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Abstract

CONSTRUCTION OF COMPONENTS OF A STRONTIUM

ION INTERFEROMETER

Benjamin L. Francis

Department of Physics

Bachelor of Science

Much of the experimental physics done today requires high levels

of precision. One of the most recent developments in high-precision in-

struments is the matterwave interferometer, which uses quantum me-

chanical interference between matter beams to make measurements.

An ion interferometer using strontium is currently being completed

at Brigham Young University. As part of this experiment, many dif-

ferent components were built and tested. This includes an extended

Helmholtz coil pair, a laser temperature controller, and the electronics

for an acousto-optic modulator (AOM). Other tasks involved in this

research included cleaning and baking out the main vacuum chamber;

aligning optics for a magneto-optic trap, the acousto-optic modula-

tor, and an associated strontium vapor cell; organizing various laser

components; and building the support structure for the interferome-

ter. With the exception of those which will require the completion

of other parts of the experiment, all of these tasks were completed

successfully and these components are currently operational.
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1 Introduction

As physics continues to probe deeper into the fundamental structure of the

universe, we require increasingly better precision in our knowledge of some

of the fundamental constants we use to describe it. Also, since we know that

our current laws are not exact, measured deviations from these laws could

point us toward formulating more fundamental theories. In both cases (better

precision of fundamental constants and deviations from current theory), new

instruments with high precision must be invented and designed to make the

necessary measurements. One such recently developed instrument is the

matterwave interferometer.

1.1 Interferometry

In order to better understand a matterwave interferometer, it’s easier to start

with an optical one. Optical interferometry as a tool for measurement has

been in use since at least the late 1800s - for example, in the Michelson-

Morley experiment of 1887,[1] which was the first to discredit the idea of

a “luminiferous ether” as a medium necessary for the propagation of light.

In the most common form of optical interferometry, a single beam of light

is split into two identical pieces; each piece of the original beam traverses

some path, eventually coming back to and recombining with the other piece.

A phase difference between the two beams results from any differences in

the paths taken by them, which causes interference in the recombined beam.

The path difference can be determined from the measured interference. The
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sensitivity of the interferometer depends on the wavelength of light used; a

shorter wavelength will interfere noticeably for a smaller path difference, so

the higher the precision required, the shorter the wavelength needed.

The matterwave interferometer is a much more recent development than

the optical interferometer. The first of these ever reported was in 1991.[2] The

main difference between the two is implied by their names: the matterwave

interferometer uses a beam of matter rather than a beam of light. The

particle-wave duality of both light and matter is one of the central ideas of

quantum mechanics; thus, a beam of matter can interfere with itself just

as any other wave can. The wavelength of a given atom (or other matter

particle) depends on its momentum. This and other properties of atoms

that differ from photons (such as the atom’s mass and internal structure)

allow precision measurements using matterwave interferometers that are not

possible with optical ones. In particular, matterwave interferometers are (or

can be) sensitive to gravitational and electromagnetic fields, providing a very

accurate way to measure them.

1.2 Coulomb’s Law

The ability to very precisely measure gravitational and electromagnetic fields

is one way that deviations from our current theories might be measured. One

possible such deviation could be found in Coulomb’s Law, which (along with

the principle of superposition) provides the foundation for current electro-

magnetic theory. Because of the precision available in an interferometer,
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deviations from Coulomb’s Law could potentially be measured to a high de-

gree of accuracy, provided that the matterwave used is sensitive to electric

fields. This implies the use of ions for the matter beam. Thus, an ion in-

terferometer provides an ideal tool for performing such a test of Coulomb’s

Law.
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2 Strontium Ion Interferometer Experiment

at BYU

The ion interferometer experiment currently in progress in the Atomic, Molec-

ular, and Optical research group at BYU was first proposed in 2007.[3] It con-

sists of two main parts: the interferometer itself, and a magneto-optical trap

(MOT) configured as a Low Velocity Ion Source (LVIS), which constitutes

the source of the ion matterwave beam. A 3D rendering of the interferometer

setup is shown in Figure 1, and will be occasionally referenced throughout

this thesis. The tube in the center houses the interferometer and is about 8

feet long.

Figure 1: 3D rendering of the ion interferometer experiment at BYU.[4]
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2.1 Overview

Strontium has several characteristics, particularly in its internal structure,

that make it ideal for use in an ion interferometer. Strontium vapor is cooled

and trapped in the MOT as follows. First, the atoms are Doppler-cooled

using near-resonance lasers. A magnetic field shifts the atomic energy levels

of the atoms; this causes them to be spatially confined in the center of the

MOT by the cooling lasers. In one direction, a mirror with a hole in the

center allows the atoms to escape the MOT in a coherent beam.

In the proposed arrangement for testing deviations from Coulomb’s Law,

the atoms, after leaving the MOT, are singly ionized and pass inside two

cylindrical shells (see Figure 2; the ionizing laser is shown in red). A time-

varying voltage is applied to the inner conducting shell, while the outer shell

is grounded. Once inside, the ions go through an optical grating (blue in the

figure) that splits the atoms into two beams. These are recombined through

further optical gratings. If an electric field is present inside the inner shell, the

two beams will travel through different potentials. This creates a difference

in phase, which can be determined from the resulting interference.

The current arrangement of the interferometer does not include the inner

conducting shell. Various other experiments are planned for the interferom-

eter first, which will eventually work up to the proposed test of Coulomb’s

Law. There are many components of the ion interferometer that have been

built and many others that still must be built and coordinated for the success

of the experiment. Among these are several laser systems, with their accom-
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Figure 2: Cut-away view of the interferometer experiment, in the setup for

testing Coulomb’s Law (not to scale).[3]

panying electronics and optics, and two main vacuum systems (the MOT

and the interferometer chamber). The research presented here included con-

struction, alignment, and other assembly of the following components:

• Alignment of the MOT internal mirror

• Construction of the support framework for the interferometer chamber

• Construction of an extended Helmholtz coil pair

• Cleaning/baking of the interferometer vacuum chamber

• Assembly and testing of a laser temperature controller circuit board

• Organization of various laser system components used for locking the

laser; also installation of a fan to cool these components

• Measurement and characterization of the gain of an amplifier

• Assembly of the electronic components needed to operate an acousto-

optic modulator
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• Alignment of optics both with the acousto-optic modulator and with

an associated strontium vapor cell

Although the particular components used are in many cases unique to the

needs of this experiment, the techniques used for their construction, coor-

dination, and use within the experiment can be applied to other systems

and experiments. Descriptions of specific types of equipment and systems

from the experiment are now explained, and their relation to this research is

detailed.

2.2 Extended Helmholtz coils

A Helmholtz coil is a pair of identical magnetic coils used to produce a

nearly uniform magnetic field near their common central axis (see Figure 3).

Current flows through both coils in the same direction, and their spacing is

defined so as to minimize nonuniformities in the field; that is, although the

field strength varies slightly from the center of the pair to the plane of either

coil, the gradient of the magnetic field is made constant. Helmholtz coils can

be used to cancel the existing magnetic field in a given region, or to produce

some other uniform magnetic field for a given application.

James C. Maxwell described this arrangement,[6] which was designed by

one of his contemporaries, Hermann von Helmholtz. A brief description can

also be found in many undergraduate texts on electricity and magnetism.[7]

In Maxwell’s treatment, he indicates that having perfectly circular coils is not

necessary to achieve the same effects. Thus, the idea behind a Helmholtz coil
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Figure 3: Schematic representation of a Helmholtz coil pair.[5]

can be extended to other geometries. For example, in the ion interferometer,

rather than using two perfect circles, two rounded rectangular loops are used,

approximating four infinitely long straight wires (hence the term “extended”

Helmholtz coil pair). A derivation of the geometry required for such an

arrangement may be found in Appendix A.

A Helmholtz coil (or related device) can be constructed simply by wrap-

ping two loops with an identical number of turns of wire (how many depends

on the field desired), which can then be supplied with current. In the ion

interferometer, an extended Helmholtz coil pair is placed above and below

the interferometer vacuum chamber (which is about 8 feet long) so as to

produce a nearly uniform magnetic field along the entire interferometer axis

(see Figure 1; the magnetic coils are represented by two thin yellow lines, one

above and one below the interferometer tube, both extending off the image

to the left). Each coil is housed in an aluminum channel-cut rod (1/2 inch

wide) that has been shaped into a rounded rectangular loop, about 9 feet
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long and 8 inches wide (a total circumference of about 20 feet). Copper wire

(10 AWG) is wrapped 8 times around each loop (inside the channel).

Care must be taken to ensure that the wire does not short to itself within

the loops. This can be checked by considering the amount of resistance

the entire length of wire should produce if current is passing through all of

the loops. Wire resistances depend on the gauge used. Resistance tables

for various gauges can be easily found online. Because wire resistances are

usually quite small (considered negligible in many circumstances), it can be

difficult to measure them with a regular ohmmeter that uses only two leads.

Often, the voltage drop across the wire is masked by the contact potential

of the leads. This problem can be circumvented by using what is known as

the four-lead method. One pair of leads is used to provide the measurement

current, and the other (in parallel) measures the voltage drop across the wire.

The resistance of 10 AWG copper wire is 0.9989 Ω/1000 feet. Thus,

the total resistance expected from each extended Helmholtz coil used in the

interferometer should be about

R ≈ 0.001
Ω

foot
∗ 20

feet

turn
∗ 8

turns

loop
= 0.16

Ω

loop
.

If there is a short, at least one full turn will not be included in the circuit.

This means we can expect a maximum resistance of about

R ≈ 0.14
Ω

loop

if there is a short. Upon measurement, resistances of 0.167 Ω and 0.166 Ω

were observed for each of the coils. Because this is higher than expected, it

was concluded that no shorts were present.
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2.3 Vacuum chamber cleaning methods

Many of today’s experiments involve the use of vacuum systems in order to

control the effects of the environment and reduce unwanted influences on the

experiment; in particular, many experiments involve things on a very small

scale, where interactions with air molecules can interfere with the results. For

example, in order to produce a coherent atom beam for the interferometer,

a particularly high level of vacuum must be achieved inside the apparatus

so that the beam is not scattered. This means extra care must be taken

when building the apparatus and putting the vacuum system together. In

particular, and perhaps most important, the inside of a given chamber must

be cleaned before it is sealed up. Several methods can be employed to clean

a vacuum chamber, and a few are critical to achieve certain levels of vac-

uum. Each method is effective for removing certain kinds of “dirt” and other

unwanted matter and for cleaning certain materials.

First of all, a vacuum chamber can be washed (with soap and water,

for example), so long as any extra soap is completely rinsed away and the

chamber is properly dried before use. This method is great for getting rid

of general dust, and is sufficient for getting to low vacuum in many cases.

To get to higher levels of vacuum, a more intensive cleaner must be used,

preferably with a high vapor pressure, such as methanol or acetone. These

are especially useful for cleaning things like fingerprints, which have a low

vapor pressure and tend to outgas significantly in vacuum, preventing high

vacuum from being reached. Very high vacuum requires the chamber to be
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baked. Many materials have gases embedded in their walls that will outgas

at high vacuum, and the most effective way to remove them is to heat the

material. At high temperature, the outgassing process is much faster, so the

unwanted gases can be removed by baking them away.

All three of these methods were used to clean the interferometer vacuum

chamber. After the chamber (which was custom built by the department

machinist) was complete, it was first washed with soap and water to get

rid of basic dust. It was then cleaned by hand with acetone to remove

unwanted “gunk” left behind from welding/etc. Finally, the chamber was

backfilled with nitrogen to keep unwanted gases from baking in, wrapped

with heat tape (a conducting material with high resistivity so as to produce

large amounts of heat), wrapped further with layers of tinfoil to keep the

heat confined to the chamber, and baked at about 380◦C for several days,

with nitrogen flowing continuously, to bake out the (mostly hydrogen) gases

from the interior.

2.4 Laser electronics

Lasers are used quite frequently in modern experiments, and are especially

important in the fields of atomic and molecular physics because of their

coherence and monochromaticity. In some experiments these two proper-

ties are unimportant, but in many cases a specific frequency and a coherent

beam are essential. As a result, various methods of controlling and stabiliz-

ing the laser are needed, including temperature control, current regulation,
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and various types of optical equipment. When assembling a laser system

(in situations where a suitable laser cannot be bought already assembled),

it is therefore worthwhile to keep all of these components well organized;

this can also help improve the stability of the laser. In the interferometer,

because very specific transitions are used to trap and otherwise manipulate

the strontium, the laser systems had to be designed and built specifically

to match those transitions, so there were many components to be kept to-

gether. These components were organized into boxes, with ports in the sides

for power, signal cables, etc. In one case, a box was getting overheated. A

fan was installed in the side of this box to help cool it.

At times, it may be worthwhile to design one’s own electronics, such as

in cases where it is cheaper to do so, or when a commercially purchased item

may not be capable of accomplishing a particular task. This should be con-

sidered when an experiment is being planned. Many of the electronics used in

the interferometer laser systems were designed specifically for the experiment.

This was done to achieve greater stability in the lasers than would have been

achieved by using the corresponding commercially purchased electronics.

While commercially purchased items often are well-tested and include

data sheets that indicate the capabilities and limitations of the instrument,

“homemade” and sometimes older/used equipment must be tested to ensure

that it will meet the necessary requirements. For example, the voltages

and other signals that are expected must be checked when assembling self-

designed electronic devices, and corrections to the design must sometimes

be made. This was necessary when putting together the laser temperature
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controller device. During the assembly process, it was necessary to check for

shorts in the circuitry. This can be done simply by checking the resistance

from various points in the circuitry to ground. If no resistance is found

where there should be some, there must be a short. Once any shorts were

found and corrected, the device was checked to make sure the correct signals

were produced. Power was supplied to the circuitry, and voltages at key

points were checked to make sure the device was functioning correctly. Once

everything was checked, the device was hooked up to the laser and checked

one last time to make sure it correctly cooled/warmed the laser as expected.

A more detailed picture of what an electronic device is doing can be ob-

tained by using an oscilloscope. This lets one measure details about the

signal such as the waveform, the amplitude, and the frequency. For example,

an amplifier can be tested by sending a signal through it, then measuring

the output signal on an oscilloscope to see if the signal is properly ampli-

fied (without distortions, etc.). For part of the interferometer experiment,

an amplifier was needed. Rather than purchase a new one, an older, used

amplifier was reused. However, it needed to be tested to make sure that

it had the proper gain (the ratio of the output power to the input power,

measured in dB). A signal generator was used to produce a signal, which

was sent to the amplifier. Both the input and the output were connected to

an oscilloscope. The difference between these two amplitudes was used to

determine the gain for several different input powers. The gain was expected

to be linear until a limiting high power was reached. This determines the

so-called 1 dB compression point, where the gain is 1 dB less than it should
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be, assuming a linear output. This provides an upper limit on what level of

signal power can be amplified without altering the signal significantly.

The amplifier in question, an Avantek AP-500N, operates in the 250-

500 MHz signal range. It was supposed to produce 34 dB of gain, with a

maximum of +31 dBm output power. Using the method outlined above,

the gain on this amplifier was characterized. The results are summarized

in Figure 4; the raw data and MATLAB code used to process it may be

found in Appendix B. Output power vs. input power (both in dBm) is

plotted on the left; gain vs. input power is on the right. As expected, the

Figure 4: Amplifier output power and gain.[8]

amplifier gives about 34 dB of gain over the linear range of the instrument.

The discontinuities observed can be attributed to the oscilloscope, as these

correlate exactly with changes in the scale at which the output signal was

measured. The 1 dB compression point appears to be at about -5 dBm input

power. This estimate was sufficient to demonstrate that the amplifier would

20



perform as needed.

2.5 Strontium vapor cell and acousto-optic modulator

(Bragg cell)

Because of the nature of atomic transitions, lasers which utilize them must

be locked to the correct frequency. One way of doing this is by using the

atomic transition itself to measure how far away from resonance and in which

direction the laser frequency is. This can be done using a vapor cell, which is

simply a small chamber filled with a gas of the atoms. A laser beam (called

the pump) passes through the vapor cell. When it is close to an atomic

resonance, it will tend to excite the atoms into higher energy states and

be absorbed. Another laser beam (the probe) at a different frequency also

passes through. If the pump beam is close to resonance, the probe will have

low absorption (because the atoms will already be excited by the pump).

However, if the pump beam is off resonance, the probe will have significant

absorption. This method is used with a strontium vapor cell to lock some of

the lasers in the interferometer experiment to the atomic resonances. Part of

this research included aligning various optics with the vapor cell. The probe

beam was created using an acousto-optic modulator.

An acousto-optic modulator (AOM) is a device that uses sound waves to

diffract light.[9] Typically, a radio-frequency (RF) signal is sent to a piezo-

electric crystal, causing it to vibrate. This crystal is attached to another

material (usually another crystal). The vibrations create sound waves in the
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crystal; this creates the effect of a periodically changing index of refraction.

When light is incident on this crystal, it scatters off of the sound waves, cre-

ating interference and producing diffraction. Because the sound waves are

moving, the Doppler effect causes the frequency of the light to shift by differ-

ent amounts for each diffracted beam. AOMs have multiple uses, depending

on what effect is desired.

In the interferometer experiment, an AOM is being used to frequency

shift one of the lasers for use as a probe in the vapor cell. The electronics

which create the RF signal for the AOM were organized into a box and

tested. This included designing a voltage selector that, in conjunction with

a voltage-controlled oscillator (VCO), could be used to tune the frequency of

the signal sent to the AOM. Once the correct signal was being produced by

these electronics, it was hooked up to the AOM. The laser beam intended for

use as a probe then had to be aligned with the AOM so that as much light as

possible was diffracted into the first order beam. This beam was then picked

out and directed to the vapor cell.
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3 Conclusion and Future Prospects

Most of the components described here were completed successfully as part

of this research. Some of them required other parts of the interferometer to

be operational before they could be fully tested or used. The Helmholtz coils,

for example, could not be fully installed until some of the other components

of the interferometer were in place. Also, difficulties with heating the vapor

cell prevented it from being used before the end of this research. However,

all of the other components were successfully assembled and properly tested,

and are currently operational.

Although the ion interferometer at BYU is still in the process of being

assembled, it is near completion and will hopefully be operating before long.

There are many kinds of experiments that can be done using the apparatus

once it is complete, besides simply testing Coulomb’s Law. Some of these will

be completed first, to test the interferometer’s capabilities. In particular, the

chamber has been designed so that several lengths of interferometer can be

used; once it begins operating, the shortest length will be used first, gradually

working up to the full length over time.
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A Derivation of the wire geometry used to

produce a uniform magnetic field

The strength of the magnetic field due to an infinitely long, straight wire can

be easily found from the Biot-Savart Law and is given by

B =
µ0I

2πr
(A.1)

where r is the perpendicular distance from the wire. Consider Figure 5 below.

Depicted is a pair of parallel wires separated by a distance d = 2h. They

Figure 5: Geometry of two infinitely long, straight, current-carrying

wires.[10]

carry the same current I flowing in opposite directions. Now consider a point
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on the yz-plane equally distant from either wire. By vector addition, the x-

components of the fields of the two wires will cancel, and the z-components

will add together. Thus,∑
i

Bxi = Bx1 +Bx2 = Bx1 + (−Bx1) = 0 (A.2)

∑
i

Bzi = Bz1 +Bz2 = 2Bz1 = 2

(
µ0I

2πr
cos θ

)
(A.3)

where θ is the angle between the field Bi and the yz-plane and r is the

distance from either wire to the point. These can be determined using the

height z of the point and the separation of the wires 2h. That is,

r =
√
h2 + z2 (A.4)

cos θ =
h

r
=

h√
h2 + z2

(A.5)

This gives

Bz =
µ0I

π

h

h2 + z2
(A.6)

as the total field strength at any point on the yz-plane at a height z above

the wires.

The gradient and curvature of this field are given by

∂Bz

∂z
=
µ0I

π

−2hz

(h2 + z2)2
(A.7)

∂2Bz

∂z2
=
µ0I

π

[
8hz2

(h2 + z2)3
− 2h

(h2 + z2)2

]
=
µ0I

π

2h

(h2 + z2)3
(3z2 − h2) (A.8)

We can eliminate the gradient by adding a second pair of wires (whose cur-

rents are oriented the same way) at a height 2z above the first pair. This will
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also double the field strength. The curvature can be eliminated by choosing

the ratio of h to z such that the two terms in (A.8) cancel with each other:

3z2 = h2

h

z
=
√

3 (A.9)

This ratio defines the geometry of four infinitely long wires that will produce

a highly uniform field along the line at their center.
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B Amplifier data and MATLAB code

The following MATLAB code was used to produce Figure 4, and contains

the raw data for the gain measurements on the Avantek amplifier.

clear, clc;

% Measurements of gain on an Avantek 250-500 MHz amplifier, model AP-500N

% Specs: 34 dB gain, 250-500 MHz, +31 dBm Po, 15 V 520 mA, N f

% - found on www.test-italy.com/RFmicroonde/coassiali-pagina4/9.html

% Ben Francis; July 16, 2010

%% 400 MHz input signal

% Input signal voltage in mV

inv = [2.007,2.795,3.511,4.449,5.547,6.976,8.800,11.89,15.05,18.67,...

23.62,29.89,37.79,42.51,47.87,52.92,59.45,66.82,70.68,75.00,79.60,...

84.02,88.98,94.01,99.80,106.40,112.57,119.16,126.18,133.79,139.8,...

148.0,156.8,166.7,175.6,186.2,196.9,208.9,221.3,234.0,246.8,259.5];

% inv measurement error in mV

sinv = [0.013,0.014,0.016,0.017,0.018,0.021,0.024,0.03,0.03,0.05,0.05,...

0.05,0.05,0.04,0.05,0.09,0.14,0.15,0.17,0.21,0.19,0.20,0.14,0.15,...

0.16,0.11,0.14,0.08,0.06,0.15,0.3,0.2,0.3,0.2,0.3,0.4,0.2,0.1,0.2,...

0.3,0.5,0.6];

% Convert to V

inv = inv*10^-3;
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sinv = sinv*10^-3;

% Input signal power and associated error in dBm

inp = 10*log10(inv.^2/50) + 30;

sinp = 20./(inv*log(10)).*sinv;

% Output signal voltage in V

outv = [0.09079,0.1338,0.1688,0.2132,0.2684,0.3390,0.4271,0.5362,0.6763,...

0.8389,1.0581,1.433,1.814,2.040,2.304,2.549,2.902,3.278,3.470,3.684,...

3.901,4.111,4.351,4.594,4.858,5.137,5.338,5.570,5.789,5.985,5.700,...

5.892,6.064,6.225,6.361,6.509,6.655,6.792,6.930,7.039,7.103,7.124];

% outv measurement error in mV, convert to V

soutv = [0.25,0.3,0.4,0.4,0.5,0.8,1.0,1.0,1.3,2.2,2.3,2,3,3,3,4,7,7,8,...

11,9,9,7,6,6,6,6,5,4,6,10,8,11,8,13,12,7,4,7,12,14,17];

soutv = soutv*10^-3;

% Output signal power and associated error in dBm

outp = 10*log10(outv.^2/50) + 30;

soutp = 20./(outv*log(10)).*soutv;

% Gain = output - input, dB

gain = outp - inp;

sgain = (soutp.^2 + sinp.^2).^0.5;

subplot(1,2,1)

plot(inp,outp,’.b’)

title(’Output Power @ 400 MHz’)

xlabel(’Input power (dBm)’)
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ylabel(’Output power (dBm)’)

subplot(1,2,2)

plot(inp,gain,’.b’)

title(’Gain @ 400 MHz’)

xlabel(’Input power (dBm)’)

ylabel(’Gain (dB)’)

axis([-45 5 25 35])
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