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Abstract
To monitor effects of vacuum conditioning, we are currently
building three radiation diagnostics: a HeNe heterodyne
interferometer, Bolometer, and Hydrogen-alpha (Hα) detector.
The HeNe interferometer to be is based on the 2008 interferometer
used for the Caltech spheromak formation experiment [2]. The
interferometer will measure the line average refractive index of the
plasma, enabling us to obtain the average line density. The
bolometer is being designed like ones used on SSPX [3] and the
HBT-EP tokamak [4]. The bolometer will be a soft x-ray/UV
detector used to directly measure the radiation loss from photons,
allowing us to ignore neutral particle energy loss. The (Hα)
detector is also based on the one on SSPX. Using the detector, we
will be able to detect the amount of (Hα) being emitted by the
plasma as a function of time, thus gauging the neutral density.
These same concepts are also used to study astrophysical plasmas,
with slightly different approaches. Interferometry is used either as
radio telescope pairs or arrays such as the VLBA. These radio
telescopes allow astronomers higher resolution images and more
precise measurements of celestial objects. The overlap between
diagnostics and detectors for lab and astrophysical plasmas are
discussed.

I. Background
In order to obtain strong magnetic fields in the spheromak, it is
necessary to obtain conditions with low radiated power, full
ionization, and low density. This argument follows from basic
considerations of helicity injection and build-up, where the limit
to the obtainable field strength is set by dissipation. The
experimental campaign during the next year for the Pulsed
Build-up Experiment (PBX) [1] and the Adiabatic Compression
experiment (ACE) will include vacuum conditioning such as bake,
glow, and Ti gettering. To monitor effects of vacuum conditioning,
we are currently building three radiation diagnostics: a HeNe
heterodyne interferometer, Bolometer, and Hydrogen-alpha
detector.

II. Density Discussion
The continuity equations for particle production and loss, describe
the particle inventory in a fusing plasma over time. The
continuity equations for ions and alpha particles in a fusing
plasma are as follows [6-Kammash]:
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Figure 1: a) Ion rate in a burning plasma with constant source; b) Alpha rate
in a burning plasma with constant ion source; c)Expected rate of Hydrogen on
ACE with a constant source

Models a & b above show the expected particle inventory for a
fusing plasma with a constant source, a particle confinement time
of 0.1 second, and assume a consant temperature of 14keV.
Related to the continuity equations is the density of the plasma.
Past experiments such as SSPX, have measured the flux, density
and temperature and found in general that the density and
temperature of a plasma are typically functions of the flux. With
this information, we are able to model the expected density and
temperature for our various experiments. In ACE , we expect the
the experiment to show only lower confinement modes, like that
seen in ohmically heated plasmas. With this in mind, we assume
the plasma density and temperature follows more of a Gaussian
shape as seen below. The plasma in ACE will be compressed
following the relation, n = n0C

3, were we expect a C=2. Likewise,
temperature under compression will follow T = T0C

2 as seen in
the plots below.

Figure 2: a) Uncompressed and Compressed density; b) Uncompressed and Com-
pressed Temperature

III. Interferometer

Interferometer
What is it? System designed to determine the line average density

of the plasma
What it measures Line average refractive phase shift due to the plasma

(Calculate the line average density from the phase shift)
Where is it? Currently designed to be used on ACE
Components HeNe laser, Optical components (Beam Splitters,

Mirrors, iris), Acousto-Optic Modulator (AOM) and
driver, optical table, air-isolation legs, and electronic
components for extracting signal

Table 1: Overview of the HeNe laser interferometer to be used on ACE

Figure 3: a) Schematic of the HeNe laser interferometer to be used on ACE

Modeled after the Caltech spheromak formation experiment, the
HeNe heterodyne interferometer detects the beat frequency of the
signal which is then used to determine the line average refractive
phase shift of the plasma. A beat frequency arises because one
arm of the laser is modulated by the AOM which is driven by a
Mhz source, while the arm other arm interacts with the plasma.
Heterodyne interferometry has some advantages over its
homodyne counterpart, making it a better option for our ACE
experiment. Some advantages such as: “bandwidth that extends
to DC (it can measure a steady phase difference), high Signal to
Noise Ratio (about a factor of two better noise performance), no
drift in quadrature (phase quadrature was generated by RF
electronics), and it is unaffected by refractive bending of light. [2]”
The heterodyne configuration also allows the distinction between
the direction of phase change; “the output frequency increases or
decreases according to the direction of phase change.[5]”. The
plasma phase shift is estimated by [2]:

δθp = arctan(
S2

S1

A

B
)− ϕ′ + nπ (3)

where S1 and S2 are the signals and ϕ = ϕ + kδL is constant.

As long as the electron density is less than the cutoff density, the
electron density can be found from[5]:
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Figure 4: a) Overhead shot of the general layout of the interferometer on ACE

IV. Bolometer

Bolometer
What is it? bolometer is a detector for radiation or neutral particle

energy loss
What it measures Total radiated energy
Where is it? Currently designed to be used in vacuum on PBX
Components Soft X-ray/UV sensitive Si photodiode and electronic

components for extracting signal

Table 2: Overview of the bolometer to be used on PBX

Generally bolometers capture charge-exchange neutrals as well as
photons when making thermal measurements. Our bolometer is
not designed to measure thermal changes but instead uses a
silicon photodetector to measure only the photon energy loss
similar to that used on SSPX. While we are only interested in the
total radiated energy, “radiation in the soft x-ray range can also
provide density, temperature, and magnetohydrodynamic (MHD)
instability information. [4]”

HBT-EP tokamak uses an array of bolometers like our set-up,
that are designed to “study MHD instabilities during high β
discharges. [4]” We have chosen a single AXUV photodiode, like
the ones used on HBT-EP, that will be encolsed in the same
housing as the Hα detector. Using an arrangment similar to that
of SSPX, we can find that the bolometer powers is [11]:
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With the radiated power from the plasma being:

Prad(MW ) = πa2Lp (7)

if L=a=50, then

Prad(MW ) = 0.125πp (8)

Figure 5: a) Housing and mock-up of Hα detector that will also house the
bolometer. Kapton shield electrically isolates the components from the tube wall
and a G10 rod will secure the components together and to the outer flange

V. Hα Detector

Hydrogen-alpha Detector
What is it? Detector of neutral Hydrogen
What it measures The amount of neutral hydrogen over the time of a shot
Where is it? Currently designed to be used in vacuum on PBX
Components Si Photodiode, lens, Hα filter (FWHM 0f 3nm), and

electronic components for extracting signal

Table 3: Overview of the Hα detector to be used on PBX

The Hα detector allows us to detect the total amount of neutral
hydrogen over the time of a shot. Neutral hydrogen is important
in plasma experiments because it can clarify particle balance and
provide information on recycling to help gauge how well vacuum
conditioning is working. The total Hα is dependent on the the
response signal seen in the electronics and the number of photons
expected per second. Line integrated emissivity is:
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Nγ=number of photons per second; S=measured signal;
a=detector area; A0=limiting area; l0=distance a to A0;
Up=photon energy for Hα wavelength

VI. Importance of Astrophysical Plasmas
Many astrophysical plasmas show charcterisitcs that we are seeing
now in labratory plasmas. For example, Active Galactic Nuclei
show similar MHD instabilities. There is an opportunity for
plasma physicists to learn from space plasmas and for astronomers
to test out in laboratories the theroies as to why we see what we
do space.

VII. Bolometry for Astrophysics
Luminosity measurements of astrophysical phenomena is an
analog to lab plasma bolometry. The luminosity of an object is
the total power output from the object. An advantage to knowing
the total luminosity accurately, is that the distance to the object
can then be calculated using the distance lumionsity equation.
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2

√
L
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with L=luminosity and F=flux or the amount of light reaching us per unit area

Luminosity for standard candles such as Cepheid Variables is
found from the period-luminosity equation.

log10
〈L〉
L�

= 1.15 log10 Πd + 2.47 (11)

〈L〉 = average luminosity of star and Πd = pulsation period in days

This relation arises from the fact that the longer the period, the
greater the luminosity of the Cepheid Variable. Combined with
the knowledge that Cepheid’s characteristically have nearly the
same luminosity, they become useful standard candles for
measuring distances to nearby galaxies.
Spiral galaxies can also be used as a type of standard candle using
the Tully-Fisher relationship, which relates the rotation rate of the
galaxy to the luminosity (both of which relate to the mass). The
rotation rate of the spiral galaxy is found by measuring the
Doppler shift of the disk.
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MB = −9.95 log10 Vmax + 3.15 Sa

MB = −10.2 log10 Vmax + 2.71 Sb (12)

MB = −11.0 log10 Vmax + 3.15 Sc

Similar to the Tully-Fisher relationship, the Faber-Jackson
relationship uses the central value of the radial velocity dispersion
to calculate an elliptical galaxy’s luminosity.

L ∝ σ4
0

log 10σ0 = −0.1MB + Constant

VIII. Hα Detection in Astrophysics
Hα detection in space is slightly different from in the lab. Lab
plasmas, we look for the neutral density of hydrogen to decrease
over time as the temperature increases and particles are no longer
recombining but staying in ionized states. Astronomy instead uses
Hα to trace the ionized hydrogen content.

Figure 6: **a)M51 through a narrow band Hα filter (Central λ 6563 Å and
bandpass of 10 Å), Exposure: 700 sec; b) M51 through Sloan r’ filter (Central λ
6260 Å and bandpass of 1342 Å, Exposure: 120 sec

IX. Continuity Eqautions Applied to Black Holes
Simplifying the processes in a black hole, it should be possible to
apply the continuity equation to model the particle rate for
accretion disks. Inflow can come from: winds from their galaxy,
companion stars, and material from other galaxies as well.
Outflow can come from: winds driven off the disk, jets, and
accretion onto the black hole. Estimates of how much a black hole
really gobbles depends on the age of the black hole. Currently it is
believed black holes gobble up particles in active galaxies but in
more mature galaxies (Milky Way) they regulate their growth.
For example, “the Milky Way’s black hole devours only about
0.01% of the stellar winds in its vicinity. [10]”

Figure 7: Photo Credits: NASA APOD a)7/1/2006: Wind from a Black Hole. M.
Weiss (CXC), NASA; b)11/9/2008: Two Black Holes Dancing in 3C 75. X-Ray:
NASA/CXC/D.Hudson, T.Reiprich et al. (AIfA); Radio: NRAO/VLA/NR

X. Overlapping Techniques

Observing Plasmas in Lab and Space
Technique Lab Observations Solar Observations Astrophysical Observations
Interferometry Homodyne Radio

Heterodyne Gravitational Waves
ex: LIGO, LISA

Polarimetry X X
Spectroscopy
Absorption X Material: Dust clouds like ISM
Emission Lab Plasmas Corona Material: Hot Gas and Dust

Emission Nebulae
Continuous Material: Stars
Stark E!ect
Broadening X X X
Splitting X X ?
Zeeman E!ect (Easily Seen in Sun spots)
Broadening X X X
Splitting X X ?
Doppler Shift Plasma Rotation Sun Quakes Stars Moving

(i.e. Pressure Waves)
Galaxy Rotataion (i.e. Arms, etc.)

Redshift Z (i.e. Objects Moving Away)
Broadening
Pressure X X
Doppler X X X
Imaging- EM Spectrum
Radio Solar Flares Jets, Accretion Disks, Supernovae

Radio Galaxies (AGNs), Pulsars
Interstellar Gas

Microwave Sun Spots, Prominences Cosmic Microwave Background
Atomic Hydrogen gas (Milky Way)

Infrared Faraday Rotation Half of Sun Power Planets, H2O in Comets
Cores of Galaxies
Circumstellar Disks

Young stars in molecular clouds
Visible Dust (DIII-D), Cerenkov (H2O) Photosphere H!, OIII for PNe

Impurities: H!, C, etc. Stromgren Y for Symbiotic Stars
Ultraviolet Breakdown Prominences, Flares PNe’s, AGNs

Chromosphere Blue Stars (other galaxies)
Coronal Holes Supernova rements

X-ray Bremsstrahlung Flares (emit), Corona X-ray Binaries
Runaway electrons Coronal Holes Elliptical Galaxies

Supernova Remnants
Pulsars, AGNs
Galaxy Clusters

Gamma Ray Candidate AGNs, Black Holes
Pulsars

Neutron Stars
Lensing Used in lab Gravitational lensing same idea

to direct light to optical fibers as in lab, bend light

Table 4: Astrophiscial Obsrvations section focused on broad general areas of
Interstellar Medium, Stars (& Clusters), Nebulae, Galaxies(& Clusters), and
AGNs; AGNs- Active Galactic Nuclei, PNe’s- Planetary Nebulae

XI. Explanation of Some Techniques
Interferometry
Radio Interferometry allows for increase in the resolving power as
it is no longer based on the size of one single dish but the size of
the array or baseline. The telescopes simply observe objects
simultaneously, which means a radio wave will reach each
telescope at a different time. This difference in phase allows for
the angular resolution to imprvove greatly.
Heterodyne interferometry uses the technique of imposing a signal
on one the branches of light. By detecting the beat frequency of
the signal in experiments, the line average refractive phase shift of
the plasma can be determined. This can then be used to
determine the line average density.
Polarimetry
Circularly polarized light that travels parallel to a magnetic field
will have variation in the refractive indices depending on whether
the light is right or left circularly polarized. This variation is from
the electron gyrations in the plasma. The internal poloidal field
can be determined from the Faraday Effect, which is found from
the difference in these refractive indices [6]. Knowing how light is
polarized from space can give you additional information such as
the nature of the source.

Figure 8: a) Possible configuration for International X-ray Observatory’s (launch-
ing 2021) polarimeter. Photo courtesy of NASA XPOL; b)Madison Symmetric
Torus far-infrared interferometer and polarimeter. Photo Courtesy of Lanier et
al, Rev. Sci. Instr., Vol. 70:1, 1999.

Zeeman and Stark Effect
The Zeeman Effect is the splitting of atomic energy levels and
their associated spectrum lines when atoms are placed in magnetic
field. Magnetic forces remove degeneracy and cause changes in
motion and energy levels allowing for splitting and broadening of
spectrum lines. Additional splitting can be seen even when there
is no magnetic field. This phenomenon is attributed to the spin
magnetic moment.
The Stark Effect is analogous to the Zeeman Effect, except
instead of a magnetic field, the Stark effect is caused by an electric
field. Fields are created in the plasma by passing ions that
polarize the atom and then interact with the dipole moment. This
leads to a broadening of the spectral line or even splitting of lines.
These shifted wavelengths are not symmetric like in the Zeeman
Effect though.

Why are Spectra Important?
Spectra are important, especially in astronomy because unlike lab
plasmas we cannot just directly place probes to measure
components we would like. Instead, we must look at the spectra of
plasmas in space deduce information from it. Spectra allows us to
determine the compostion of objects as well as whatever material
is between us and the object. By observing spectra one can also
find the redshift of the object and frequently the velocity and
motion of an object. Spectra is also frequently used as a way to
determine the temperature of an object in space by using the Saha
Eqauation.
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The Saha Equation gives the fraction of atoms in each different
excited state in a gas in thermal equilibrium at some specified
temperature and total density. The Saha Equation allows you to
calculate the degree of ionization of any atom or ion, which in
turn predicts the strength of spectral lines. A larger temperature
means a greater degree of ionization (i.e. a larger ratio N+/N),
while a larger electron density ne means a smaller ratio N+/N.
The Partition Function describes how electrons are distributed
over the different energy levels of the ion or atom. It is used in the
Saha Equation as seen above.

Z = g1 +

∞∑
j=2

gje
−(Ej−E1)/kT (14)

XII. Further Work
All the diagnostic components have work that needs to be
completed. In the case of the bolometer and Hα detector, all but
the electrically isolating components are now together and
fabrication can begin. Once the housing is complete and
connected, PBX data aquiring will commence. The interferometer
is almost completely fabricated but there are some final
connections to be made on the electronic components. Otherwise,
it is set and waiting for ACE to be completed, so final alignments
and then data aquiring can begin.
A crossover between lab and astrophysical plasmas exists in the
modeling of of astrophysical phenomena in the lab. One such
example is the Bellan Plasma Lab group at Caltech that has been
modeling the dynmaics of jets, accretion discs and solar
prominences. The Center for Magnetic Self Organization (CMSO)
is a laboratory aiming to investigate basic problems seen in both
laboratory and space plasmas. CMSO currently has experiments
set-up to explore four main topics: dynamo effects, magnetic
reconnection, angular momentum transport, and magnetic chaos
and transport.
The opportunity for cross over studies at Woodruff Scientific Inc.
is a possibilty. We could focus on a homopolar gun concept to
further explore magnetic activity in accretion disk and jets.
Previous experiments have had only stationary components with
electric potentials applied to create the same effects as seen in
accretion disks. A proposed system would be an experiment with
a Faraday disk, which increases modeling difficulty but is closer to
a more accurate modeling of an accretion disk.
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