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Abstract

We pursue a new method of supplying the radio frequency signal used to ignite a Xe
plasma, which excites Kr to the metastable level. Production of metastable Kr is crucial
to the Atomic Trap and Trace Analysis (ATTA) method, proposed to measure the ppt
Kr contamination level of Xe samples for the XENON Dark Matter Project. Using a
modified Colpitts oscillator, we attempt to solve the issue of impedance matching in the
existing discharge source by including the discharge region in the resonant tank of the
oscillatory circuit. Consequently, the impedance of the discharge region is inherently
matched regardless of the state of the plasma. Though we observe oscillations of the
correct frequency and output powers of the correct magnitude, we have not been able
to supply both simultaneously. More work is necessary to generate both oscillations and
high voltage in order to ignite the plasma.

1 Introduction

The existence and nature of dark matter
is one of the principal mysteries of modern
cosmology, astrophysics, and particle physics.
Dark matter is hypothesized to account for
numerous astronomical phenomena, such as
the velocity curves of spiral galaxies1, gravi-

1In 1933, astrophysicist Fritz Zwicky found that
the gravity from the visible matter in the Coma clus-
ter of galaxies was far too small to explain the high
velocities that orbiting galaxies displayed[1]. Since
then, experiment shows that the velocity of stars in
spiral galaxies does not decrease at larger distances
from the center, as expected given the concentration
of mass at the galaxy’s center[2]. This phenomenon
has produced theories of dark matter halos, surround-
ing the galaxy, that would provide extra gravitational

tational lensing2, and fluctuations in the cos-
mic background spectrum3. Yet, despite over

force.
2When light travels near a massive object, its path

is bent as follows from general relativity. The bend-
ing of light from distant galaxies provides information
on the matter, visible or dark, between the source of
light and the earth. Such gravitational lensing is an
important tool for astronomers and has shown sup-
port for the existence of dark matter[3].

3The CMB, thermal radiation left over from the
Big Bang, was found to exhibit fluctuations by NASA
in 1992[4]. These fluctuations are thought to result
from oscillations, whose restoring force is gravity, in
the density of ordinary baryonic matter shortly af-
ter the Big Bang. Further investigation into these
fluctuations has revealed that the gravity from both
ordinary and dark matter is needed to explain the
CMB spectrum[5].
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eighty years of speculated existence, dark
matter has not been detected due to its elu-
sive character4. While dark matter is thought
to interact with ordinary matter through the
gravitational and weak forces, it neither emits
nor absorbs light or other electromagnetic ra-
diation at an observable level. Weakly In-
teracting Massive Particles (WIMPs) are the
most compelling theory for dark matter. As
their name implies, WIMPs are theorized to
be large, 10 to 1000GeV range, compared to
standard particles and thus have relatively
low velocities. Since WIMPs may only in-
teract weakly, they are extremely difficult to
detect. Nevertheless, many experiments have
set out to observe WIMPs directly.

1.1 XENON Dark Matter
Project

The XENON Dark Matter Project is one
such effort. The XENON collaboration seeks
to directly detect dark matter via collisions
between WIMPs and xenon (Xe) atoms. Xe
is a scintillating material, meaning that when
an atom of Xe is excited by ionizing radi-
ation, not only are electrons liberated, but
also, upon de-excitation, the Xe atom emits
the absorbed energy in the form of light.
Xe is an appropriate material for the de-
tection of WIMPs because of its rapid de-
excitation time (∼1ns) and its large nucleus,
as compared to other scintillating noble gases.
Currently, the XENON Dark Matter Project
is working toward their next generation of
detectors, XENON1T (xenon 1 ton). Like
their previous, smaller detectors, XENON1T
would observe a WIMP-Xe collision by first
detecting the scintillation light and second
the signal from the liberated electrons. Pho-

4The Super Cryogenic Dark Matter Search exper-
iment has “observed” dark matter to the 3-sigma
level[6]. In high-energy physics, however, a discov-
ery is only claimed at the 5-sigma level or better and
no supporting observations have yet to surface.

tomultiplier tubes (PMTs) allow for very fast
detection of the initial scintillation light. An
electric field applied through liquid Xe carries
liberated electrons from the ionizing collision
toward the top of the detector, allowing the
PMTs to detect light from subsequent colli-
sions with gaseous Xe. The timing and rela-
tive strength of these two signals distinguish
a WIMP-Xe interaction from many others,
such as an interaction between Xe and beta
particles or gamma rays.

Figure 1: The scintillation and ionization pro-
cesses in a liquid Xe detector. PMTs at the top
and bottom of the detector observe first the sig-
nal from the scintillation light (S1) and then the
signal from the liberated electrons (S2).

In addition to the physical size of the detec-
tor, XENON1T improves upon previous Xe
detectors with a more efficient recirculation
and purification system for the liquid Xe[7].
This system removes most radioactive impu-
rities, which contribute to the background
signal, from the liquid Xe with the exception
of krypton (Kr), in particular 85Kr. 85Kr is a
long-lived isotope of Kr that decays by emis-
sion of a beta-particle. 85Kr is present in com-
mercial Xe gas at the part-per-million (ppm)
level. The XENON1T experiment requires
that 85Kr contamination be reduced to the
part-per-trillion (ppt) level so that the back-
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ground can be considered negligible. This
can be accomplished via cryogenic distillation
or adsorption-based separation[8]. It is cru-
cial to the XENON Dark Matter Project that
the level of 85Kr contamination be confirmed
at the ppt level so that the background for
WIMP detection is well defined.

1.2 ATTA Method

The Atomic Trap and Trace Analysis
(ATTA) method is a promising technique for
reliable measurements of Kr contamination in
Xe samples. ATTA relies on the optical tech-
niques of laser cooling and trapping to selec-
tively capture an atom of a particular isotope
in a magneto optical trap (MOT) and detect
its fluorescence. An ATTA system with single
atom sensitivity has been setup at Columbia
University as part of the XENON Dark Mat-
ter Project[9]. The ATTA group is striving to
improve their system efficiency and the pro-
cedure and speed with which they can ana-
lyze a Xe sample. Here, we pursue one av-
enue through which the ATTA group could
improve its system efficiency, a new design
for a radio frequency (rf) discharge source. In
order to understand the motivations for this
project and the purpose of this device in the
ATTA system, let us first review the ATTA
method and then return to the design of the
rf discharge source.

Fig. 2 illustrates the laser cooling and trap-
ping techniques, which comprise the ATTA
method. These techniques make use of
the optical transitions of the isotope to be
trapped. The ATTA group traps the more
abundant isotope 84Kr (in addition to 40Ar)5

and infers the contamination level of 85Kr us-
ing the relative abundance of these two iso-
topes. Noble gases, like Kr and Ar, in the

5Ar and Kr have very similar laser cooling wave-
lengths. Ar is used as a calibration tool for the ATTA
system so that the experimental setup is not contami-
nated with Kr before the measurement of Xe samples.

ground state do not have optical transitions
that are easily accessible with present laser
technology6. As a result, before laser cooling
and trapping can take place, Kr and Ar must
be in an excited state, metastable krypton,
Kr∗, and metastable argon, Ar∗.

Figure 2: The stages of the ATTA method.

1.2.1 Production of Metastables

Kr and Ar are excited to the metastable
level via impacts with energetic electrons gen-
erated by a rf discharge source. In the dis-
charge region, the source produces an ionized
gas or plasma from the carrier gas, which in
the case of Kr is Xe and for Ar is Ar itself.
Collisions with the electrons of the carrier
gas provide the energy for ground state Kr
and Ar to be excited to the metastable level.
Though the lifetime of Kr∗ is typically very
long (∼40s)[10], collisions between Kr∗ and
Kr or other atoms can de-excite Kr∗, prevent-
ing it from being trapped. Accordingly, the
atomic beam path is kept under ultra-high
vacuum and the pressure in each region of the
system is closely monitored. The discharge
source functions at ∼0.8mTorr and the pres-
sure drops rapidly in subsequent stages, with
the MOT at ∼10−8Torr during operation.

6Optical techniques have been developed to ex-
cite krypton from its ground state using discharge
lamps[11]. These lamps, however, have a short life-
time and laser light generation at these wavelengths
is still very inefficient.
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Figure 3: The optical transitions relevant for
the ATTA method. Note that the energy levels
for 84Kr and 40Ar are sufficiently similar that
only a slight wavelength change is needed to shift
between trapping these isotopes. In addition, the
transition to the metastable level is a large jump
in energy, motivating the use of an rf discharge
source.

1.2.2 Laser Cooling

Once the metastable atoms have been pro-
duced, a closed transition in the near infrared
can be utilized in the cooling and slowing
stages (see Fig. 3). The goal of the trans-
verse cooling stages, TC1 and TC2 in Fig.
2, is to collimate the beam of metastable
atoms, which is created by expanding the gas
through a small hole in the gas chamber of
the discharge source. This is accomplished
by repeated absorption and emission of laser
light.

When a Kr∗ atom absorbs a photon from
the laser, the atom is excited to the upper
energy level in Fig. 3 and experiences a
momentum change, or force on the atom in
the direction of the laser beam. When the
excited atom decays via spontaneous emis-
sion, a process in which the atom de-excites
by suddenly emitting a photon in a ran-
dom direction, then a net force was applied
to the metastable atom. Through numer-
ous absorption-spontaneous emission cycles,
spontaneously emitted photons are released
in random, symmetrically distributed direc-
tions, resulting in a net force on a Kr∗ atom

in the direction of the laser beam7.
This spontaneous or radiation force is the

fundamental principle behind laser slowing
and trapping. In stages TC1 and TC2,
two sets of laser beams are incident on the
metastable atoms in directions transverse to
the atomic beam. If the wavelength of laser
light is detuned to a wavelength slightly
larger than the resonance of the optical tran-
sition, so called red-tuned, the radiation force
is only felt by metastable atoms whose veloc-
ity has a component pointing opposite to the
direction of laser light, since these atoms will
experience Doppler shifted light. In this way,
the TC stages damp the motion of the atoms
in the transverse directions, reducing the an-
gular spread of the atomic beam into what
is called a two-dimensional optical molasses.
The ATTA group reflects horizontal and ver-
tical red-tuned, 811nm laser beams between
flat mirrors on either side of the cooling stages
allowing the beam to interact with 84Kr∗ over
the course of ∼10cm, increasing the number
of absorption-emission cycles experienced by
each atom by a longer interaction time.

1.2.3 Zeeman Slower

Slowing Kr∗ atoms employs the same pro-
cess as described above, except here the laser
beam is antiparallel to the atomic beam.
The primary concern in slowing atoms is the
Doppler effect. When a Kr∗ atom is slowed
by opposing laser light on resonance with the

7It is during these absorption-emission cycles that
it is advantageous to trap 84Kr as opposed to 85Kr.
Because 85Kr is an odd isotope its metastable state is
not a single state, but rather many due to hyperfine
splitting. As a result, their is no closed transition
and, upon excitation and decay, 85Kr may fall into a
hyperfine ground state that is not on resonance with
the laser light and hence cannot be trapped. In prac-
tice, multiple laser beams are used to pump the 85Kr
out of these “dark” states. By trapping 84Kr instead,
the ATTA group avoids this issue and can use a single
laser source for all of its slowing, and trapping stages.
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optical transition, the Kr∗ atom falls out of
resonance with the laser due to the Doppler
shift. Since the resonance of the optical
transition is very narrow, a small change in
velocity already causes non-resonant condi-
tions. To compensate for this shift either the
wavelength of laser light must be tuned or
the energy of the optical transition must be
changed. The ATTA group uses the Zeeman-
slowing method to adjust the energy levels of
Kr∗ to maintain resonance with the 811nm
laser beam.

The Zeeman-slowing method makes use
of the Zeeman effect, in which an applied
magnetic field shifts the energy levels of an
atom due to the interaction of the field and
the magnetic moment of the atom. Using
a solenoid whose density of turns increases
along the axis, an increasing magnetic field is
generated along the path of the atomic beam.
This solenoid or Zeeman slower is carefully
crafted so that the shift in energy levels ac-
counts for the Doppler shift experienced by
the Kr∗. The magnetic field is nearly zero at
the beginning of the solenoid, allowing Kr∗

atoms of different initial speeds to be slowed,
starting at different locations in the coil. Ex-
iting the Zeeman Slower, the atomic beam is
collimated by a final two-dimensional trans-
verse cooling stage, as the divergence of the
atomic beam in the Zeeman slower increases
since slowed atoms have more time to gain
transverse components to their velocity due
to spontaneous emission. After this cooling
stage, the Kr∗ atoms travel at ∼30m/s and
can be trapped.

1.2.4 Magneto Optical Trap

The final stage of the ATTA method is a
Magneto Optical Trap (MOT), which con-
fines the metastable atoms for detection.
Again, a MOT uses the same fundamental
principles of laser cooling, using three pairs
of laser beams to create a three-dimensional

optical molasses. The laser light is circularly
polarized, the reasons for which are explained
below. In addition, a pair of anti-Helmholtz
coils produces a fixed magnetic field that
causes the excited state of Kr∗ to split into
multiple energy levels corresponding to the
degenerate angular momentum states in the
absence of the magnetic field (i.e. the Zee-
man effect). Fig. 4 depicts a simplified one-
dimensional representation of a MOT.

Figure 4: a) An illustration of the coils and
lasers of the MOT. b) A one-dimensional model
of a MOT.

A Kr∗ atom in the center of the MOT ex-
periences no radiation force as its transition
from the metastable state to the excited state
is not on resonance with the laser light. On
either side of the center, the Zeeman effect
causes the degenerate excited states to split
into separate energy levels. At −z0, the ex-
cited state (1,+1)8 is on resonance with the

8For those unfamiliar with this notation, the first
number, known as the principal quantum number, in-
dicates that the atom is in an excited state. The sec-
ond number, known as the magnetic quantum num-
ber, indicates the angular momentum state within
the excited state that the atom occupies. These are
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laser light. The excited state (1,+1) is a su-
perposition of circularly polarized states with
a high probability of absorbing σ+ photons,
meaning that more of the laser light coming
from the left will be absorbed and a Kr∗ atom
will be pushed by radiation force back to the
center of the trap. A similar explanation can
be made for atoms to the right of the trap.

The ATTA group implements a MOT,
which behaves similarly to the model above
except in three dimensions. As mentioned be-
fore, the laser light is red-tuned so that the
MOT not only traps Kr∗, but also further
damps the motion of the metastable atoms
as in the transverse cooling stages. Also, sec-
ondary anti-Helmholtz coil pairs with vari-
able current surround the MOT, allowing for
the adjustment of the trap’s position. The
ATTA group can confine Kr∗ for ∼0.5s. This
is enough time for the fluorescent light of Kr∗

to be detected.

1.2.5 MOT and Single Atom Detec-
tion

Since the optical transition of Kr∗ and Ar∗

is in the infrared regime, the ATTA group
uses a Charge Couple Device (CCD) camera
to observe the fluorescence of thousands of
trapped atoms in the MOT. The shape and
brightness of the signal can be used to mea-
sure a large number of trapped metastable
atoms and is beneficial for optimizing the
ATTA method. This optimization and cal-
ibration is performed with Ar∗.

For a sample of Xe with a krypton con-
tamination level of ppt, one Kr∗ atom is ex-
pected to be in the MOT every ∼75min[12].
Therefore, the detection system must be able
to observe single Kr∗ atoms. The primary
issue in single atom detection is to differenti-
ate the ∼107 photons per second emitted by a
trapped metastable atom from the laser light

the angular momentum states that were previously
degenerate in the absence of the magnetic field.

used in the MOT, both of which have the
same wavelength. As a result, spatial filter-
ing techniques are used in a detection region
separate from the MOT. Ultimately, pho-

Figure 5: The single-atom detection system.

tons from a fluorescing atom are detected by
an Avalanche Photon Detector (APD)9. The
output of the single-atom detection system
measures the rate at which photons are de-
tected by the APD. A single metastable atom
is expected to generate a 31kHz signal[9].
Fig. 6 shows single-atom detection data for
40Ar and how individual atoms can be differ-
entiated.

Figure 6: Argon trapping data.

Thus, the ATTA group has constructed a
system expected to detect Kr contamination
at the ppt level in Xe samples. Yet, there are
still many possibilities to improve system ef-
ficiency. One of the primary sources of losses

9A further discussion of the function of the APD,
the measures taken to prevent overexposure, and data
acquisition are beyond the scope of the discussion
here. For more information see [9].
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is in the rf discharge source. Here we present
our work on a new design for the discharge
source based on the work of F. Moron et.
al.[13].

2 Existing RF Discharge

Source

The ATTA group currently ignites the
plasma from the carrier gas, which as dis-
cussed previously is necessary to produce
84Kr∗, by supplying an rf signal to a coil
which surrounds the gas. The rf signal re-
sults in a time varying magnetic field along
the length of the coil. After a triggering in-
cident, such as the liberation of an electron
via a cosmic ray, a current is induced in the
gas as a result of a cascading number of ioniz-
ing collisions with energetic electrons (i.e. an
electron avalanche). In this way, the carrier
gas is ionized and Kr and Ar can be excited
to the metastable level. Since the state of
the plasma is coupled to the behavior of the
coil, this is known as an inductively coupled
plasma (ICP).

The area with potential for improvement in
this process is the unintended thermal energy
transferred to the metastable atoms. The
more thermal energy received by the atoms,
the more their velocity distribution will shift
toward larger velocities. Since the Zeeman
slower has a finite length, it has a maximum
velocity that it can slow. These are ∼245m/s
and ∼250m/s for Kr∗ and Ar∗, respectively.
Consequently, the greater the thermal energy
of the metastable atoms, the smaller the num-
ber of trapped atoms in the MOT. Fig. 7
illustrates this idea using a beam distribu-
tion for the velocity of atoms. Clearly, at
higher temperatures, fewer atoms have a ve-
locity below the limits of the Zeeman slower.
Thus, the temperature of the discharge source
is crucial, directly impacting the efficiency of

Figure 7: The beam distribution for a number of
atom temperatures. The shaded regions indicate
the Kr∗ atoms that will be slowed by the Zeeman
slower.

the ATTA system. Currently, a pulse tube
refrigerator cools the source, though a liquid
nitrogen cooling system is being designed to
improve the cooling capabilities.

A complementary approach to decreasing
the temperature of the source is to reduce
the power necessary to ignite and maintain
the plasma. Presently, some of the rf power
applied to the coils in the discharge source is
reflected back because of impedance match-
ing issues. Since the plasma resides inside
the coil, the state of the plasma contributes
to the impedance of the discharge region.
Thus, the impedance of the discharge region
is different when the plasma is off, just ig-
nited, or being maintained. In addition, the
impedance will vary with the natural fluc-
tuations in the state of the plasma. Hence,
the power supply experiences different loads
and must frequently supply more power than
truly necessary in order to compensate for
the impedance mismatch. Though an active
matching circuit would solve the majority of
issues with impedance matching, we plan to
implement a more elegant and simplistic so-
lution to remove the issue altogether.

2.1 RF Source Design

A new design for the production of ra-
dio frequency signal that includes the dis-
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charge region in the resonant circuit that sup-
plies oscillations would inherently match the
impedance of the plasma. In this way, the
production and application of the rf signal
would be simultaneous. Such a design is
shown in Fig. 8, which is based on the work
of F. Moron et. al.[13].

Figure 8: A modified Colpitts oscillator for pro-
duction of radio frequency signal.

Two capacitors in series with the discharge
region form the resonant tank, which deter-
mines the frequencies of oscillation, of the cir-
cuit. The transistor plays the role of the ac-
tive component, whose feedback ensures that
the oscillations do not die out. By applying a
tunable voltage V+ to the discharge region,
the plasma can be ignited at a high power and
maintained at a lower power. Furthermore, a
constant voltage at the base of the transistor
allows the feedback current from the transis-
tor to maintain oscillations while V+ varies.

To supply the 26V and V+ voltages, we
again followed the design from F. Moron et.
al.. Fig. 11, shown in the Appendix, illus-
trates the circuit for the power supply. This
design is a standard method for step up volt-
age conversion, known as a boost converted.
The output voltage of the converter is con-
trolled by the potentiometer AJ1, which in

theory can tune the voltage V+ in the range
26V to 360V.

In order to test this design for a new rf
discharge source, we built a rf source for a
reference cell. A reference cell operates un-
der the same principles as a discharge source,
except that the discharge region is comprised
of a small sealed glass cell with low pressure
gas. The reference cell is used to lock the
laser to the optical transition of 84Kr or 40Ar
used for slowing and trapping. Building a ref-
erence cell provides many advantages in this
prototyping stage. Since the reference cell is
external to the ATTA system, alterations to
the design are easily accomplished. In addi-
tion, monitoring of the plasma’s state or tests
of rf attenuation and Kr∗ production can be
performed without difficulty.

3 Results

The modified Colpitts oscillator and power
supply were constructed and the circuit board
is shown in Fig. 9. Fig. 10 shows the cir-

Figure 9: The modified Colpitts oscillator and
power supply soldered to a through hole board.

cuit in operation. The rf signal oscillates at
∼12MHz, which is consistent with the work
of F. Moron et. al., our expectations from the
existing source, and simulations performed
before construction. The power supply was
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also observed to output a voltage V+ rang-
ing from 24V to 200V. The circuit, however,
was unable to sustain the rf oscillations at a
high enough voltage at V+ to ignite a plasma
and when V+ reached 220V some of the com-
ponents were observed to reach the limits of
their power capabilities.

Figure 10: The full rf source, without the Kr or
Ar gas sample cell, which would be placed within
the coil. Oscillations of ∼12MHz can be seen in
the discharge region.

4 Conclusions

The shortcomings of the new design for
production of rf signal seem to stem from the
power supply. The crucial point in a boost
converter is the node connecting the MOS-
FET, diode, and inductor, Q1, D1, and L10
in Fig. 11. The voltage at this node and thus
the current through the diode is controlled by
the DC switch controller, U1, which can gen-
erate a current between the source and the
drain of the MOSFET. The switch controller
probes the current through the MOSFET via
a current sense (CS) and a small resistor,
R13. We believe that we have mismatched
the value of this resistor with the particular
DC switch controller, MAX771, that controls
the boost converter. As such, the switch con-
troller is unable to correctly probe the cur-

rent through the MOSFET, which in turn
controls the current through D1 and thus the
output voltage V+. Instead, the switch con-
troller may require a current sensing resistor
of closer to 100mΩ.

Nevertheless, we have taken the first step
in the prototyping phase of a new design for a
radio frequency discharge source. We observe
rf oscillations at a frequency consistent with
our expectations and can generate a tunable
output of the power supply. The next step
is to produce these two behaviors simultane-
ously in order to ignite a plasma. Hopefully,
this can be accomplished by simply changing
a few select components in the power sup-
ply. Once a plasma is ignited, we plan to
mount the device in an aluminum box and
integrate it into the ATTA system as a new
reference cell. Diagnostics of power consump-
tion and metastable production will be per-
formed, which, if advantageous, will motivate
the construction of a new rf discharge source
that inherently matches the impedance of the
discharge region using the method of the ref-
erence cell.
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Figure 11: The power supply for the modified Colpitts oscillator.

11


