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ABSTRACT

Atom interferometry is a powerful method for precision measurements of atomic properties such
as polarizability, which quantifies the energy shift of an atom due to an applied electric field. In
this work, we interpret recent Cs, Rb, K, and Na atomic polarizability measurements in terms
of transition matrix elements, excited state lifetimes, and atomic oscillator strengths. We also use
these measurements to improve calculations of van der Waals atom-atom interaction potentials. We
then combine measurements of polarizability and van der Waals potentials in order to empirically
quantify the e↵ect of atomic core (inner-shell) electrons on these properties. This novel method
expands the utility of atom interferometry as a test for modern atomic structure calculations. In
addition, we explore the possibility of extending our polarizability measurements to metastable
helium atoms, for the purpose of reducing systematic errors in our existing measurements, and to
strontium atoms, of interest in the construction of next-generation atomic clocks.
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Chapter 1

Introduction

1.1 Atomic Polarizability

The atomic polarizability ↵ is a quantity describing the first-order response by an atom to an applied
electric field. Although atoms are electrically neutral, they do not necessarily have homogeneous charge
distributions. In the presence of an electric field, the positively charged nucleus and negatively charged
electron cloud experience oppositely directed forces, and the atom develops a dipole moment.

d = ↵E (1.1)

↵ is in general a frequency-dependent tensor with 9 components. However, the polarizability of spherically
symmetric atoms can be described by a scalar function of frequency, called the dynamic scalar polarizability
↵(!).

A quantum-mechanical expression for polarizability can be derived using time-dependent perturbation
theory. For atoms in the ground state |0i, this takes the form of a sum over matrix elements for dipole
transitions to all excited states |ni. Using the Wigner-Eckart theorem to write the sum in terms of “double-
bar” reduced dipole matrix elements, this is

↵(!) =
e2

12⇡✏
0

a4
0

~
X

n 6=0

!n|hnkdk0i|2

!2

n � !2

(1.2)

⌘ e2

12⇡✏
0

a4
0

~
X

n 6=0

!nD2

n

!2

n � !2

(1.3)

For the case of DC electric fields, we can then write the static scalar polarizability as

↵(0) =
e2

12⇡✏
0

a4
0

~
X

n 6=0

D2

n

!n
(1.4)

1.2 Measuring Polarizability with Atom Interferometry

Precise measurements of atomic polarizability can be used to test calculations or measurements of electric
dipole transition matrix elements. These matrix elements are used to calculate many quantities of interest to
atomic physics, including atomic lifetimes, van der Waals dispersion coe�cients, and photoassociation rates.
The ability to test atomic structure calculations provided by measurements of atomic polarizability is also
important for the construction of modern atomic clocks, or for characterization of parity nonconservation
in cesium atoms. At the University of Arizona, we make these measurements using a technique called atom
interferometry.

Atom interferometry uses the quantum-mechanical wave character of atoms to make extremely precise
measurements. Coherent beams of atoms generated by supersonic expansion from a nozzle are split and

1



CHAPTER 1. INTRODUCTION 2

recombined by nanofabricated silicon-nitride gratings, forming an interference pattern with sensitivity to
minute perturbations. By applying a DC electric field to one arm of the interferometer, we observe a phase
shift in this interference pattern. The path integral formulation of quantum mechanics gives the phase
acquired by the atomic wavefunction as simply the classical action divided by ~. Given that the first-order
potential energy of an isotropic atom in a DC electric field E can be written as

UStark = �1

2
↵(0)|E|2 (1.5)

we can find an expression for the expected phase shift,

��Stark = �
Z 1

0

UStarkdt (1.6)

⇡ 1

2~v

Z D

0

↵(0)|E|2dz (1.7)

=
↵(0)D|E|2

2~v (1.8)

for a beam travel distance D from source to detector, where we have used the Eikonal approximation t = z/v,
valid when the Stark interaction is small compared to the atomic kinetic energy. By applying a known electric
field, and separately measuring the beam velocity v [28], we can produce a precise measurement of the static
polarizability ↵(0) of the atoms.

Atom%beam%
E

�

Figure 1.1: Simplified diagram of our atom interferometer. A supersonic atom beam undergoes di↵raction
by a series of nanogratings to form an interference pattern. When an electric field E is applied to one arm
of the interferometer, this pattern undergoes a phase shift � related to the static polarizability of the atoms.

We have measured the static polarizability for the alkali metal atoms sodium (Na), potassium (K),
rubidium (Rb), and cesium (Cs). These measurements are presented in table 2.4 in the next chapter, where
we will discuss how we can extract additional useful information about the atom from these measurements.



Chapter 2

Studying Atomic Structure with
Polarizablity Measurements

In this chapter, we develop a mathematical framework for relating a variety of atomic properties, which
can be “translated” into one another. This framework is illustrated in figure 2. Using these relationships,
we will demonstrate how various experimental and numerical results can be combined to cross-check other
results. In particular, we will introduce a method that combines precision measurements of homonuclear van
der Waals interaction strengths C

6

with our total polarizability measurements in order to experimentally
investigate the “residual” component of atomic polarizability.

R

fD1, AD1, DD1, SD1, ⌧1/2

fD2, AD2, DD2, SD2, ⌧3/2

↵p(0) ↵r(0)

↵cv↵v0

C6↵(0)

↵
core

C3

Figure 2.1: Diagram describing the various atomic properties we can move between mathematically using
(2.3-2.19) Quantities in red have been directly measured experimentally.

2.1 Deriving Atomic Properties from Polarizability and Vice-versa

In this section, we will demonstrate how our atomic polarizability measurements can be used to infer various
atomic properties. First, we will deal with oscillator strengths, reduced dipole transition matrix elements,
and other quantities related simply by physical constants and transition frequencies. We will then focus on
the more involved process of extracting the C

3

and C
6

coe�cients which characterize the atom-surface and
atom-atom van der Waals interactions respectively.

3



CHAPTER 2. STUDYING ATOMIC STRUCTURE WITH POLARIZABLITY MEASUREMENTS 4

2.1.1 Oscillator Strengths and Equivalent

Using (1.4), the atomic polarizability for an atom in the ground state can be thought of as a weighted sum
of contributions from each possible transition out of the ground state. The weights for this sum depend on
resonant frequences and can be written equivalently in terms of oscillator strengths f , Einstein coe�cients
A, line strengths S, excited-state lifetimes ⌧ , or reduced dipole transition matrix elements D.

For the alkali metal atoms, it turns out that this sum is dominated by two terms, corresponding to
transitions from the ground S

1/2 state to the lowest lying P
1/2 and P

3/2 excited states. These “principal
transitions” are responsible for more than 95% of the static polarizability. With this in mind, static polar-
izability can be separated into two parts - the principal polarizability ↵p(0), and the residual polarizability
↵r(0), which describes contributions from all remaining transitions.

↵(0) = ↵p(0) + ↵r(0) (2.1)

The contribution from the principal transitions can be written in terms of a variety of atomic properties.

↵p(0) =
e2

12⇡✏
0

a4
0

~

✓
D2

D1

!D1

+
D2

D2

!D2

◆
(Reduced Transition Matrix Elements) (2.2)

=
e2

4⇡✏
0

me

✓
fD1

!2

D1

+
fD2

!2

D2

◆
(Oscillator Strengths) (2.3)

=
1

12⇡✏
0

~

✓
SD1

!D1

+
SD2

!D2

◆
(Line Strengths) (2.4)

=
c3

2

✓
AD1

!4

D1

+
2AD2

!4

D2

◆
(Einstein A Coe�cients) (2.5)

=
c3

2

✓
1

⌧
1/2!4

D1

+
2

⌧
3/2!4

D2

◆
(Excited-State Lifetimes) (2.6)

We can use these relationships to report indirect measurements of static polarizability calculated from
measurements of these quantities. A sample set of these calculations are given in table 2.1.

Table 2.1: Static polarizabilities calculated by using (2.1, 2.6) with lifetime measurements from [51] [42] and
residual polarizabilities listed in table 2.4

Atom ⌧
1/2[ns] ⌧

3/2 [ns] inferred ↵(0) [au]

Na [51] 16.299(21) 16.254(22) 162.5(2)
K [51] 26.79(7) 26.45(7) 289.7(6)
Rb [51] 27.70(4) 26.24(4) 318.7(7)
Cs [42] 34.93(10) 30.50(7) 399.1(7)

We can also invert these relationships to translate our polarizability measurements, into values for the
various atomic properties. To do so, we need to supplement our measurements with values for residual
polarizabilities, and for the ratio of line strengths

R ⌘ D2

D2

D2

D1

=
!D1

!D2

fD2

fD1

=
SD2

SD1

= 2

✓
!D1

!D2

◆
3 AD2

AD1

= 2

✓
!D1

!D2

◆
3 ⌧

1/2

⌧
3/2

(2.7)

Then (2.1-2.6) become
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D2

D1

=
12⇡✏

0

a4
0

~
e2

[↵(0)� ↵r(0)]

✓
1

!D1

+
R

!D2

◆�1

(2.8)

D2

D2

=
12⇡✏

0

a4
0

~
e2

[↵(0)� ↵r(0)]

✓
1

R!D1

+
1

!D2

◆�1

(2.9)

fD1

=
4⇡✏

0

me

e2
[↵(0)� ↵r(0)]

✓
1

!2

D1

+
!D1

R!3

D2

◆�1

(2.10)

fD2

=
4⇡✏

0

me

e2
[↵(0)� ↵r(0)]

✓
R!D2

!3

D1

+
1

!2

D2

◆�1

(2.11)

SD1

= 12⇡✏
0

~ [↵(0)� ↵r(0)]

✓
1

!D1

+
R

!D2

◆�1

(2.12)

SD2

= 12⇡✏
0

~ [↵(0)� ↵r(0)]

✓
1

R!D1

+
1

!D2

◆�1

(2.13)

AD1

=
2

c3
[↵(0)� ↵r(0)]

✓
1

!4

D1

+
R

!3

D1

!D2

◆�1

(2.14)

AD2

=
2

c3
[↵(0)� ↵r(0)]

✓
2

R!D1

!3

D2

+
2

!4

D2

◆�1

(2.15)

⌧
1/2 =

c3

2
[↵(0)� ↵r(0)]

�1

✓
1

!4

D1

+
R

!3

D1

!D2

◆
(2.16)

⌧
3/2 =

c3

2
[↵(0)� ↵r(0)]

�1

✓
2

R!D1

!3

D2

+
2

!4

D2

◆
(2.17)

By using the experimentally or theoretically determined values of R and ↵r(0) listed in table 2.4, we can
use our direct polarizability measurements to report values for each of these atomic properties. These results
are presented in table 2.2.

Table 2.2: Atomic properties calculated from polarizability measurements. All quantities in atomic units
unless denoted otherwise. (~ = e = me = 4⇡✏

0

⌘ 1 au.) We used the static polarizabilities, residual
polarizabilities, and R values listed in table 2.4

Quantity Na K Rb Cs

DD1

3.527(6) 4.101(5) 4.239(6) 4.508(4)
DD2

4.987(9) 5.800(6) 5.989(8) 6.345(5)
⌧
1/2 [ns] 16.28(6) 26.80(6) 27.60(8) 34.77(6)
⌧
3/2 [ns] 16.24(6) 26.45(6) 26.14(7) 30.37(5)

AD1

[µs�1] 61.43(23) 37.31(8) 36.23(11) 28.76(5)
AD2

[µs�1] 61.58(23) 37.81(9) 38.26(10) 32.93(5)
fD1

0.320(1) 0.3317(8) 0.343(1) 0.3450(6)
fD2

0.641(2) 0.666(1) 0.698(2) 0.717(1)
SD1

12.44(5) 16.82(4) 17.97(5) 20.32(3)
SD2

24.87(9) 33.64(7) 35.87(10) 40.26(6)

2.1.2 Van der Waals coe�cients

We can also relate the atomic polarizability to the van der Waals atom-wall and atom-atom interaction
coe�cients C

3

and C
6

. In atomic units,
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C
3

=
1

4⇡

Z 1

0

↵(i!)d! (2.18)

C
6

=
3

⇡

Z 1

0

↵2(i!)d! (2.19)

where the polarizability evaluated at imaginary frequencies is a real, monotonically increasing function given
by (1.3) as

↵(i!) =
e2

12⇡✏
0

a4
0

~
X

n 6=0

!nD2

n

!2

n + !2

(2.20)

In 2010, Derevianko et. al produced a tabulated list of polarizability at imaginary frequencies using
measured transition matrix elements and many-body computational methods, including a value for static
polarizability, written here as ↵tab(0) [18]. We can use these data combined with our measurements of
↵meas(0) to produce semi-empirical predictions for C

3

and C
6

.
We can most simply do this in the case that the tabulated polarizabilities ↵tab(i!) are assumed to be

correct up to a constant factor, i.e. that ↵true(i!) = C↵tab(i!). Then we can impose our own measurements
of static polarizability as a constraint ↵true(0) = ↵meas(0), on the integral by factoring it out and integrating
over the ratio of polarizabilities, which is calculated directly from the tabulated data as the constant factors
cancel out.

C
3

=
1

4⇡

Z 1

0

↵true(i!)d! (2.21)

=
1

4⇡
↵true(0)

Z 1

0

↵true(i!)

↵true(0)
d! (2.22)

=
1

4⇡
↵meas(0)

Z 1

0

↵tab(i!)

↵tab(0)
d! (2.23)

C
6

=
3

⇡

Z 1

0

↵2

true(i!)d! (2.24)

=
3

⇡
↵2

true(0)

Z 1

0

↵2

true(i!)

↵2

true(0)
d! (2.25)

=
3

⇡
↵2

meas(0)

Z 1

0

↵2

tab(i!)

↵2

tab(0)
d! (2.26)

We note as a sanity check that in the case that our measurements agree precisely with the value given for
zero frequency in the tabulated data, i.e. that ↵meas(0) = ↵tab(0) or C = 1, the calculations reduce to those
made in [18].

This calculation can be made alternatively by assuming that errors in the tabulated data result entirely
from the principal part of the polarizability, i.e. �↵(i!) ⌘ ↵tab(i!)� ↵true(i!) = �↵p(i!). In other words,
rather than assuming that the tabulated polarizability is correct up to a constant factor, we instead neglect
errors in residual polarizability ↵r(i!) as was done in [24]. We argue that this assumption is justified on the
grounds that ↵r contributes much less to the integrals than ↵p, as shown in fig. 2.1.2.

One advantage of this method is that we know the shape function ↵p(i!)/↵p(0) for the principal part of
the polarizability with very high accuracy. As we shall show, these two method yield very similar results.

First, we modify the tabulated polarizabilities as

�↵(i!) =
↵p(i!)

↵p(0)
�↵(0) (2.27)

where �↵(0) ⌘ ↵meas(0)�↵tab(0) is the di↵erence between our measured polarizability and the corresponding
tabulated value. Using (2.2) to calculate the principal polarizability shape function, this produces a new set
of adjusted tabulated polarizabilities
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Figure 2.2: Contributions of residual and principal transitions to the polarizability of cesium, evaluated at
imaginary frequencies. Integrating over the sum and squared sum of these curves gives the van der Waals
coe�cients C

3

and C
6

, respectively. The major contribution to these integrals come from the principal
polarizability ↵p(i!) at low frequencies.

↵adj(i!) =
↵p(i!)

↵p(0)
[↵meas(0)� ↵tab(0)] + ↵tab(i!) (2.28)

=

1

!2
D1+!2 +R!D1/!D2

!2
D2+!2

1

!2
D1

+R!D1

!3
D2

[↵meas(0)� ↵tab(0)] + ↵tab(i!) (2.29)

⇡
1

!2
D1+!2 + 2!D1/!D2

!2
D2+!2

1

!2
D1

+ 2!D1

!3
D2

[↵meas(0)� ↵tab(0)] + ↵tab(i!) (2.30)

where in the last line, the ratio of line strengths R has been set to its approximate value of 2. This does not
a↵ect the value of the integral to measurable precision due to the shape function’s dependence on R being
extremely weak.

We again note that this expression reduces to an identity in the case that ↵meas(0) = ↵tab(0). We can
then use the modified set of polarizabilities to carry out the Gaussian quadrature numerical integration
scheme used by Derevianko et. al for both C

3

and C
6

. Error propogation for the van der Waals coe�cients
is done by considering their dependence on the static polarizability ↵(0), and residual contributions ↵r(0)
(since the contribution from R is again negligible) Additionally, lacking the explicit functional dependence
of C

6

and C
3

on ↵r, we weight the relevant uncertainties by the corresponding values given in Table I of [16].
The results of this method, and the previously described one are given in table 2.3. As mentioned earlier,
the results are very similar.

These integral expressions are not as simple to invert as the simple algebraic relationships involving
excited-state lifetimes and equivalent quantities. However, because C

6

can now be measured very precisely by
observing Feshbach resonances between cold atom pairs [13], we would like to be able to produce polarizability
values inferred from the results from such experiments. Although (2.19) involves ↵2, in the relatively small
region of interest corresponding to the spread of experimental measurements for polarizabilities and C

6

coe�cients, we can make a simple linear approximation scheme that is easily invertible, allowing us to infer
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↵(0) from C
6

. This approach is described further in Appendix A, and inspired work presented in Section
2.2.2 and figure 2.4.

Table 2.3: Van der Waals coe�cients calculated from polarizability measurements, in atomic units. Results
from both methods described in Section 2.1.2 are presented, and shown to produce similar results. We used
the static polarizabilities, residual polarizabilities, and R values listed in table 2.4

Method Quantity Na K Rb Cs

↵(i!) = C↵̄(i!) C
3

1.87(2) 2.89(4) 3.44(7) 4.28(1)
C

6

1558(11) 3884(18) 4726(34) 6880(22)
�↵(i!) = �↵p(i!) C

3

1.88(2) 2.90(4) 3.44(7) 4.28(1)
C

6

1558(11) 3884(18) 4724(33) 6879(21)

Table 2.4: Values for static polarizabilities, residual polarizabilities, and R values used in table 2.2 calculations

Quantity Na K Rb Cs

↵(0) 24.11(8) [29] 42.93(7) [24] 47.39(8) [24] 59.39(9) [24]
↵r 0.276(18) [45] 0.925(45) [45] 1.562(89) [45] 2.481(16) [17]
R 1.9994(37) [51] 2.000(4) [30] 1.996(4) [51] 1.9808(9) [43]

2.2 Constraining Residual Polarizability by Combining Results

In (2.1), we introduced the distinction between the principal and residual parts of the polarizability. The
former can be easily acquired by taking high-precision calculations of dipole-transition matrix elements, or
measurements of excited-state lifetimes as in [51], and using (2.2) or (2.6). On the other hand, the residual
polarizability is a very complex quantity, involving all remaining transitions for both core and valence
electrons, and correlations between the two. In symbols,

↵r = ↵
core

+ ↵v0 + ↵cv (2.31)

Calculating all of these contrubutions is a challenging computational task, and many competing tech-
niques are in use, producing a range of di↵erent results. Any experimental constraints one can put on ↵r

may thus be useful to assess the validity of these di↵erent techniques - especially if the experimental uncer-
tainty for ↵(0) can be reduced to less than the current theoretical threshold of about 5%. In this section, we
describe how we can use direct measurements of excited state lifetimes ⌧ or van der Waals C

6

coe�cients to
provide these constraints.

2.2.1 Using Lifetime Measurements to Report ↵r(0)

(2.1) can be simply inverted to give ↵r(0) as a function of excited-state lifetimes and total polarizability.

↵r(0) = ↵(0)� ↵p(0) (2.32)

= ↵(0)� c3

2

 
1

⌧
1/2!4

1/2

+
2

⌧
3/2!4

3/2

!
(2.33)

(2.34)

A variety of lifetime measurements have been made for the principal transitions, using beam-gas-laser
spectroscopy [51] or photoassociative spectroscopy [54] [23]. We take the weighted mean and standard error of
principal polarizabilities derived from these various measurements, and the same for di↵erent measurements
of total polarizability, to produce a value for ↵r(0) with approximately equal uncertainty contributions from
both lifetimes and polarizability. This is illustrated graphically in figure 2.2.1. The corresponding numerical
results presented in 2.5.
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Table 2.5: Residual polarizabilities (in au) calculated by global consideration of various total polarizability
and lifetime measurements, as discussed in Section 2.2.1

Atom Inferred ↵r(0)

Li [7, 35, 36,51] 2(1)
Na [5, 6, 21, 48,51] 2.0(5)
K [23,24,51,53,54] 5.5(5)
Rb [24,46,51] 11.1(6)
Cs [1, 3, 24, 40,41,57] 18.1(6)

2.2.2 Using C6 Measurements to Report ↵r(0)

An alternative approach to finding↵r(0), this time combining C
6

and ↵(0) data, is presented in this subsec-
tion. Using the excited-state lifetimes reported by [51] in (2.33), we can decompose the tabulated polarizabil-
ities from [18] into principal and residual parts - see Fig. 2.1.2. Similarly to the method described in Section
2.1.2, we begin by assuming that the ratio ↵r(i!)/↵r(0) is faithfully given by previously tabulated values,
i.e. that the true ↵r(i!) di↵ers from the tabulated values ¯↵r(i!) only by some constant factor. Then we use
(2.1) to remove the principal polarizability from the equation, and insert our polarizability measurements
into the integral as a constraint.

C
6

=
3

⇡

Z 1

0

↵2(i!)d! (2.35)

=
3

⇡

Z 1

0

[↵p(i!) + ↵r(i!)]
2 d! (2.36)

=
3

⇡

Z 1

0


↵p(0)

↵p(i!)

↵p(0)
+ ↵r(0)

↵r(i!)

↵r(0)

�
2

d! (2.37)

=
3

⇡

Z 1

0


↵p(0)

↵̄p(i!)

↵̄p(0)
+ ↵r(0)

↵̄r(i!)

↵̄r(0)

�
2

d! (2.38)

=
3

⇡

Z 1

0


(↵(0)� ↵r(0))

↵̄p(i!)

↵̄p(0)
+ ↵r(0)

↵̄r(i!)

↵̄r(0)

�
2

d! (2.39)

(2.39) gives C
6

as a function of ↵(0), and parameterized by ↵r(0). This can be numerically inverted
to give the residual polarizability ↵r(0){↵(0), C6

}. We can therefore use our polarizability measurements,
combined with high-precision C

6

measurements made via observations of Feshbach resonances in cold atom
pairs [13], to experimentally infer ↵r(0). Results for ↵r(0) for K, Rb, and Cs are presented in Table 2.6 and
2.2.2.

Table 2.6: Residual polarizabilities (in au) calculated by total polarizability and C
6

measurements (also in
au), as discussed in Section 2.2.2.

Atom ↵(0) C
6

Inferred ↵r(0)

K 289.7(5) [24] 3921(8) [19] 8.0(6)
Rb 319.8(5) [24] 4703(9) [50] 9.6(6)
Cs 400.8(6) [24] 6860(25) [12] 16.8(9)

As mentioned in Section 2.1.2, the integral relationship between polarizability is not trivial. This is
even more apparent when dealing with the present multivariate case, relating C

6

, ↵(0), and ↵r(0) in a 3-
dimensional space. However, as before, an approximation can be made to simplify computation. In the local
neighborhood informed by the spread of current results, this takes the form of a planar fit. This approach
is discussed in Appendix A.
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Figure 2.3: Using direct measurements of static polarizability ↵(0) and excited state lifetimes ⌧ to infer
values for residual polarizability ↵r(0). The blue points, dashed line, and light band correspond to measure-
ments of total polarizability, weighted mean, and standard error respectively. The red points, line, and band
carry similar meaning for principal polarizability ↵p(0) inferred from excited-state lifetime measurements.
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Figure 2.4: Using direct measurements of static polarizability ↵(0) and van der Waals coe�cient C
6

to infer
values for residual polarizability ↵r(0).



Chapter 3

Atom Interferometry with Metastable
Helium

Atomic polarizability measurements made with atom interferometry have now been accomplished for all of
the stable group 1 (alkali metal) atoms: Li, Na, K, Rb, and Cs [21, 24, 29, 36]. The single, loosely bound
valence electron of these atoms make them both easily polarizable and easily detectable by surface ionization.

At the University of Arizona, we have used atom interferometry to make some of the most precise
measurements ever of these alkali metal atomic polarizabilities. However, we can further increase the precision
of our measurements by applying the same technique to measure the polarizability of metastable helium.
The Z = 2 system of helium is a simpler problem for modern numerical techniques, enough so that its
polarizability can be calculated to extremely high precision. By comparing our measurements to these sorts
of calculations, we can e↵ectively calibrate our interferometer, eliminating common mode systematic errors
in our alkali metal measurements.

3.1 Metastable States of Noble Gas Atoms

Table 3.1: Metastable States of Noble Gases. Polarizabilities for neon and argon are the average polarizabil-
ities.

Atom Metastable State Lifetime Polarizability [10�24cm3]

He* 2s 3S
1

7870(510) s [27] 108(13) [15]
2p 1S

0

19.7(8) ms [31] 44.6(3) [15]
Ne* 3s 3P

0

> 0.8 s [32]
3s 3P

2

> 0.8 s [32] 27.8 [37]
Ar* 4s 3P

0

> 1.3 s [32]
4s 3P

2

> 1.3 s [32] 47.9 [37]

In the electric dipole approximation, transitions between electronic states are constrained by selection
rules which, among other things, require a change in the quantum number �l = 1. A metastable atomic
state is an excited state from which downward transitions to the ground state are forbidden by this selection
rule, resulting in lifetimes on the order of seconds or more.

The metastable states of helium and the other noble gas atoms are ns states - i.e. they contain a single
valence electron in an s subshell, much like the alkali metals we use in our interferometry experiments. This
electronic structure and accompanying high polarizability, along with the long lifetimes of these metastable
states, allows us to make polarizability measurements using atom interferometry. We first note, however,
that each noble gas atom has two metastable states corresponding to di↵erent spin orientations of the valence
electron. Without modification, our experiment would measure a polarizability corresponding to a mixture

12
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of these two states - see table 3.1, something we would have to either account for experimentally (e.g. by
selective quenching, see Appendix B) or in post-analysis.

We are primarily interested in the metastable states of helium for several reasons. First, as previously
mentioned, the metastable noble gas atomic states di↵er from the ground state by a single valence electron
excited into the next unfilled s subshell. For helium atoms, this electron is brought out of the 1s subshell,
leaving a behind a “hole”. Because the s orbitals are spherically symmetric, the excited atom can still be
described entirely by a scalar polarizability. However, for the other group 8 atoms, the electron is excited
out of a p orbital. The electron hole in the p subshell introduces a small anisotropy in the atom. Taking
into account this anisotropy requires additional components to fully describe the atom’s polarizability, called
the tensor polarizability. Focusing our polarizability measurements on He* would allow us to avoid this
additional complication.

Second, more importantly, the relatively simple atomic system of He* has a polarizability that can be
calculated to very high precision, for example in [14]. Thus, pairing a He* polarizability measurement with
our alkali metal measurements would serve as a useful calibration. Many of the systematic errors present in
our measurements of the polarizability of alkali metal atoms would also be present in a He* measurement.
Comparing the He* results to calculations would allow us to identify and eliminate these common mode
errors and report alkali metal polarizability with an enhanced level of precision.

In this chapter, I will motivate and describe the still-ongoing process of achieving a viable metastable
helium interferometer. I will describe the challenges involved in such an experiment and some ideas, some
of which have not yet been implemented, for overcoming them.

1s2$

1s2s$ 1s2p$

1s3p$1s3s$ 1s3d$

Figure 3.1: Lowest lying energy levels of parahelium (singlet, S = 0). Transitions allowed by the electric
dipole selection rules are denoted by black lines. The decay from the metastable 1s2s 1S

0

He* state, marked
in red, to the ground state is forbidden in the dipole approximation. A similar metastable state, 1s2s 3S

1

,
exists for orthohelium (triplet, S = 1).
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3.2 Challenges of Making a High-Flux Metastable Helium Beam

In 1991, Carnal, Olivier, and Mlynek demonstrated both grating di↵raction and double-slit interferometry
with metastable helium atoms [8, 9]. Our task is to e↵ectively develop this capability at the University
of Arizona and perform interferometry experiments with our nanograting interferometer and electric field
gradients. To successfully measure the polarizability of metastable helium, we require a detected interference
pattern with a high contrast (di↵erence in brightness between fringe minima and maxima) and count rate.
The beam in our current apparatus passes through several collimation slits and nanogratings, each of which is
a lossy process. Additionally, the surface-ionization method used for alkali metals will not work for metastable
atoms, discussed further in Section 3.2.2. A successful metastable helium interferometry experiment thus
relies on the development of a high-flux source and passably e�cient detection, as well as several other
challenges to be described in the following subsections.

3.2.1 Source Design

A
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Figure 3.2: Schematic of our He* source. We use a DC discharge design, based on the work of Fahey
et. al [22]. We use a nozzle cap constructed from boron nitride, chosen for its thermally conductive but
electrically insulating characteristics. A copper heatsink attached to copper water-cooling pipes is mounted
on this cap to combat the extreme temperatures resulting from the plasma discharge. In the center of this cap
is a 200µ laser-drilled aperture. The body of the nozzle is constructed from Teflon, chosen for its electrically
insulating properties and reasonably high melting temperature. Within the nozzle is a sharp needle, serving
as the cathode, connected by a conducting surgical needle holder to an electrical feedthrough. This needle
is held at high voltage with respect to a conducting skimmer in front of a nozzle, causing a DC discharge
across the gap.

The design most often used to create a beam of metastable atoms was pioneered by Fahey et. al [22],
using a gas jet from a nozzle passing through a DC electrical discharge. A diagram of our latest source is
presented and discussed in detail in 3.2.1. Helium atoms in the jet are brought to highly excited states as
they pass through the plasma, and undergo some chain of decay to lower energy states. Some fraction of
the atoms will end up in a metastable state by this process. Several geometrical parameters are involved in
the source design, including the diameter of the nozzle aperture, distance between the aperture and anode
(usually a gas jet skimmer), and current supplied to the discharge. A comparison of the parameters chosen
for others’ designs and the flux of the resultant metastable beams is tabulated in 3.2.
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Table 3.2: DC Discharge beam source comparison. Note the apparent correlation between aperture size and
operating current. For example, Takami et. al is able to run a stable He* beam at an operational current
of 40 mA using a nozzle has an aperture of 500µ. Thus, the decrease in flux resulting from larger aperture
sizes can to some degree be recovered by increasing the discharge current.

Reference Atom Aperture Skimmer-Nozzle Current Flux [1014 sr�1 s�1]

Buckman01 [52] He* 300µ 5-10 mm 10 mA 10
Fahey80 [22] He* 150µ 5 mm 3 mA 3.5
Weis97 [55] He* 100µ 5 mm 10 mA 2.5

Takami91 [47] He* 500µ 10 mm 40 mA 8
Sang03 [2] He* 300µ 9-10 mm 10 mA 9
Fahey80 Ne* 150µ 5 mm 3 mA 1.5

Brand91 [4] Ne* 150µ 1 cm 25 mA 3.6
Sang04 [38] Ne* 300µ 8 mm 10 mA 2.5
Fahey80 Ar* 150µ 5 mm 3 mA 0.72
Sang03 Ar* 300µ 9-10 mm 10 mA 3
Sang04 Ar* 300µ 8 mm 10 mA 3

The relationship between these parameters is found to be highly complex and often nonintuitive. For
example, increasing the current through the beam results in an increase in count rate only up to some
critical point, at which it begins to have the opposite e↵ect. In fact, we have found that while running
at high currents, smaller source apertures with diameter of approximately 50µ are clogged by debris after
running for a short time. This is likely a result of heating and degradation of the tungsten cathode. Robinson
et. al note that, in their metastable beam source, at some threshold current (about 16 mA), oxidixed material
forms on the tip of the cathode, leading to rapid degeneration [44]. Their nozzle design had an aperture
with a diameter of 330µ. Because the discharge is confined to pass through the aperture of the nozzle, we
expect the current density, and hence the energy in the discharge, to be related to the ratio of the current to
the aperture diameter. For this reason, it is likely that we would observe the same e↵ect at lower currents
for smaller nozzle apertures for this reason.

We have also found that the optimum separation of cathode and anode also lies somewhere between
minimum and maximum. This is likely the result of a trade-o↵ between the amount of time spend in the
plasma discharge (related to the probability of being excited to the metastable state) and the amount of
distance traveled through the higher-pressure source chamber (related to the probability of being quenched
by collisions). In agreement with previous work, we found an optimal distance of approximately 9-10 mm [2].

Sample data relating the count rate and nozzle/skimmer separation is displayed in figure 3.2.1.

3.2.2 Metastable Detection Method

To detect alkali metal atoms emerging from the series of di↵raction gratings, we use a hot noble “Langmuir-
Taylor” metal wire with a diameter of 100 µ [34]. Alkali metal atoms impact this wire and are ionized by
the thermal energy on the wire surface. We then use an electric field gradient in the vicinity of the wire to
pull the now-electrically charged ions into a channel electron multiplier, which produces an amplified current
when the ions strike it.

This method is unsuitable for use with metastable noble gas atoms. The impact of a metastable atom
on the hot wire is more likely to simply quench the excited state, due to the much higher energy needed to
ionize noble gases as compared to the alkali metals. Instead, we directly place a channel electron multiplier
in the beamline, which detects photons emitted when metastable impact the surface and are quenched. The
result is that the e↵ective width of our detector for He* is much larger than that of the detector for alkalis,
increasing the number of atoms we detect (and convenient for the high di↵raction angles observed with He*),
but reducing our resolution of fringes.

However, we have achieved a su�cient combination of count rate and detector resolution to observe
di↵raction of helium atoms through our nanogratings, depicted in 3.2.2 and 3.2.2.
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Figure 3.3: Photograph of our He* source in operation. The orange color is characteristic of a pure helium
glow discharge.

Figure 3.4: Relationship between observed count rate and cathode/anode separation. The distance between
the cathode and anode is between 5-20 mm but impractical to measure precisely - only the general trend
is demonstrated here. We also found that the optimum current/voltage settings on the power supply were
independent of this separation.
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Figure 3.5: He* di↵raction data obtained by scanning a 100 µ wire between the first di↵raction grating
and our channel electron multiplier detector, thus obscuring the di↵raction orders. The central minimum
thus corresponds to a positional maximum in He* intensity, and so on. The red curve represents a “blank
scan” of the wire with no grating, and the blue curve a scan with the first grating in place (scaled for direct
comparison).

Figure 3.6: Detailed diagram of apparatus, taken and modified from [24]. Metastable helium atoms leave
the source and pass through several collimation slits and di↵raction gratings before reaching the wide CEM
detector.



Chapter 4

Conclusion and Future Outlook

Atom interferometry has proven to be a very useful technique for measuring the polarizability of alkali metal
atoms. This thesis has shown that such measurements can be utilized to investigate atomic structure and
infer other quantities of interest in atomic physics. With our in-progress work with metastable helium, we
are exploring new methods that should improve the accuracy of polarizability measurements, and extend
this work to atoms beyond the first column of the periodic table.

We are also beginning work towards measuring the polarizabilities of Strontium, belonging to the group
2 alkaline earth metals. Strontium and Ytterbium polarizability measurements would be very useful in the
development on next-generation atomic clocks, where the timekeeping precision is now limited by energy
shifts from blackbody radiation. These energy shifts can be related to the di↵erence in polarizabilities
between atomic states, and a precise experimental determination of said polarizabilities would help reduce
these uncertainties.

For atoms beyond groups 1 and 2, and even molecules, the notion of polarizability becomes more com-
plicated. As briefly mentioned in the discussion of metastable atomic states, anisotropic or polar molecules
have direction-dependent responses to applied electric fields, warranting multiple tensor components to fully
characterize their polarizabilities.

Polarizability is of course a frequency dependent quantity, and the frequency-dependent response of
atoms to optical electromagnetic fields is also of interest. The application of strong fields also induces
higher-order nonlinear responses in atoms, described by hyperpolarizabilities. There are also polarizability
terms describing higher multipolar moments induced in atoms, e.g. quadrupole and octupole moments. All
of this in principle lies within the capabilities of atom interferometry, which operates on a very simple but
versatile principle - apply the appropriate stimulus with an interaction region, and observe a di↵erential
phase shift. With suitably designed interaction regions and calibrations, this phase shift can be made more
sensitive to various terms in the Lagrangian describing these di↵erent phenomena.

Just as light-based interferometry has found a myriad of applications in metrology and fundamental
physics, we are developing new applications for and extending the utility of matter wave interferometry.
The smaller de Broglie wavelengths, slower travel speed, and internal structure of atoms, however, make our
experiments suitable to measure a completely di↵erent range of phenomena. This thesis has demonstrated
specific techniques to serve as examples of how such measurements can be extended to inform other areas
of atomic physics.

18



Appendix A

Approximation Schemes

Numerically evaluating the integrals (2.26) and (2.39) for many di↵erent points is computationally expensive,
as is inverting the relationship. This appendix describes the computational shortcut of making a linear or
planar approximation in the region of interest corresponding to the range of numerical results.

We begin with (2.26), which gives a relationship between C
6

and ↵(0) for a fixed, tabulated value of ↵r(0).
We can assume a nearly linear relationship between C

6

and ↵(0) in the range of reported measurements.
That is, we fit to a line of the form

C
6

= M↵(0) +B (A.1)

We uniquely specify the fit for the approximation by demanding that it produce the exact C
6

inferred by
evaluating (2.26) with ↵meas(0) from Derevianko’s 2010 tabulated polarizabilities [18]. Performing a linear
regression on a set of (↵(0), C

6

) pairs spanning several standard deviations about this point, we arrive at
the coe�cients M and B presented in A.1. This is demonstrated graphically for potassium in A.

For example, D’Errico measured C
6

for potassium to be 3921(8) [19]. This measurement is compared
with the values calculated from Derevianko et. al. and our value derived from polarizability measurement
in Figure A. This corresponds to a measurement of ↵(0) = 291.1(3).

This procedure can be extended for the 3-dimensional case of extracting ↵r(0) from C
6

and ↵(0). In this
case, we can fit a plane of the form

↵r(0) = D↵(0) = +EC
6

+ F (A.2)

in the region of interest indicated by the crossing of red curves in A, corresponding to current experimental
results. The fit coe�cients D, E, and F are presented in A.2 for Na, K, Rb, and Cs.

Because (2.19) involves ↵2(i!), a better approximation could be achieved with a quadratic fit. However,
in the local window we are interested in, these methods perform well enough.
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Table A.1: Fit coe�cients for the linear approximation C
6

= M↵(0)+B for small deviations of ↵(0) about
experimental values. Uncertainties in B are the result of a 5% variation in ↵r(0).

Atom M B

Na 18.99 -1531(1)
K 26.28 -3728(8)
Rb 28.45 -4372(16)
Cs 32.60 -6187(33)

Figure A.1: Relating K ↵(0) to the C
6

dispersion coe�cient between K atoms by a linear approximation
in the small window of measurements. For the error bars in the non-measured variable, (e.g. the C

6

error
bars for Gregoire15’s direct ↵(0) measurement) uncertainties were propogated from parameters such as R,
↵r, etc.
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Table A.2: Fit coe�cients for the planar approximation ↵r(0) = D↵(0) + EC
6

+ F for small deviations
around typical values of ↵(0) and ↵r(0). In this case, “small deviations” are deviations on the order of 1%
of ↵(0).

Atom D E F

K -0.9807 0.03724 146.1
Rb -0.9462 0.03319 156.1
Cs -0.8732 0.02672 183.4

Figure A.2: Planar fit approximation to ↵r(C6

,↵). Region of interest indicated by crossed red curves.



Appendix B

More Notes on Metastable Helium

The achievement of a metastable helium count rate su�cient for use in our atom interferometer is still
a work in progress. This Appendix contains additional notes describing further challenges and possible
improvements on the current source design.

Corona Suppression

As mentioned above, we found that the optimum count rate was achieved with nearly maximum current
supplied through the spark gap. However, when operating at high voltages and currents, we often found
undesirable corona discharge from various sharp metal areas inside our vacuum chamber, in particular at the
connection point between wires. To suppress this unwanted corona discharge, we designed and cut round
metal pieces inspired by the corona rings often seen on power lines. Placing these pieces over the connection
point e↵ectively changes the shape and size of the conducting connection point such that the potential
gradient in the vicinity is greatly reduced.

Selective Quenching

To correctly report polarizability for metastable helium, we must take into account the fact that atoms
arriving at the detector will be in a mixture of the singlet and triplet metastable states. The singlet and
triplet state polarizabilities have been measured to di↵er by a factor of about 2.5 [15], and our reported
data should account for this by measuring the ratio of states in our beam. One possible way to do this is to
selectively quench the singlet state as described in [49] and measuring the resulting change in count rate.

Alternate Collimation Strategies

Using obstructive collimation prior to the incidence of our beam upon the gratings results in a large at-
tenuation of our beam. Sophisticated focusing techniques have been demonstrated in order to achieve a
collimated beam with more non-destructive methods. Karam et. al were able to observe atom di↵raction
e↵ects with metastable argon, neon, and helium [33] [25]. They use the resonant metastability exchange
process (in which ground-state and metastable atomic collisions are forced to occur at low enough energies
as to “exchange” the states rather than quenching the metastable state [26]) to achieve a bright metastable
beam with an e↵ective source diameter of only 15µ. Metcalf et. al and Niehaus et. al have demonstrated
focusing of a metastable beam after exiting the source using the bichromatic optical force [10] [39] or a
hexapole magnetic lens [56] respectively.

Other Metastable Source Types

Although the DC discharge method is the most common way of creating a metastable beam, several other
methods have also been developed. Thermal metastable krypton beams created through R-F discharge [11]
and optical excitation methods [20] have been shown to operate at similar e�ciencies as the D. C. discharge
method, although whether or not those results transfer to helium beams has not yet been demonstrated.
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