough to exceed the spin-orbit splitting, atoms enter the strong ﬁeld limit or Paschen-Back regime. Here J is no
longer a good quantum number, so the energy splitting is given by
∆E = (ml + 2ms )µB B

(2.22)

where ml and ms are the magnetic quantum numbers for orbital and spin angular
momentum respectively. We take advantage of the fact that every atom with a
magnetic moment will experience an energy shift which then can be removed using
our coils.
The force on an atom as it enters a magnetic ﬁeld gradient is equal to:
F = µB gJ mJ ∇B

(2.23)

where ∇B is the magnetic ﬁeld gradient. Substituting Newton’s second law into
equation 2.23 gives an expression for the deceleration of an atom in a magnetic
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ﬁeld gradient
ẍ =

µB gJ mJ ∇B
m

(2.24)

This equation is then integrated to ﬁnd the equation of motion for an atom
in a magnetic ﬁeld gradient. For a given magnetic ﬁeld gradient the eﬀectiveness
of the slower is determined by the magnetic moment to mass ratio of an atom
( µB gmJ mJ ). Atoms with low magnetic moment to mass ratio need more coils to
stop the supersonic beam than atoms with high magnetic to mass ratios. For
example metastable neon in the 3 P2 state has a magnetic moment to mass ratio of
3µB /20 (for mj = 2), and hydrogen in the ground state has 1µB /1. Thus hydrogen
can be slowed with fewer coils than metastable neon.
For molecules, the interaction with magnetic ﬁelds is the same as for atoms,
however diﬀerent notation is used to account for parity, and additional angular momentum (Appendix A shows spectroscopic notation for both atoms and diatomic
molecules). Suppose molecular oxygen is in the 3 Σ−
g triplet (S = 1) ground state.
Nuclear statistics forbid the K = 0, 2, 4 rotational levels of
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O2 so the lowest

rotational state for molecular oxygen is K = 1. For oxygen we want to slow the
K = 1, J = 2, Mj = 2 sublevel state which has the highest magnetic moment
in the low- and high-ﬁeld regimes, where the magnetic moment is approximately
equal to 1.8 Bohr magnetons [26].
2.2.1.1

Magnetic Guiding

This section will discuss how atoms can be guided using a multipole magnetic conﬁguration. This is relevant for isotope separation (Chapter 4). When an
atom enters the magnetic guide it will experience a force due to the magnetic ﬁeld
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gradient (eq 2.23). The strength of the force will be determined by how strong
the magnetic ﬁeld gradients are.
The magnetic ﬁeld (and resulting gradients) for an ideal multipole only
depends on the distance from the center ρ [27]
(
|B(ρ, ϕ)| = Bn

ρ
ρ1

)n−1
(2.25)

Where Bn is the strength of the magnetic ﬁeld at the outer edge of the
magnets, ρ1 is the radius of the guide (distance to the magnet), and n is the pole
number (n = 2 for quadrupole, n = 3 for hexapole). As seen by equation 2.25 a
quadrupole will have a linear dependence on ρ, which means ∇B will be constant
over ρ. Likewise for the hexapole it will have a ρ2 dependence, and ∇B will be
linear in ρ.
The forces experienced by the atom will be diﬀerent for both quadrupole
and hexapole because of the dependence on ρ. Low-ﬁeld seeking atoms will be
guided through both conﬁgurations because of the magnetic ﬁeld minimum is the
center of the each multipole. Both of these multipoles however, will have their
own distinct advantage for isotope separation. Each multipole will be constructed
with a diﬀerent number of magnets which will be discussed in detail in section
4.2.2.
2.2.2

Characterization of Magnetic Fields
The method we use to characterize the magnetic ﬁelds within our coils is

Faraday rotation. When a laser beam with a certain linear polarization goes into

16

a Faraday crystal with an applied magnetic ﬁeld, the polarization will rotate. The
relationship between the rotation and the applied magnetic ﬁeld is

β = V Bd

(2.26)

where β is the rotation of polarization in radians, V is the Verdet constant of
the crystal, B is the magnetic ﬁeld, and d is the distance the light travels in the
crystal [28].
In our experiment we use a terbium gallium garnet crystal (TGG) which
has a Verdet constant of |V | = 134 rad T−1 m−1 , with anti-reﬂection coating for
633 nm at room temperature. Our crystal is supplied by Northrop Grumman.
2.2.3

Phase Stability
The magnetic slower can only select a certain velocity distribution within

the main supersonic beam. The cluster of atoms that can be slowed is said to
be phase stable through the entire slower. We use phase stability in a similar
form as the Stark decelerator [25], but the concept dates back to charged-particle
accelerators [29].
In Figure 2.4 we show potential hills similar to what an atom will experience
through the slower. For simplicity only two coils are shown. The point of highest
magnetic ﬁeld is denoted with phase ϕ = 90 ◦ and the point where the magnetic
ﬁeld is at the lowest is denoted with phase ϕ = 0 ◦ . These positions in real space
correspond to the center of the coil (ϕ = 90 ◦ ) and the point half way between two
coils (ϕ = 0 ◦ ). This is only a pictorial representation of the magnetic proﬁles, the
actual experimental proﬁles are given in section 3.1.6.
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Figure 2.4: Schematic of the magnetic potentials and coils. The highest magnetic
potential at the center of the coil represents a phase of ϕ = 90 ◦ and the lowest
magnetic potential at half way between two coils is phase ϕ = 0 ◦ .

The amount of slowing the atom experiences depends on where the atom
is relative to the coil when the coil is switched oﬀ. We tune our experiment to the
synchronous atom which corresponds to the atom in the center of the distribution.
This atom is denoted in green in Figure 2.5. In an idealized coil with instantaneous
switch oﬀ time, a phase of ϕ = 90 ◦ will be the phase which will remove the most
energy from the synchronous atoms. However, this is not ideal for capturing the
largest number of atoms because atoms which are faster will be ahead in position
and will fall further away from the synchronous atom as shown in Figure 2.5b and
c. The faster atom has more energy than the synchronous atom before it enters the
coil and will be slowed less than the synchronous atom causing the faster atoms
to be even faster in velocity and eventually fall out of phase with the synchronous
atom. Because of this, we want to switch the coil oﬀ when the synchronous atom is
climbing the magnetic potential as seen in Figure 2.5a. This way the faster atoms
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Figure 2.5: a) Atoms entering the coil, b) atoms at the highest peak of the potential, c) Atoms falling out of sync when switched oﬀ at ϕ = 90 ◦ . The synchronous
atom is shown in green and represents the center of the distribution. This picture
assumes instantaneous switching of the coils.
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will be higher up the potential hill and will have more kinetic energy removed
causing them to fall into place with the synchronous atom. Likewise slower atoms
will experience less slowing than the synchronous atom thus causing them to catch
up. The group of atoms which are slowed with the synchronous atom are said
to be “phase stable” throughout the slower. However this also means that the
amount of energy removed is not as much as when the coil is at phase ϕ = 90 ◦ . To
compensate for this we simply add more coils to reach the desired ﬁnal velocity.
Our slower however, doesn’t have instantaneous switching so this complicates how the atoms experience the magnetic potential. It is no longer true that
a phase of ϕ = 90 ◦ will provide the highest slowing eﬃciency but the switching
is ﬁnite and is the same to all atoms so the above argument still holds. In our
experiment phase is the one parameter we adjust to get diﬀerent ﬁnal velocities.

2.3

Maxwell’s Demon
In 1867 James Clerk Maxwell proposed a thought experiment in which

an intelligent“ﬁnite being”, if under the correct circumstances, could potentially
violate the second law of thermodynamics [30]. Lord Kelvin later dubbed this
“being” as Maxwell’s Demon [31]. Maxwell’s argument is as follows: suppose we
have a box ﬁlled with molecules with a partition (door) in the center operated
by the demon. The demon will then proceed to open the door to allow molecules
with a large velocity to enter one side of the box, but then close the door for
molecules with lower velocity. As time went on, the demon would then segregate
the fast and slow molecules, thus lowering the entropy of the system [32], in clear
violation of the second law.
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It wasn’t until 1929 when Leo Szilard [33], and later work by Shannon and
Brillouin [34, 35], showed that the information the demon gained carried entropy.
It turns out the informational entropy gained by the demon exactly cancels out
the entropy gained from sorting, thus saving the second law.
In our laboratory we have experimentally veriﬁed an optical realization
of Maxwell’s Demon with Single-Photon Cooling [16–18]. This technique uses a
laser beam as its demon, which is swept across a cloud of trapped atoms. The
knowledge gained by the laser (demon) is the single photon absorbed by the atom
then spontaneously scattered. The laser catches each atom at its classical turning
point, and changes its internal state by scattering the photon, and is trapped
within an optical trap. The atoms transferred in the optical trap have been
cooled as a result of this process.
Single-Photon Atomic Sorting works in analogy to Single-Photon Cooling.
The desired isotope passing through the laser beam will scatter a photon changing
it’s internal state enabling it to be separated. This separation lowers the disorder
of the atomic beam thus lowering the entropy, but the entropy of the laser beam is
increased to oﬀset that of the atomic beam. Using information entropy to separate
isotopes will be extremely eﬃcient, as it was for cooling atoms using Single-Photon
Cooling.
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Chapter 3
Magnetic Slower

In this chapter we discuss the magnetic slower. A 64 stage slower and
associated driver electronics are discussed. A thorough analysis of the ﬁeld characterization using Faraday rotation and ﬁnite element analysis are shown. Finally,
experimental results for both metastable neon and molecular oxygen are presented.
In parallel to our work slowing of hydrogen and deuterium has also been realized
[36, 37].

3.1
3.1.1

Experimental Overview
Cooling the Nozzle
For both metastable neon and molecular oxygen we cool the nozzle to

reduce the initial beam velocity. For metastable neon we can directly pour liquid
nitrogen into the cryostat to cool the nozzle. We slowly pour a little liquid nitrogen
into the cryostat and let the nozzle cool down. We monitor the temperature using
a thermo-couple attached to the cryostat on the vacuum side. It takes about
45 minutes to completely cool the nozzle down to liquid nitrogen temperature.
During the entire cool down we pulse the nozzle at 5 Hz to ensure no condensation
builds up inside the nozzle which prevents the nozzle from clogging. If the nozzle
clogs, we stop pouring liquid nitrogen and blow air down the cryostat to warm it
until the nozzle is no longer clogged and then we proceed to cool the nozzle again.
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Once the nozzle is down to 77 K we ﬁll the cryostat and stop pulsing the nozzle
without fear of clogging.
For cooling of molecular oxygen we cannot pour liquid nitrogen directly
into the cryostat because the boiling point of oxygen is 90.19 K, which is hotter
than the temperature of liquid nitrogen. This means that oxygen will condense
at these temperatures. We regulate the temperature of the nozzle by ﬂowing cold
nitrogen gas into the cryostat. We ﬁll a 31 liter dewar and add a variable heat load
via a 8 Ω, 50 W resistor inserted into the liquid nitrogen. An insulated stainless
steel tube sealed with a rubber stopper is placed at the exit of the dewar to direct
the boil oﬀ to the cryostat of the nozzle. By adjusting the resistor current we can
control the boil oﬀ rate, and the quantity of cold gas entering the cryostat, and
thus control its temperature. Great care must be taken with this method because
the resistor can burn if it is not submerged in the liquid nitrogen. We found with
our setup we had to add liquid nitrogen to the dewar every hour to ensure the
resistor remained submerged.
3.1.2

Coils
The coils are 5 x 6, 500 µm thick copper windings. The coils are wound

around a thin vespel cylinder (3 mm outer diameter 100 µm thick) and sandwiched
between two permendur caps (Figure 3.1a). Two kapton washers (150 µm thick)
serve to protect the coil from scratches that will short the coil to the permendur
or the steel case. The entire coil assembly is held together with UHV epoxy within
a steel case. A notch in the case gives a space for the leads of the coil to come
out.
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Figure 3.1: a)Schematic of the coil. The coil is held together by two permendur
caps encased within a steel case. The coil (not shown) is wound around the vespel
cylinder and protected from scratches by the kapton washers. The whole assembly
is held together by UHV epoxy. b) Picture of the ﬁnished coil.

To make every coil as uniform as possible an array of tools and teﬂon
molds were made to help with the assembly. First, everything is wound over a
teﬂon rod 3 mm in diameter (the permendur caps, kapton washers and coil are
sandwiched together). The teﬂon rod is embedded in a teﬂon block which serves
as material to clamp the whole assembly. The steel case is then put over the
entire assembly making a dry ﬁt of the completed coil. Once the steel case is on,
the outer permendur cap and kapton washer are removed to allow for epoxy to
ﬂow in. We used a two part vacuum epoxy from Epoxy Technology (Epo-Tek
H77). The epoxy is mixed and heated to about 50 ◦ C with a heat gun to allow the
epoxy to ﬂow better into the coil winding. Once the epoxy is applied the kapton
washer and permendur cap are replaced and clamped using a C-clamp. The whole
assembly with clamps included are placed in an oven for 3 hours at 150 ◦ C so the
epoxy can cure. The coils are then removed from the C-clamps and sanded to
remove any excess epoxy. Throughout the process, great care is taken to prevent

24

scratching. In addition, polarity of the coils must be kept the same throughout
the process. To test the coil for shorts, we placed the coil in a beaker of methanol
to measure the resistance between the methanol and one of the coil leads. If a
resistance is measured the coil is deemed to have a short and is discarded. Every
coil is tested this way. A picture of the ﬁnished coil is shown in Figure 3.1b.
3.1.3

Chamber and Coil Support
The coil support and slower tube are shown in Figure 3.2. This ﬁgure shows

the back end of the experiment without the nozzle chamber. The nozzle chamber
is where the supersonic nozzle, discharge (for metastable neon), and skimmer are
placed. The skimmer is 5 mm in diameter, 50 mm in length, and is placed 300 mm
away from the nozzle. The skimmer serves two purposes: to provide diﬀerential
pumping between the nozzle and slower chamber and to break up shock waves
created within the supersonic expansion. We use two, 300 l/s Leybold pumps for
the nozzle chamber and one 550 l/s Varian pump for the slower chamber. The
pressure in the nozzle chamber is 10−9 torr with the nozzle oﬀ and 10−6 torr with
the nozzle pulsing at 5 Hz. The pressure in the slower chamber is 10−9 torr but
we ﬁnd that pulsing the coils increased the background pressure. To keep the
pressure in the chamber low (10−9 torr) we trigger the coils at a repetition rate of
0.075 Hz.
A 2.75” vacuum bellow is used to align the slower chamber to the nozzle
chamber. We use a telescope to align the two chambers together using crosshairs
mounted on the end of the vacuum tube. The slower chamber consists of the
coils, coil holder, electrical feedthroughs, and detector. The coils are screwed
onto a monolithic support by an aluminum cap with vented screws (pictured in
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Figure 3.2: 3D view of the coil support and MCP within the vacuum tube. The
coils are held into place with a aluminum cap and screwed into the monolithic
support. The MCP is shown at the end which is used to detect metastable neon.

Figure 3.3). Each coil is spaced 1.4 cm away from the adjacent coil. The coil
support is 89.77 cm long and has a square 1/4” copper tubing attached to provide
water cooling to the coils. The coil support rests on a stainless steel translation
stage which in turn is mounted on a bracket which is welded into the chamber.
Two 1/4-20 screws with round tips are used for aligning and ultimately to secure
the coil holder and translation stage in place. Electrical connection for the coils
is preserved by feedthroughs which are 50 pin D-sub PEEK connectors (from
Accuglass). The leads inside vacuum are wrapped with a PEEK spiral material
which prevents the coil leads from scratching against the coil holder. Finally at
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Figure 3.3: Pictures of the coil holder (left) and the coils in vacuum (right). The
coil support is mounted on a stainless steel bracket which is welded to the vacuum
chamber.

the end of the coils is the micro-channel-plate (MCP) for detection of metastable
neon. For detection of molecular oxygen we used a quadrupole mass spectrometer.
Both detectors were mounted on a welded bellows which is mounted on a 5.08 cm
translation stage for measuring beam velocities. Figure 3.4 shows the complete
experimental overview including the nozzle chamber.
3.1.4

Coil Electronics
Each coil is driven with a 2.2 mF discharging capacitor. The capacitor is

charged to 258 V and the entire resistance of the coil circuit is 0.34 Ω, which pushes
750 A of current through the coil. We pulse the coil for 100 µs at a repetition of
0.075 Hz. The electronics are the same for both metastable neon and molecular
oxygen. Figure 3.5 shows a picture of the individual board which supplies current
to one coil. We have 64 of these coils in two electrical boxes.
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Figure 3.4: Schematic of the experimental setup. The supersonic beam, skimmer,
and 64 coils are the same as for metastable neon. We detected molecular oxygen
using a quadrupole mass spectrometer (QMS). For metastable neon the QMS is
replaced with an MCP and discharge is used on the nozzle. The total length of
the experiment is 1.54 m.

We use a high speed, solid state switch (IGBT from Powerex model CM200DY24A), to provide the fast switching. These IGBTs are rated for high current, high
voltage applications. Due to the coil inductance the fast pulse will provide a large
voltage spike of 1050 V due to the back emf. For this purpose the IGBT has a
huge advantage over MOSFETs which are usually rated for lower voltages. Each
IGBT must be driven with its own driver (Powerex BG2A-NF). The IGBT is very
useful because it can close and break the circuit very quickly. Since we are able
to switch the IGBTs on and oﬀ very quickly, these switches are very expensive.
We use another low cost, relatively slow switch to isolate the coil from the IGBT.
A thyristor is used which can be triggered on but not oﬀ, and only closes 40 µs
after current has stopped ﬂowing through the circuit. In order for a coil to trigger
each board must simultaneously receive a trigger to each switch. This 40 µs lag
time forces us to trigger adjacent coils on diﬀerent IGBTs. Figure 3.6 shows the
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Figure 3.5: A picture of the individual board for each coil. The coil is ﬁred by
passing 258 V through 0.34 Ω total resistance for 100 µs.

component schematic of each individual board. We use 8 IGBTs to run the entire
slower in which each IGBT triggers 8 individual coils. We ﬁre the ﬁrst coil on
each IGBT in sequence and then the pattern is repeated for the rest of the coils.
This means the 1st and 9th coils are next to each other on the same IGBT. We
do this because the timing between the 1st and 9th coil is more than 40 µs which
gives enough time for the thyristor on the 1st coil to reset its circuit and prevent
the coil from ﬁring multiple times. This method of triggering allows us to put
as many coils as we want in our slower on only 8 IGBTs thus making it easily
scalable.
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Figure 3.6: Schematic of the individual board setup. Eight individual boards are
connected to one IGBT, and 8 IGBTs are used for the entire 64 coil slower. The
ﬁrst board on each IGBT ﬁre ﬁrst (coils 1-8) and repeated for the other coils.
The second board on the ﬁrst IGBT is coil 9 in the sequence. The gray dash line
represents diﬀerent circuit boards. Here TP = test point, OC = optocoupler.
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Figure 3.7: Picture of the FPGA board. A timing ﬁle is loaded into the board.
The distributor board sits on top of the FPGA and buﬀers the current.

3.1.5

Timing Sequence
To create the timing sequences we integrate the equations of motion of one

idealized atom (equation 2.24). This atom has the same velocity as the center atom
in our distribution. The timing ﬁle is created in MatLab and provides the timing
information for each coil. The inputs of the timing ﬁle generating program are,
the velocity of the distribution and a phase which varies the ﬁnal velocity of the
slowed peak. The timing ﬁle is then uploaded to an FPGA which is an inexpensive
programmable gate array that can supply multiple outputs. We use a Spartan
3SxLc by Xilinx with 140 digital outputs and has a fast 10 MHz clock which
gives a time resolution of 100 ns. This board is then connected to a distributor
board (made in house) with D-sub outputs to all the thyristors and IGBTs. The
distributor board serves to provide the required current to the switches and isolate
the TTL outputs from the FPGA to the IGBTs (through opto-couplers). Figure
3.7 shows a picture of the FPGA board.
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3.1.6

Field Characterization

Figure 3.8: A cross sectional view of the coil using ﬁnite element analysis. The
ﬁeld in the center of the coil is 5.55 T. The inner diameter is 3 mm. The permendur
disks keep the majority of the magnetic ﬂux density lines within the coil.

To determine the magnetic ﬁeld characteristics we simulate the coil using
ﬁnite element analysis and compare them to experimental measurement from the
Faraday rotator method (discussed in section 2.2.2). Figure 3.8 shows the results
of the ﬁnite element analysis for our coil. The simulation for the ﬁnite element
analysis was done using COMSOL Multiphysics. It shows a cross sectional view
of the coil and plots the magnetic ﬂux density (T). The peak ﬁeld is 6.26 T but
this is near the coil windings. The peak ﬁeld in the center of the coil is 5.55
T. Figure 3.9 shows the longitudinal (3.9a) and transverse (3.9b) magnetic ﬁeld
proﬁles of the coil. The zero in both ﬁgures corresponds to the center of the coil.
The longitudinal (axial) shows the magnetic “hill” the atoms experience as they
enter the coil. It shows a sharp rise from near zero to 5.55 T over a distance of
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only 4 mm. The high gradients are caused by a high current and large magnetic
saturation from the permendur disks. The transverse direction shows a minimum
in the center of the coil, meaning low-ﬁeld seeking atoms are guided through the
coil. This is useful because the atoms are guided throughout the entire slower and
do not diverge.

Figure 3.9: These are cross sectional cuts of the magnetic proﬁle from the ﬁnite
element analysis. a) Longitudinal direction shows the magnetic “hill” the atoms
experience through each coil. b) Transverse direction has a minimum in the center
of the coil meaning that low-ﬁeld seeking atoms are guided through the coil.

However these two ﬁgures show only spatial information which is not
enough to completely characterize the coil. We need temporal information and we
get that using the Faraday rotation. Figure 3.10 shows the setup for measuring
the temporal response of the coil. We use a HeNe laser (633 nm) which is directed
with two mirrors (M1 and M2) into the rotator. A linear polarizing cube (PC1)
ensures we only have vertically polarized light going through the coil. A lens with

33

a focal length of 83 mm is used to focus the laser beam through the coil keeping
the waist at 80 µm through the length of the coil. The laser then proceeds to go
through the TGG crystal inserted into the bore of the coil. Finally the laser goes
through the second polarizing cube (PC2) to ﬁlter the rotated light. The intensity
of the light is measured with a photodiode.

Figure 3.10: Experimental setup of the Faraday rotation. We used a HeNe laser
and direct the laser into the coil using two mirrors (M1 and M2). The laser goes
through the ﬁrst polarizing beam cube (PC1) to ensure the polarization is in one
direction. Then the laser goes through a 83 mm focal length lens and through the
coil with the TGG crystal inside. Finally a second polarizing cube (PC2) ﬁlters
out the component of the laser which was rotated in the crystal, and the resulting
drop in intensity is recorded on the photodiode.

This arrangement of the elements leads to a cosine squared dependence of
the intensity on the rotation angle and yields this relation [38],

I
= cos2
I0

[∫

]

d/2

V B(z) dz

(3.1)

−d/2

where I0 is the initial intensity of the beam, d is the length of the crystal, B(z) is
the magnetic ﬁeld along the coil axis and V is the crystal’s Verdet constant.
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Figure 3.11: This is the temporal proﬁle of a switched coil. This is measured in
the oscilloscope and converted from voltage to rotation angle. The peak rotation
of 1.1 radians corresponds to a magnetic ﬁeld of 5.43 T.

Figure 3.11 shows the temporal proﬁle taken with this setup with a 1.4
mm TGG long crystal. We switch from the peak ﬁeld to about 20 % of the peak
ﬁeld linearly in only 6 µs. The remaining ﬁeld decays exponentially with a time
constant of 17 µs due to eddy currents. We monitor the polarization angle of the
beam throughout the switching process. The ﬁeld measured is the average ﬁeld
over the length of the crystal. To get a more accurate picture of the ﬁeld proﬁle
we use three diﬀerent length TGG crystals. The results of the measured ﬁeld is
summarized in Table 3.1. We ﬁnd the average magnetic ﬁeld to be

B̄ = 5.21 ± 0.20T
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(3.2)

Comparing the average measured peak value of 5.55 T from the ﬁnite element analysis ﬁnds about a 6 % discrepancy. The ﬁnite element analysis assumes
perfect windings, so it is not surprising to ﬁnd some discrepancy with the real
coils. Still we ﬁnd very good agreement between ﬁnite element analysis and experimental values of the peak magnetic ﬁeld.
Table 3.1: The measured magnetic ﬁeld for each length TGG crystal
TGG length Measured ﬁeld [T]
1.40 mm
5.43
2.35 mm
5.05
5.00 mm
5.14

3.1.7

Detection

3.1.7.1

Metastable Neon Detection

The MCP is the detector of choice for detecting metastable species. The
type of MCP we use is a chevron conﬁguration made my El Mul Technologies,
Ltd.. We create the metastable neon with a DC discharge as discussed in section
2.1.2. When the metastable hits the MCP, the energy released by the metastable
is enough to eject an electron from the surface of the MCP. That electron is
then accelerated to the electron multiplier and the impact will create secondary
electrons. Gains on the MCP can be as high as 103 -109 . We use the MCP in
conjuction with an external current ampliﬁer (Femto, Variable-Gain high speed
ampliﬁer DHPCA-100). The MCP is mounted on 1/4” thick, 4.56” long, copper
extension rods to place the MCP 4 cm away from the slower exit. The MCP
assembly is mounted on a 2.75” blank with three MHV feedthroughs. The blank
with the feedthroughs is then mounted onto a translation stage which can trans-
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late back 5.08 cm. Every data set is taken twice at two diﬀerent locations and
compared to directly measure the velocity of the slowed peaks.
3.1.7.2

Molecular Oxygen Detection

Molecular oxygen is much diﬀerent from metastable neon. First a discharge
is not needed because ground state molecular oxygen can be slowed directly. However without the metastable energy to liberate electrons, we must use an mass
spectrometer for detection. We use a quadrupole mass spectrometer (RGA 100
from Stanford Research Systems) equipped with an electron multiplier. The detector detects all the O2 in the chamber so it requires an additional pump near
the detector to help pump background oxygen out of the chamber. We added a
Varian 70 l/s vacuum pump after the coils to help with the added gas load. The
output of the mass spectrometer is connected to the external current ampliﬁer
just like with metastable neon. The mass spectrometer is mounted on the same
translation stage to directly measure the velocity of the slowed peaks.

3.2
3.2.1

Results
Metastable Neon
We show here slowing of metastable neon from 446.5 m/s ± 2.4 m/s to as

low as 55.8 m/s ± 4.7 m/s with eﬃciencies as high as 11.9%. This shows a removal of more than 98% of the translation kinetic energy of the atom. Metastable
neon has two long lived metastable states which are created in our DC discharge,
3

P0 and 3 P2 . The 3 P0 state cannot be slowed because it has a mj = 0 magnetic

projection, so we adjust the slower to slow the 3 P2 , mj = 2 projection. This state
gives the highest magnetic moment to mass ratio but this also means we are slow37

ing 1/5 of the atoms in the given 3 P2 metastable state. The eﬃciencies consider
the entire metastable state, meaning an eﬃciency quoted in Table 3.2, say 2%, is
the eﬃciency of total metastable population. This means if the magnetic projections are equally populated the 2% eﬃciency quoted corresponds to an eﬃciency
of 10% for the mj = 2 projection. We calculate the eﬃciency by comparing the
area under the curve of the slowed peak to the geometrically scaled area under
the reference beam. We normalize to the expected intensity of the reference beam
at the entrance of the slower. We do this because the reference beam is taken
without the coils on, resulting in added divergence through the slower than what
is experienced with the guided slowed peaks.
Since we use a highly eﬃcient detector (the MCP has near unit eﬃciency)
the noise is small compared to molecular oxygen. We cool our nozzle to 77 K
and average each data set over 20 shots at a repetition rate of 0.075 Hz. Figures
3.12 and 3.13 show the slowed peaks compared to the main distribution. The
plots are shown in two ﬁgures for clarity and all the curves besides the main
distribution have a vertical oﬀset for ease of comparison. The noise spikes before
the slowed peaks are due to the coils, which end about 0.5 ms before the slowed
peak arrives at the MCP. The slower peaks select a smaller velocity distribution
within the main distribution which is why more of the main distribution remains
intact. This is also seen in the slowed peaks, as the velocity of the slowed drops so
does the number of atoms in the distribution. The distribution of the ﬁnal peaks
are not uniform due to the anharmonic nature of the potentials created with our
coils. This has been investigated by Bethlem et al. for the Stark decelerator [25].
The ﬁnal velocities, temperature, eﬃciencies, phases are summed up in Table 3.2.
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Figure 3.12: Experimental data of slowed metastable neon at diﬀerent ﬁnal velocities. These are time of ﬂight measurments taken with a MCP. The main
distribution has a velocity of 446.5 m/s. The slowed peaks have velocities of a)
222 m/s , b) 184.7 m/s, c) 142.7 m/s, and d) 109.9 m/s. Each curve represents
20 averages. All the curves besides the main distribution have a vertical oﬀset so
they can be compared in one graph.
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Figure 3.13: Time of ﬂight measurements recorded by a MCP. The main distribution has a velocity of 446.5 m/s. The three slowest peaks have velocities of e)
84.1 m/s, f) 70.3 m/s, and g) 55.8 m/s. Each curve represents 20 averages and
all the curves besides the main distribution have a vertical oﬀset for clarity.
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Table 3.2: Final velocities [vf ], temperatures [T], eﬃciencies, and phases for slowed
peaks in Figures 3.12 and 3.13
vf [m/s]
T [mK] Eﬃciency [%] Phase
Main 446.5 ± 2.5 525 ± 10
...
...
a
222 ± 11
108 ± 22
11.9 ± 0.5
37.7◦
b
184.7 ± 7.6 184 ± 39
9.6 ± 0.4
39.7◦
c
142.7 ± 9.1 117 ± 32
7.2 ± 0.3
41.7◦
d
109.9 ± 5.4 147 ± 34
5.5 ± 0.2
42.7◦
e
84.1 ± 3.1 79 ± 20
4.1 ± 0.2
43.7◦
f
70.3 ± 7.4 92 ± 57
2.9 ± 0.1
44.2◦
g
55.8 ± 4.7 106 ± 59
2.0 ± 0.1
44.5◦
3.2.2

Molecular Oxygen
Here we show the data for slowed molecular oxygen between phases 47.8 ◦

and 63.2 ◦ . We use a mixture of oxygen and krypton at a ratio of 1:5 and cool
the nozzle to a temperature of 148 ± 1 K to achieve a mean beam velocity of 389
± 5 m/s. In order to achieve the highest slowing eﬃciency we tune our slower to
slow oxygen in the ground rotational K = 1, J = 2, Mj = 2 sublevel state. Our
coils produce high enough magnetic ﬁelds to decelerate oxygen to near rest, but
are weak enough to avoid level crossings that mix the K = 1, J = 2, Mj = 2 with
the K = 3, J = 2, Mj = 2 sublevel which will change the low ﬁeld seeking atom
to a high ﬁeld seeking atom [26].
Figures 3.14 and 3.15 show the various ﬁnal velocities over 200 averages
at a repetition rate of 0.075 Hz. All the peaks except the main distribution
have a vertical oﬀset for clarity and ease of comparison. The signal-to-noise ratio
is smaller for oxygen than it is for metastable neon because of the use of the
quadrupole mass spectrometer. We slow molecular oxygen from 389 m/s to as low
as 83 m/s. Like metastable neon, the slower peaks have fewer atoms due to the
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Figure 3.14: Time of ﬂight measurements recorded on a QMS. The main distribution has a velocity of 389 m/s and the slowed peaks have a ﬁnal velocity of a)
242 m/s, b) 195 m/s, and c) 155 m/s. Each data set is taken over 200 averages
at a repetition rate of 0.075 Hz. The peaks have a vertical oﬀset except for the
main distribution.
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Figure 3.15: Experimental data of slowed molecular oxygen at diﬀerent ﬁnal velocities. The peaks corresponds to velocities: main distribution 389 m/s , e) 114
m/s, f) 83 m/s. Each data set is taken over 200 averages at a repetition rate of
0.075 Hz. The slowed peaks have a vertical oﬀset for clarity.
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Table 3.3: Final velocities [vf ], ratios, and phase for slowed peaks in Figures 3.14
and 3.15
vf [m/s] ratio [%] phase
Main 389 ± 5.0
...
...
a
242 ± 13
2.3
47.8◦
b
195 ± 8
1.7
53.5◦
c
155 ± 5
1.2
57.5◦
d
114 ± 3
1
61◦
e
83 ± 3
0.8
63.2◦
phase stability window. A direct comparison of eﬃciencies could not be directly
computed as with metastable neon, due to the uncertainly in ionization in the
quadrupole mass spectrometer for the slowed peaks (the ionization probability is
diﬀerent for slower peaks due the longer interaction time with the detector ionizer).
However we did calculate the ratio of area under the slow peak to the geometrically
scaled area under the reference beam. The ﬁnal velocities are summed up in table
3.3.
This is the ﬁrst demonstration of slowing any supersonic beam of molecules
using pulsed electromagnetic coils. This allows slowing and trapping of molecules
which have a magnetic moment in the ground state such as molecule radicals or
in our case, molecular oxygen.
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Chapter 4
Isotope Separation

In this chapter we will discuss a new approach to isotope separation which
is more general and eﬃcient than other available methods. First an overview of
current technologies will be discussed, and motivation for this new idea will be
given. We then explore the generality of our method by discussing two cases:
atoms that have non-zero magnetic moment in the ground state and atoms that
have zero magnetic moment in the ground state. These two types of atoms make
up the entire periodic table. Finally a description of the magnetic guide and
simulation results will be given.

4.1

Current Methods
Currently the two biggest methods to producing isotopes commercially are

the calutron and centrifuge method. These two methods have been primary used
for the bulk of isotopes for nearly 70 years. Figure 4.1 shows which method is
used for each isotope.
The centrifuge method is based directly on mass diﬀerences between different isotopes [39–41]. The centrifuge contains a fast spinning rotor inside a
protective casing. It spins so fast that it pushes heavier atoms to the outside
walls and the lighter elements towards the center. Heating the centrifuge will
enhance this separation by creating convection currents that further separate the
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Figure 4.1: This periodic table shows the methods used to separate isotopes of
given elements. Most elements are separated with either the calutron or centrifuge
method. Courtesy of Trace Sciences.

isotopes. The enrichment factor for each centrifuge is quite low, so many cascades
of centrifuges are needed for high enrichment. The centrifuge has long been the
method of choice for separation of uranium hexaﬂuoride on large scales, however
this method is limited to species which are gaseous at or near room temperature (volatile elements) and cannot separate elements which are solid at room
temperature.
The calutron or mass spectrometry is general to all atoms on the periodic
table [42, 43] but is very ineﬃcient. This method takes advantage of the fact that
every charged particle will follow a certain circular trajectory within a magnetic
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ﬁeld. The radius of this circular trajectory will be diﬀerent for diﬀerent isotopes,
thus making separation possible. The source of atoms is an oven; as the atoms exit
the oven they are ionized and accelerated through the system and are separated.
This method is highly selective, and enrichments can be very high. It is ineﬃcient,
however, because of the low probability of electron-bombardment ionization, and
it is limited by space-charge meaning throughput is low.
In recent years isotope separation using laser ionization has been developed
[44]. This process is highly selective but requires multiple high-powered lasers to
achieve ionization. This method will only ionize one speciﬁc isotope which then
can be separated from the rest of the atoms using ion optics. This process works
very well but its use of the photons is very ineﬃcient and thus power consumption
can be quite large.

4.2

Single-Photon Atomic Sorting
The above techniques have proven valuable over the years. Each have

their own drawbacks, however, resulting in a need for a new inexpensive method
of producing isotopes. Here we propose a new method of isotope separation called
Single-Photon Atomic Sorting, which is very eﬃcient and can be applied to nearly
the entire periodic table.
To highlight this new technique I’ll ﬁrst give a general picture of how
our method works. We start with an atomic beam of atoms of a single element
composed of multiple isotopes. Consider an ideal three level atom with an initial
electronic ground state |i>, an electronic excited state |e>, and a ﬁnal electronic
state |f>. We assume the initial magnetic moment mi is diﬀerent from the ﬁnal
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magnetic moment mf . Now assume this atomic beam intersects a laser beam
which induces an irreversible transition from |i> to |f> by absorption of the photon
followed by spontaneous emission as shown in Figure 4.2. The laser is tuned to only
one isotope, changing its magnetic moment but not eﬀecting the other isotopes.
Once the transition has been made the beam of atoms enters a magnetic ﬁeld
gradient ∇B, created by a magnetic multiple. The magnetic multiple acts like a
guide for the low-ﬁeld seeking atoms.

Figure 4.2: The laser beam excites the atom from |i> to |e>, and the atom then
decays down to |f>. The magnetic moments of the initial and ﬁnal states are
diﬀerent.

In principle the separation of an isotope can be accomplished using only
one photon, making the best use of every photon available. The goal is to lower
the entropy of the atomic beam by separating the isotopes. In this sense the
laser beam acts like a Maxwell’s Demon as proposed by Leo Szilard in 1929.
This process is very similar to the one-way barrier for atoms that was used to
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cool the translational motion of Rb atoms (section 2.3). The atom scatters one
photon from the laser, increasing its entropy, but this increase is compensated by
the decrease of entropy in the beam. Our method eliminates the need for high
powered lasers and uses inexpensive magnets with a supersonic nozzle to produce
a scalable and general method for isotope separation.
4.2.1

Entrainment
Many elements are solid at room temperature and can not be directly put

into a supersonic nozzle. To apply our method to the entire periodic table, we
must entrain a species of atoms into a supersonic ﬂow. We do this experimentally
by putting an oven close to the aperture of the nozzle as shown in Figure 4.3.
The top and bottom of the oven are held at diﬀerent temperatures, forming a
gradient which creates a collimated eﬀusive beam over the region intersected by
the supersonic beam. The inside of the oven is lined with a stainless steel mesh
which wicks back atoms which are not entrained in the supersonic beam. The
oven is self-circulating in the sense that atoms not entrained are contained in the
oven and will have another chance to be entrained. This oven is very similar
to continuous reﬂux ovens [11]. In order to simulate the entrainment achievable
with such an oven, we used the Direct Simulation Monte Carlo method created
by Professor Graeme Bird from the University of Sydney in Australia [45]. This
method is widely used to simulate rariﬁed gas dynamics like those present in
supersonic beams. The simulations shown here are provided by Professor Uzi
Even from the Sackler School of Chemistry, Tel-Aviv University. The simulation
assumes the temperature of the lithium to be 900 K at a pressure of 1 pascal,
and the oven is placed 1 cm away from the supersonic nozzle. Figure 4.4 shows
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entrainment of lithium into a neon supersonic carrier gas at an eﬃciency of 10%.

Figure 4.3: Schematic of the supersonic valve and entrainment oven.

Figure 4.5 shows the temperature of the supersonic beam. The graph shows
heating of the beam to about 200 K, but then the supersonic beam continues to
cool as it expands through the entrainment region. This cooling happens because
the beam is still collisional and still expanding well past the oven region. The
atoms entrained take on the characteristics of the supersonic beam, namely low
velocity spread and very low divergence. Producing a high ﬂux atomic beam is
the ﬁrst step in the ability to scale up this technique.
4.2.2

Magnetic Guiding
Once we have a high ﬂux atomic beam, we use a laser to change the isotope

of choice into a low-ﬁeld seeking atom. We want this magnetic state because we use
a magnetic quadrupole or hexapole to guide the low-ﬁeld seeking atoms. Both of
these guides produce a magnetic ﬁeld minimum in the center that forces low-ﬁeld
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Figure 4.4: Direct Monte Carlo simulation of entrainment of lithium into a neon
supersonic gas. It shows entrainment eﬃciencies at 10%, which make large scale
separation feasible. Figure is from Professor Uzi Even at the Sackler School of
Chemistry, Tel-Aviv University.

seeking atoms to be guided towards the center of the magnetic guide. High-ﬁeld
seeking states get pushed to regions of high magnetic ﬁeld and will ultimately
collide with the inside of the guide where they will stick to the walls.
We show here two types of magnetic guides, both with their own advantages. We simulate both guides using 12.7 x 12.7 x 25.4 mm magnets with a
residual ﬂux density of Br = 1.48 T. These magnets are very strong and inexpensive which eliminates the need for superconducting magnets. The design we
use for both guides is similar to those used for guiding a neutral beam of atoms
[46, 47].
The quadrupole is composed of four permanent magnets. Figure 4.6 shows
the ﬁnite element analysis for a quadrupole magnetic ﬁeld where the arrow shows
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Figure 4.5: A temperature map of lithium entrained into a neon supersonic beam.
The supersonic beam heats up in the oven but cool down after the oven. Figure is
from Professor Uzi Even at the Sackler School of Chemistry, Tel-Aviv University

the magnetization direction. The magnets surround a 1.5 cm inner diameter
(1.6 cm outer diameter) stainless steel tube. The inside of the tube will be in
vacuum, while the magnets will be held outside of vacuum. The advantage of the
quadrupole is its small size tube and strong gradients. We ﬁnd this guide useful
for separation of lighter atoms like lithium. Reducing the size of the guide will
result in larger gradients but will reduce the amount of collected atoms, cutting
down throughput.
The hexapole is composed of six permanent magnets orientated as shown in
Figure 4.7. Figure 4.7 shows the ﬁnite element analysis for a hexapole ﬁeld. Both
the hexapole and quadrupole ﬁelds are simulated using COMSOL Multiphysics.
The six magnets surround a 2.12 cm inner diameter (2.22 cm outer diameter)
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Figure 4.6: The magnetic ﬂux density of a quadrupole ﬁeld produced by four
permanent magnets. The magnets surround a 1.5 cm inner diameter (1.6 cm outer
diameter) stainless steel tube. The magnets are held in place with an aluminum
holder. The inside of the tube is vacuum, and the magnets are held outside
vacuum. The arrows denote the direction of magnetization for each magnet.
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Figure 4.7: The magnetic ﬂux density of a hexapole ﬁeld. The magnets surround a
2.12 cm inner diameter (2.22 cm outer diameter) stainless steel tube. The magnets
are held by an aluminum holder out of vacuum. The arrows denote the direction
of the magnetization for each magnet.
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stainless steel tube. This conﬁguration is held together with an aluminum holder.
The advantages of the hexapole are the larger diameter and acceptance angle of
the incoming atoms. The disadvantage is the lower gradients, meaning a longer
guide will be needed with this design. We found that a hexapole guide is better
for heavier atoms because of the added acceptance angle for larger throughput.
We export from our ﬁnite element analysis a 500 x 500 array giving the
magnetic ﬁeld values at each point. The simulation then extrapolates between
points creating a complete 2D proﬁle of the magnetic guide. We do this instead of
using equation 2.25 since an analytical expression requires higher order corrections
to account for geometry [27].
4.2.3

Non-Zero Magnetic Moment in Ground State
We now discuss an example of an atom that has a non-zero magnetic

moment in the ground state. Most atoms have a magnetic moment in the ground
state, and we will focus on the separation of 6 Li and

150

Nd while highlighting the

technique’s general applicability. 6 Li is considered because of its ease of separation,
and 150 Nd is chosen due its double beta decay that is used to investigate the Dirac
or Majorana nature of the neutrino. These examples show how our method can
be adapted to both low and high mass species.
4.2.3.1

Lithium

Figure 4.8 shows the experimental overview of the separation of 6 Li. Lithium
is an easy case because it only has two isotopes, 6 Li and 7 Li with natural abundances of 7.6% and 92.4%, respectively. In this case a single laser will be tuned to
the 7 Li D2 -line (22 S1/2 (F=2) → 22 P3/2 (F=1 or F=2)), which will optically pump
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Figure 4.8: Schematic of Single-Photon Atomic Sorting. The oven crosses the
supersonic beam, which uses an inert carrier gas such as a noble gas. The laser
intersects the beam, and the unwanted isotopes are ﬁltered by the multipole magnetic guide.

all of the 7 Li atoms into the 2 S1/2 F=2 manifold. At ﬁelds greater than 50 G the
entire F = 1 manifold will become high-ﬁeld seeking, causing 7 Li to be anti-guided
within the magnetic quadrupole. Since we do not touch the 6 Li with a laser we
will take a statistical loss of one half of the 6 Li because of the magnetic sub-level
projections. Figure 4.9 shows the length of quadrupole needed for most of the 7 Li
atoms to collide and stick to the walls of the quadrupole guide. We ﬁnd that the
bulk of the 7 Li hit the walls between 10 to 30 cm upon entering the guiding tube.
After 50 cm we see that very little 7 Li will hit the walls, so the simulation uses a
50 cm long magnetic guide.
Figure 4.10 shows the radial distributions of the two lithium isotopes entering the magnetic region, as well as their distributions upon exiting the magnetic
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Figure 4.9: This plot shows the when the anti-guided 7 Li atom hit the walls in
counts/sec. This was simulated using the quadrupole ﬁeld in Figure 4.6. The
number of atoms hitting the wall after 45 cm is near zero thus a 50 cm long
quadrupole guide is enough to suﬃciently ﬁlter out almost all of the 7 Li.

guide. The simulation assumes a supersonic beam with a mean velocity of 800
m/s and an initial Gaussian spread of 15 m/s in each component of the beam
velocity. Figure 4.10 shows a 95% enrichment of 6 Li and 36.8% of the 6 Li is collected. The percentages quoted here and in Table 4.1 represent the percentage
of atoms that make it to end of the magnetic guide given that they survive the
skimmer. The Even-Lavie valve has a ﬂux of 4 x 1023 atoms/s/sr, but given that
the nozzle is pulsed at 1 kHz, and given available pumping speeds, the continuous
beam ﬂux would be ∼5 x 1022 atoms/s/sr. We intend to place a 5 mm diameter
skimmer 15 cm from the nozzle which implies a ﬂux of ∼3 x 1018 atoms/s, and
at 10% entrainment the ﬂux of lithium atoms that survive the skimmer is ∼3
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Figure 4.10: The radial positions of 6 Li and 7 Li atoms before entering the
quadrupole guide and after. You see 7 Li is nearly depleted at the exit. This
shows an enrichment of 6 Li to 95%.
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x 1017 atoms/s. If 36.8% makes it through the magnetic guide and the natural
abundance of 6 Li is 7.6%, we expect our throughput to be ∼8 x 1015 atoms/s.
All simulations of the radial distributions are programed in ROOT. ROOT
is a C++ based object-oriented program and library developed and maintained
by CERN.
4.2.3.2

Neodymium

Neodymium is a tougher case because it has 7 stable isotopes and is very
heavy compared to lithium. We therefore simulate neodymium using a hexapole,
which helps collect a larger amount of atoms as compared to the quadrupole.
To gain the highest eﬃciency we must also optically pump neodymium with a
polarized laser beam (σ + and σ − ). We want to pump

150

Nd to the low-ﬁeld

seeking stretch state and pump all other isotopes into the high-ﬁeld seeking stretch
state (The “stretch state” refers the state in which mj has the largest possible
magnitude). We do this because we can get the greatest separation power. While
optical pumping does mean that more than one photon has to be scattered, only
a small number of photons is needed, meaning this method still makes extremely
eﬃcient use of laser power. While scattering only one photon makes separation
possible, optical pumping will be needed to reach high enrichments for many
elements.
Neodymium has a ground state of 5 I4 . We can optically pump the ground
state to a J’ = 4 excited state with a 471.9 nm laser [48]. This transition has
favorable branching ratios, and the simulation results in Figure 4.11 take them
into account. The simulation assumes a beam with a mean velocity of 500 m/s and
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Figure 4.11: The radial positions of neodymium isotopes as they enter the
hexapole magnetic guide followed by their radial positions upon exiting. 150 Nd is
enriched to 97.9%.
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a Gaussian spread of 15 m/s in each component of the supersonic beam velocity.
Since neodymium is heavier than lithium, it can be seeded into a heavier carrier
gas that has a lower mean beam velocity. The simulation uses a 2 m long hexapole
magnetic guide. Figure 4.11 shows the radial distribution of 150 Nd along with the
other isotopes. The simulation shows enrichment of 150 Nd to 97.9% and collection
of 23.0%

150

Nd that survives the skimmer. At 10% entrainment, 5.6% natural

abundance, and 23.0% collection we expect a throughput of ∼4 x 1015 atoms/s.
4.2.4

Zero Magnetic Moment in Ground State
A small class of atoms have a zero magnetic moment in the ground state.

In order to separate these atoms we must promote the desired isotope into a
suitable metastable state which does have a magnetic moment. Most atoms with
a zero magnetic moment in the ground state do have a suitable metastable state
which does have a magnetic moment. We show the example of separation of 44 Ca,
because calcium isotopes are widely used in the medical industry.
4.2.4.1

Calcium

Since we are only exciting the isotope of choice to a metastable state, the
other isotopes remain in a zero-magnetic moment state. A zero magnetic state
means they will not be aﬀected by the magnetic ﬁelds and will ﬂy right through
the magnetic gradient untouched. We do not want those isotopes to reach the
end of the tube, so we bend our magnetic guide to eliminate the line of sight to
the collection region. This bend eliminates the unwanted isotopes. Bending a
magnetic guide has been done experimentally to guide a beam of metastable neon
[46, 47]. Figure 4.12 shows a schematic of the bent magnetic guide.
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Figure 4.12: Schematic of Single-Photon Atomic Sorting applied to elements which
have zero magnetic moment in the ground state. The laser promotes the isotope
of choice into a metastable state, and it is guided through the magnetic ﬁlter.
The magnetic guide is bent to ensure unwanted isotopes hit the wall of the guide
before reaching the collection region.
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Figure 4.13: The radial distributions of calcium before and after the magnetic
guide. We collect 9.0% of 44 Ca that survives the skimmer at 99.9% purity.
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Table 4.1: Simulation results of Single-Photon Atomic Sorting.
Target
Natural
Laser Enrich- Collected
Throughput
Isotope Abundance λ [nm] ment
Isotope x 1015 [atoms/s]
6
Li
7.6%
670.96 95.0%
36.8%
8
44
Ca
2.1%
272.2
99.9%
9.0%
0.6
150
Nd
5.6%
471.9
97.9%
23.0%
4

Using a 272.2 nm laser we can excite

44

Ca to the 1 P01 excited state, which

decays to both the ground state and to the 1 D2 metastable state. A few photons
will need to be scattered, but the laser power is still being used very eﬃciently.
Figure 4.13 shows the radial distribution for 44 Ca. This simulation assumes a initial beam velocity of 500 m/s and a Gaussian spread of 15 m/s in each component
of the supersonic beam velocity. The magnetic guide is 2 m long with a 6 cm bend
over the entire length. We can collect 9.0% of the

44

Ca at 99.9% purity. At a

natural abundance of 2.1%, we estimate our throughput to be ∼6 x 1014 atoms/s.
The simulation results for all the cases are shown in Table 4.1.

The

throughput quoted shows numbers which are attainable given current pumping
speeds and with 10% entrainment into the supersonic beam. The throughput is
orders of magnetic higher than any eﬀusive atomic beam produced in an oven [49].
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Chapter 5
Conclusion

In this thesis I presented general techniques to manipulate and control
atoms by their magnetic moments. Magnetic moments are universal to all atoms
on the periodic table either in the ground state or metastable state, making magnetic slowing and isotope separation possible for all these atoms.

5.1

Magnetic Slower
We have experimentally demonstrated slowing of metastable neon from

446.5 ± 2.4 m/s to as low as 55.8 4 ± 4.7 m/s and molecular oxygen from 389
± 5 m/s to as low as 83 ± 3 m/s using a 64 stage coilgun. Eﬃciencies for neon
are as high as 11.9 ± 0.5%, but this percentage depends on the phase used. Our
technique can be applied to the slowing and trapping of tritium, which has never
been trapped. Tritium is of special interest for its bound state decay which has
never been observed experimentally, and for its low endpoint energy. Trapping
and cooling tritium could enable a new type of tritium beta decay experiment to
measure the absolute mass scale of the neutrino [50].
Also, slowing and trapping of molecules is particularly important for cold
chemistry. Currently, trapped molecules are cooled down to hundreds of millikelvin using techniques like buﬀer gas cooling. To reach lower temperatures
requires a diﬀerent method. Applying Single-Photon Cooling to molecules could
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potentially cool molecules further and will allow experimental studies of ultra cold
reactions [51]. The magnetic slower and Single-Photon Molecular Cooling used
in tandem will be able to slow, trap, and cool molecules to temperatures beyond
current limits.

5.2

Isotope Separation
We have shown simulation results of Single-Photon Atomic Sorting applied

to two diﬀerent cases of atoms, one with magnetic moment in the ground state,
and the second with a zero magnetic moment in the ground state. Both of these
cases are possible to separate with our technique. Isotopes have long been valuable
for basic research, defense, nuclear energy, and medicine.
One isotope of interest for basic research is

150

Nd which is a double-beta

decay emitter. The SNO+ collaboration is in need of ∼50 kg of
experiment. Providing the SNO+ collaboration with enriched

150

150

Nd for their

Nd will signiﬁ-

cantly increase their sensitivity to the half life of the double beta decay of

150

Nd.

Although our throughput of 4 x 1015 atoms/s is not enough to provide the 50
kg needed, one can easily build multiple separators for this purpose. Scalability
of our method is not like that of the centrifuge which needs many setups in a
cascade, each separator with our method is completely independent. Since our
method uses photons eﬃciently one high power laser can run multiple separators
simultaneously.
Many types of isotopes are used in medical research like
be use in neutron irradiation.
10

33

33

S, which could

S could potentially be a better isotope than

B in killing tumoral cells [52]. Currently,
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10

B remains the isotope of choice for

neutron irradiation because it can be separated cheaply, but concerns of toxicity
have scientists looking for alternatives like 33 S. Also many isotopes of calcium are
used extensively in clinical research and nutritional studies. Calcium isotopes are
extremely important, but also, extremely expensive. If the price of both

33

S and

calcium isotopes can be brought down, these isotopes could be used extensively
in clinical testing.
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Appendix A
Spectroscopic Notation

A.1

Atoms
The common notation used in this thesis as well as in atomic physics is as

follows
2S+1

LJ

where the 2S+1 designates the spin multiplicity, L is the total orbital angular
momentum, and J is the total electron angular momentum of the atom. We use
letters to denote the value of L in place of numbers
L=0→S
L=1→P
L=2→D
L=3→F
L=4→G
and so on. The letters go in alphabetical order but skip over the letter J. For
example, the atomic state S = 1, L = 1, J = 2 is denoted as 3 P2

A.2

Diatomic Molecules
In analogy to atoms, diatomic molecules also have spectroscopic notation.

In molecules the total orbital angular momentum of the electrons is not conversed
because of the interaction between the nuclei and the motion of the electrons [53].
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Diatomic molecules do however posses axial symmetry passing through the two
nuclei. This means the projection of the electrons’ orbital angular momentum
onto the molecular axis is conserved. The absolute value of this projection is denoted as Λ. Like L, Λ is denoted by Greek letters not numbers
Λ=0→Σ
Λ=1→Π
Λ=2→∆
Λ=3→Φ
and so on. Since Λ only determines the magnitude of this projection, it does not
tell us the sign of the projection. If by reﬂecting the molecule through the plane
passing through the molecular axis twice, the sign of the wavefunction can change.
Molecular states that change sign under this reﬂection are denoted with a -, likewise states that do not change sign are denoted with +. Also it is useful to include
the projection of the total electronic angular momentum on the internuclear axis,
which is denoted as Ω (Ω is the equivalent of J). The notation is as follows
2S+1

+/−

ΛΩ

Finally, one must consider symmetry around the center of mass. If the
molecule’s nuclei are identical (homonuclear) then the molecule is symmetric
around the center of mass. This means if we transform the positions of the electrons from ⃗r → - ⃗r the square of the wavefunction should be invariant. This means
the wavefunction can change sign while the square of the wavefunction remains
unchanged. Wavefunctions that change sign are denoted with u and wavefunctions which do not change sign are denoted with g. The letters come from German
ungerade and gerade, which mean odd and even, respectively. This symmetry is
denoted with an additional subscript and the complete spectroscopic notation for
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a diatomic molecule is,
2S+1

+/−

ΛΩ,g/u

.

For example, molecular oxygen in the triplet ground state is: Λ = 0, S =
1, K = 1, Ω = J = 2, (J = S + L + K, but for Λ = 0, L = 0) so the full notation
is denoted as: 3 Σ−
2,g
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