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This thesis investigates the performance and improves a double color interferometer
setup, absolutely calibrates a line radiation Balmer H-alpha measurement setup, and
uses measurements from both setups to estimate the particle confinement time of a
plasma.
The double colour interferometer at the magnetic confinement plasma device
EXTRAP T2R measures the line integrated electron density of the plasma. Electron
density is an important parameter in fusion plasma diagnostics but the interferometer
at EXTRAP T2R have had several problems. The interferometer setup was changed as
follows: A piezo phase shifter was added, the beam expander was adjusted with the
help of thermal image plates, and the electronics setup was rewired to remove
interferences.
The setup for Balmer H-alpha line radiation measurements was calibrated and
characterized. The particle confinement time was estimated using Abel inversion to
produce radial profiles of electron density, electron temperature and H-alpha
irradiance.
The interferometer upgrades did not solve all the problems, but the electron density
measurements are now reliable up to around 10 – 20 ms. Since the interferometer
only has one channel the electron density profile could not be determined reliably.
However, the particle confinement time was estimated for two possible electron
density profiles and the results agree with previous studies.
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Populärvetenskaplig sammantfattning
Fusionsvetenskap strävar efter att producera en ny, effektiv energikälla. I och
med den ökande energikonsumtionen får fusionsvetenskap en allt viktigare roll i
samhället. Kärnfusion har stor potential som energikälla, men att utvinna dess energi kommer med lika stora tekniska utmaningar. I det här projektet tacklas en av
dessa utmaningar; att mäta elektrontätheten och joniseringshastigheten i ett plasma.
Detta utfördes på EXTRAP T2R, ett magnetiskt inneslutningssystem för plasma på
Alfvén laboratoriet, Kungliga Tekniska högskolan, Stockholm.
Projektet behandlar två olika mätinstrument: En interferometer som mäter
elektrontätheten i plasmat och en Hα-experimentuppställning som mäter joniseringshastigheten i plasmat. Interferometern har uppgraderats och justerats för att
ge mer tillförlitliga mätningar. Den behöver förbättras ytterligare men kan ger nu
tillförlitliga täthetsmätningar i början av plasma-skott. Hα-experimentuppställningen har karakteriserats och kalibrerats.
Genom att mäta elektrontätheten och joniseringshastigheten kan partikelinneslutningstiden uppskattas. Partikelinneslutningstiden är den genomsnittliga tiden
innan en partikel lämnar plasmat via en av många processer. Denna uppskattning baserades på två möjliga täthetsprofiler i plasmat eftersom en fullständig
mätning skulle kräva flera interferometrar. Trots detta så stämmer uppskattningen
väl överens med tidigare studier.
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1

Introduction

Fusion research has the goal of producing a new efficient energy source. With the
world’s growing energy demand fusion research plays an increasingly important
role. The nuclear fusion reaction holds great potential but harnessing its power is
an equally great technical challenge. The fusion reaction has to be confined and today there are two front runner methods for this, magnetic confinement and internal
confinement. This project revolves around EXTRAP T2R, a magnetic confinement
plasma device at the Alfvén laboratory, Royal Institute of Technology, Stockholm.
A magnetic confinement device utilizes magnetic fields in special configurations
to contain the plasma. EXTRAP T2R is a reversed-field pinch in a toroidal configuration. In such a configuration the poloidal magnetic field is generated by the
plasma current and the toroidal magnetic field is generated both externally and by
the plasma current. In addition, the poloidal and toroidal magnetic fields are of a
similar size: this is not the case for a Tokamak where the toroidal field is larger
than the poloidal one. T2R is also smaller and less complex compared to more
advanced tokamaks, which makes it a flexible device for experiments. The main
scientific goals of T2R are to study the stability and the active feedback control of
resistive wall modes. This is done in collabaration with the department of electromagnetics at Chalmers University of Technology (Gothenburg, Sweden) and with
Consorzio RFX (Padua, Italy) [1] [2].
To control and diagnose a fusion plasma its characteristic parameters need to
be measured and monitored. Fusion plasma diagnostics is a huge field but this
report will concentrate on diagnostics based on electromagnetic waves. Such diagnostics includes active wave diagnostics such as interferometry, reflectometry,
polarimetry and Thomson scattering, and passive wave diagnostics such as line radiation, Bremsstrahlung and cyclotron radiation [4]. Active wave diagnostics is
preferred over material probes in fusion plasmas due to the extreme temperatures.
Material probes can be very useful for measurements at the edge of the plasma, but
they cannot measure internal plasma parameters as they would be destroyed and
thus disturbing the plasma. The perturbation from active wave diagnostics on the
other hand is negligible (nonexistent in the case of passive wave diagnostics) if the
probing electromagnetic waves are of a reasonable intensity [3].
An interesting plasma parameter is the particle confinement time. The particle confinement time τ p is defined as the characteristic time until a particle in the
plasma is lost. A lost particle means that, in the case of a hydrogen plasma, an ionized hydrogen atom leaves the plasma by some process and hits the containment
wall. In order to estimate τ p the following plasma properties need to be measured:
1. The ion density, this is estimated to be close to the electron density which is
6

much easier to measure.
2. The influx of particles into the plasma, this is measured with passive spectroscopy, specifically line radiation measurements of Balmer Hα from the plasma
[6].
The electron density is measured with - among other methods - interferometry. The basic interferometer utilizes two optical paths, one of which probes the
plasma. The phase difference between the two paths is measured using the interference between the reference beam and the probe beam (hence the name of the
method). This phase difference can be related to the refractive index of the plasma
and subsequently the line integrated electron density [4]. An illustration of an interferometer in a Mach-Zehnder configuration is shown in Figure 1.

Figure 1: Illustration of an interferometer in a Mach-Zehnder configuration. The
laser propagates through a beam splitter (BS), the reference beam is frequency
shifted (FS) and joins the probe beam at the beam combiner (BC). The probe beam
enters the plasma and is reflected back with the corner-cube (also called retroreflector) (CC). The detector measures the intensity of the interference between the
beams. The figure is adapted from Figure 1-1 in The single-chord interferometer
in EXTRAP T2 [5].
The interferometer at EXTRAP T2R is a heterodyne double colour interferometer. The advantage of a double colour interferometer is that the phase shift
contribution from mechanical vibrations can in principle be removed. However,
the interferometer setup at EXTRAP T2R have had several problems. This report
covers the attempts at addressing them. The main goal is that the improved interferometer should be able to measure longer plasma pulses. A reliable measurement
of the line integrated electron density can be used to estimate the particle confine7

ment time. An illustration of a double colour interferometer is shown in Figure 2.

Figure 2: Illustration of a double colour interferometer.
This project also contains a small study of the impact of different plasma currents and fill pressures of the hydrogen gas.

2

Theory

2.1

Interferometry

As a basis for the interferometry theory we will discuss electromagnetic waves
in plasma. With the chosen approximations the dispersion relation can be found
both for a non-magnetized and a magnetized plasma. With the derived dispersion
relation we can estimate the electron density from the phase shift.
2.1.1

Transverse electromagnetic waves in a non-magnetized plasma

Let us first consider the simple case of transverse electromagnetic waves in a nonmagnetized plasma. In this case there is no external field B0 but we allow for small
perturbations of the magnetic field (B1 ), the electric field (E1 ) and the current ( j1 ).
The relevant Maxwell’s equations are:
∇ × E1 = − Ḃ1
c2 ∇ × B 1 =
8

j1
+ Ė1
0

(1)
(2)

Where E1 is the perturbed electric field and j1 is the perturbed current. The time
derivative of Equation 2 is:
c2 ∇ × Ḃ1 =

1 ∂ j1
+ Ë1
0 ∂t

(3)

The curl of Equation 1 is
∇ × (∇ × E1 ) = ∇(∇ · E1 ) − ∇2 E1 = −∇ × Ḃ

(4)

assuming harmonic solutions of the form exp[i(k · r − ωt)] and using Equation 3
yields:
ω2
iω
j
+
E1
(5)
− k(k · E1 ) + k2 E1 =
1
0 c2
c2
Assuming high frequency waves the ions are considered stationary, the current j1
is then only due to electron motion: j1 = −n0e eve1 where n0e is the electron density,
ve1 is the perturbed electron velocity and e is the elementary charge. The linearized
electron equation of motion with the cold plasma approximation (electron temperature T e = 0) reads:
∂ve1
eE
me
= −eE ⇒ ve1 =
∂t
ime ω
Where me is the electron mass. Combined with the fact that k·E1 = 0 for transverse
waves Equation 5 can be written as
!
e
iω
2 2
2
n0 e
+ c k E1
ω E1 =
0
ime ω
Identifying the electron plasma frequency ω pe =



n0e e2
0 me

1/2
yields

ω2 = ω2pe + c2 k2

(6)

which is the dispersion relation for transverse high frequency electromagnetic waves
propagating in a cold non-magnetized plasma. The refractive index is defined as
N = ck/ω, inserting this in Equation 6 yields ω2 = ω2pe + ω2 N 2 which can be
rewritten as
s
r
ω2pe
ne
N = 1− 2 = 1−
(7)
nc
ω
where nc =

ω2 me 0
e2

is the cutoff plasma density (see section 2.1.5) [10].

9

2.1.2

Electromagnetic waves in a magnetized plasma

In the more complex approach we consider a magnetized plasma (non-zero B0 )
described by a fluid treatment. The phase velocity of the waves in the plasma will
be close to the speed of light, and the thermal speed of the electrons will be much
slower. This allows for the cold plasma approximation. By also ignoring collisions
between particles the electrons are considered at rest except when perturbed by the
fields. The equation of motion for a single electron is
me

∂v
= −e(E + v × B0 )
∂t

(8)

where B0 is in the z-direction. Assuming harmonic solutions once again the directional components of Equation 8 become
−me iωv x = −eE x − eB0 vy
−me iωvy = −eEy + eB0 v x

(9)

−me iωvz = −eEz
which we solve for v using the expression for the electron cyclotron frequency
Ω ≡ eB0 /me :
!
iΩ
−ie
1
E x − Ey
vx =
ωme 1 − Ω2 /ω2
ω
!
−ie
1
iΩ
(10)
vy =
E x + Ey
ωme 1 − Ω2 /ω2 ω
−ie
Ez
vz =
ωme
Because we have neglected thermal velocities and collisions all electrons move
alike, the current density is then expressed as
j = −ene v = σ · E

(11)

where the conductivity tensor σ is expressed with the help of Equation 10 as:
ine e2
1
σ=
me ω 1 − Ω2 /ω2



−iΩ/ω
0

 1


iΩ/ω
1
0


0
0
1 − Ω2 /ω2

(12)

Note that this is only the electron conductivity tensor, but this is justified since the
waves are still considered to be in the high frequency regime where ion motion is

10

neglected. The
 dielectric
 tensor  is related to the conductivity tensor σ with the
relation  = 1 + ωi 0 σ where 1 is the unit dyadic. This yields

2
1 − ω p
2
ω −Ω2

2Ω
−iω

p
 = 
2
 ω(ω −Ω2 )

0

iω2p Ω
ω(ω2 −Ω2 )
omega2
1 − ω2 −Ω2p

0





0 

ω2p 
1 − ω2
0

(13)

which can be rewritten using the non-dimensional quantities X = ω2p /ω2 , Y = Ω/ω
and N = kc/ω. We also set k x = 0 in order to describe the direction of propagation
in the wave vector as k = k · (0, sin θ, cos θ) where θ is the angle between k and B0 :
 2
−N + 1 −
−iXY


1−Y 2
0

X
1−Y 2

iXY
1−Y 2
2
2
−N cos θ +


0


N 2 sin θ cos θ  = 0

−N 2 sin2 θ + 1 − X

X
1 − 1−Y
2
N 2 sin θ cos θ

(14)

The solution of Equation 14 is the Appleton-Hartree formula:
N2 = 1 −

X(1 − X)
1−X−

2
1 2
2 Y sin θ

±

[( 21 Y 2 sin2 θ)

+ (1 − X)2 Y 2 cos2 θ]1/2

(15)

In the case of a negligible magnetic field (Y → 0) the formula is reduced down to
the same relation as in Equation 7:
N =1−X =1−
2

ω2p
ω2

This wave mode is called an ordinary wave. All modes are independent of the
direction of propagation if the magnetic field is negligible [3].
2.1.3

Measuring the phase shift

To relate
R the phase to the refractive index we assume solutions of WKBJ form
exp[i( kdl − ωt)] (assuming an isotropic plasma) [3] and identify the phase as
Z
Z
ω
φ=
kdl =
N dl
(16)
c
and the phase shift as
ω
∆φ = φ p − φr =
c

11

Z
(N − 1)dl.

(17)

The refractive index for the reference beam is 1 since it never passes through the
plasma. This leads us to the question of how the phase shift is measured. The
interference between the reference and probe beams is measured by a square law
detector. The measured intensity I is shown in Equation 18
h
i2 
I = E0p + E0r
=
2 + E2
E0p
0r



+ E0p E0r cos (ω p − ωr )t + φ p − φr =
2


p
=I p + Ir + 2 I p Ir cos (ω p − ωr )t + φ p − φr

=

(18)

where E0 is the beam electric field amplitude. Subscript ”p” refers to the probing
beam and ”r” to the reference beam. By introducing Ω = ω p − ωr the output
signal can be expressed as V(t) = V0 + V1 cos (Ωt + ∆φ(t)) where ∆φ(t) is the phase
difference between the reference and probe beam. In a homodyne interferometer
the angular frequencies are equal (Ω = 0) and in a heterodyne interferometer there
is a small frequency shift between the reference and probe beam [8].
The advantage of using a heterodyne over a homodyne interferometer is due to
the ambiguity in the measurement that occurs in homodyne interferometers. Because the measurement relies on the cosine function it is impossible to determine
if the phase shift is increasing or decreasing at ∆φ(t) = 0, π, 2π, 3π, .... The phase
change over time (which is the output frequency) is denoted as ∆ω = dφ
dt and the
detector can only measure |∆ω|, which is the reason for the ambiguity. But for a
heterodyne interferometer the phase change over time becomes ∆ω = Ω + dφ
dt . As
Figure 3 illustrates this allows us to describe the phase change as strictly positive
values of the output frequency, as long as Ω > dφ
dt .

Figure 3: Output frequency in a homodyne and a heterodyne interferometer.
The heterodyne interferometer also allows for AC coupled electronics since the
desired phase shift can be identified in the output frequency. This also means that
the interferometer is not affected by changes in amplitude in the plasma or in the
reference beam [3].
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Another issue with measuring the phase shift is the potential for phase jumps.
A single measurement cannot distinguish between ∆φ and ∆φ + 2π. If the phase
shift is larger than 2π there is a risk of misinterpreting data. This is solved by measuring the phase shift continuously and correcting for the jumps that occur when
it revolves from 2π to −2π. In the data analysis at EXTRAP T2R the MATLAB
function ”unwrap” corrects for phase jumps. Figure 4 shows a phase shift before
and after correcting for phase jumps.

13

Figure 4: HeNe phase shift with (TOP) and without (BOTTOM) phase jumps. The
red arrows show one jump up and one jump down out of the many phase jumps.
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2.1.4

Quadrature phase detection

The phase is extracted from the detector signal using quadrature phase detection.
The detector signal along with a sinusoidal reference signal of frequency Ω (Ω =
40 MHz at EXTRAP T2R) is fed into a phase comparator. The phase comparator
has two outputs which are referred to here as the sine and cosine signals. The sine
signal is the detector signal multiplied with the reference signal. The cosine signal
is the same multiplication but with the reference signal phase shifted by 90◦ . Due to
the difference in timescale between the plasma induced phase shift and the period
2π/Ω, the output can be averaged over that period [1]. The two output signals can
be seen in Equations 19 and 20.
Ω
Vcos (t) =
2π

Z

2π
Ω



 


1
V0 + V1 cos Ωt − ∆φ(t) Vre f cos Ωt dt = V1 Vb cos ∆φ(t)
2
0
(19)
Z 2π 
Ω




 
Ω
1
V sin (t) =
V0 + V1 cos Ωt − ∆φ(t) Vre f sin Ωt dt = V1 Vb sin ∆φ(t)
2π 0
2
(20)
But due to the imperfections of electronics more realistic expressions are shown in
Equations 21 and 22 [1]:




Vcos (t) = Vc cos ∆φ(t) + Vc0

(21)



V sin (t) = V s sin ∆φ(t) + V s0

(22)

where Vc and V s are signal amplitudes, Vc0 and V s0 are the offsets for the sine
and cosine signals respectively. Using Equations 21 and 22 the phase shift can be
extracted absolutely [3]:
 V (t) 
sin
∆φ(t) = arctan
(23)
Vcos (t)
During alignment and measurements it is very useful to examine the sine cosine
circles to spot disturbances. Without any disturbance signals or other electrical
problems Vcos plotted against V sin should form a perfect circle. Figure 5 shows
approximate sine cosine circles for CO2 and HeNe.
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Figure 5: Sine cosine circles for CO2 (top green) and HeNe (bottom blue) along
with perfect reference circles with red.
2.1.5

Frequency choice

The wavelength choice for an interferometer laser has certain limitations. Let us
study the propagation of electromagnetic waves in the plasma using the dispersion
in Equation 6. Solving for k yields k2 = (ω2 −ω2pe )/c2 which suggests that k is only
real for ω2 ≥ ω2pe . The critical case ω2 = ω2pe occurs at the critical density nc =
me 0 ω2
.
e2

At the critical density k = 0 which implies reflection of waves instead of
propagation. The case ω2 < ω2pe leads to an exponentially decaying wave ∝ eikz =
e−|k|z = e−z/δ where δ = 1/|k| is the skin depth [10]. The frequency dependence
of nc means that some low frequency lasers can bring down nc to values close to
or below the maximum electron density in the plasma. Even if the beam is not
stopped completely (either by reflection or rapid attenuation) its intensity might
too low for the detector to function.
Another frequency dependent potential issue is beam refraction. A beam in
a nonuniform plasma is refracted which can impact alignment. For a cylindrical
16

plasma the angle of refraction becomes [8]
Z
1
∆ne dl
θ=
nc

(24)

where ∆ne is the density gradient of the plasma.
For a parabolic density profile the maximum deflection angle would be
θ=

nm axλ2 e2
.
4π2 c2 0

(25)

However, the refraction is negligible for the electron density values and the
interferometry wavelengths at EXTRAP T2R.
2.1.6

Average line integrated electron density

With Equation 7 the phase shift in Equation 17 can be rewritten as
!
Z r
ω
ne
∆φ ≈
1−
−1 .
c
nc

(26)

For typical plasma densities and interferometer wavelengths ne << nc which allows
for a Taylor expansion of the integrand, the first two expansion terms yields:
Z
ω
ne dl
(27)
∆φ =
2nc c
R
1
The average line integrated density is expressed as hne i = Lchord
ne dl where Lchord
is the length which the probing beam propagates through the plasma. With Equation 23 from the quadrature phase detection the average line integrated electron
density can be expressed as
"
#
2nc c
V sin (t)
hne i =
arctan
.
(28)
ωLchord
Vcos (t)
2.1.7

Double colour interferometry

A double colour interferometer utilizes two lasers which results in two probing
beams and two reference beams. At EXTRAP T2R this is done with a CO2 laser
(λCO2 = 10.6 µm wavelength) and a HeNe laser (λHeNe = 632.8 nm wavelength).
In order to illustrate the purpose of a double colour interferometer we will now also
include the contribution from mechanical vibrations to the phase shift. The total
phase shift becomes ∆φtot (t) = ∆φ plasma (t) + ∆φmech (t) where ∆φmech (t) = 2π
λ δ(t).
As the mirrors move with the mechanical vibrations the optical path-length also
17

changes. This vibrational amplitude δ(t) is converted to a phase shift with the
factor 2π
λ.
The phase shifts for the CO2 and the HeNe lasers are obtained using Equation
Lchord e2
28, the parameter K = πm
and adding mechanical vibrations:
 c2
e 0

∆φCO2 = KλCO2 hne i +

2π
δ
λCO2

∆φHeNe = KλHeNe hne i +

2π

(29)

δ
(30)
λHeNe
Note that the higher wavelength of the CO2 laser means the contribution from
mechanical vibrations is smaller and the contribution from the plasma is larger
compared to HeNe. Figure 6 shows a phase shift measurement where CO2 is scaled
CO2
up for comparison by a factor of λλHeNe
= 16.75. The larger oscillation is due to
mechanical vibrations and CO2 s peak and positive offset is due to the plasma.

Figure 6: The CO2 phase shift is scaled up by a factor

λCO2
λHeNe

= 16.75

phaseshiftexample
Solving for hne i and δ respectively yields:
hne i =

λCO2 ∆φCO2 − λHeNe ∆φHeNe
2
K(λCO2
− λ2HeNe )
18

(31)

δ=

λCO2 λHeNe
(λCO2 ∆φHeNe − λHeNe ∆φCO2 )
2
2π(λCO2
− λ2HeNe )

(32)

As a reference, Figures 7 and 8 shows a typical measurement of hne i and δ for
a short plasma pulse.

Figure 7: Average line integrated electron density over time for a short plasma
pulse.
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Figure 8: Vibrational amplitude over time for a short plasma pulse.

2.2

Hα spectroscopy

Hα spectroscopy is a diagnostic that measures the emitted light from hydrogen,
in our case from hydrogen in the plasma. Hydrogen atoms are quickly ionized
in the plasma due to particle collisions. When the hydrogen ions recombine with
electrons the electron sometimes end up in an excited state. During de-excitation a
photon is emitted, specifically a Balmer Hα photon if the electron transitions from
quantum number 3 to 2, see Figure 9. This recombination is more frequent near
the edge where the plasma is colder. The Balmer Hα spectral line is well utilized
in astronomy and other fields of spectroscopy [6].

20

Figure 9: Bohr model illustration of the emission of a Balmer Hα photon.
The aim of this section is to relate the measured voltage value from any of
the three PM tubes to a measured radiance value. This is done by first finding the
calibration constant G0 , this constant transforms [V] to units of [W / sr cm2 ].
2.2.1

Calibration

G0 is found by illuminating each PM tube using a calibration lamp with a known luminance. The calibration lamp has a wavelength dependent spectral radiance S(λ)
[W / sr cm2 nm] and each PM tubes has a Hα filter with a wavelength dependent
transmittance f (λ). The resulting relation is shown in Equation 33.
Z
v0 = G0 S (λ) f (λ)dλ
(33)
The Hα filters are Ultra-narrow bandpass filters for astronomy from BARR
Associates, inc [7]. Their filter function f (λ) is shown in Figure 10.
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Figure 10: BARR official filter function.
The filter function is centered at 656.6 nm and at this wavelength the tabulated
spectral radiance for maximum luminance (32425 fL) of the calibration lamp was
2.3868*10−4 W / sr cm2 nm. Assuming linear behaviour the respective radiance
values are listed in Table 1 for the three PM tubes.
Table 1: Transmitted light through the BARR filters
PM tube Calibration lamp Transmitted radiance S 0
luminance [fL]
[W / sr cm2 nm]
at 5.8 A
PM2
30 100
2.22E-04
PM3
3277
2.41E-05
PM7
31 600
2.33E-04
For a normalized f (see Figure 11) the integration in Equation 33 becomes
S (λ) f (λ)dλ = 0.7482S 0 [W / sr cm2 ]. We approximate S (λ) ≈ S 0 over the short
wavelength interval where f (λ) is nonzero. This yields the calibration constant

R
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G0 =

v0
S0

R

≈

f (λ)dλ

v0
.
0.7482S 0

(34)

Note that each PM tube has a different calibration constant based on S0 .
2.2.2

Measurement

The actual Hα measurement yields a voltage v1 :
Z ∞
v1 = G0
S 1 (λ) f (λ)dλ

(35)

−∞

where S 1 (λ) is the spectral radiance of a Hα spectral line. We assume a thin uniform spectral line centered on λ1 and with a width of 2. For a small  the measurement becomes
Z λ1 +
v1 = G0 f (λ1 )
S 1 (λ)dλ = G0 f (λ1 )P1
(36)
λ1 −

Where P1 [W / sr cm2 ] is the Hα radiance. For the used BARR filters the transmittance is 0.61 at λ1 = 656.3 nm, this can be seen in Figure 11.

Figure 11: BARR filter function.
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The measured radiance from a PM tube is then calculated as
P1 =

v1
0.61G0

(37)

where v1 is the measured voltage value.

2.3

Particle confinement time

The in- and out-flux of ionized hydrogen in the plasma behaves as follows. The
surrounding wall provides an influx ΓH of hydrogen atoms, these enter the plasma
and get ionized at a rate of σ![ionizations#
/ m3 s]. The production rate of protons
(ionized hydrogen) becomes Γ p dA =
σdV. When considering the edge of
the plasma we can assume that the proton production is in an equilibrium, meaning
that ΓH = Γ p . The total number of protons N p in the plasma changes as
dn p
np
=σ−
dt
τp

(38)

where τ p is the particle confinement time. Solving for the particle confinement
time yields
np
ne dV
τp =
≈
(39)
dn p
e
σ − dn
σ − dt
dt
in the estimation that the electron density is close to the proton density.
During the ionization process Balmer Hα photons are emitted. The intensity I
of these photons can be related to the ionization rate per volume (σ) as
I

S
=σ


(40)

where S is the number of ionizations per photon [6]. The ionization per photon
values were obtained from the Atomic Data and Analysis Structure (ADAS) [9].
The intensity I is obtained from the radiance P1 measured with the PM tubes.
However, the intensity is given in units of [photons / m3 s] and the measured
radiance a line integrated value [W / cm2 sr]. Part of this can be solved with the
unit conversions
P1 [W/cm2 sr] = P1 [J/s cm2 sr] = P1
P1 4π

λ
[photons/cm2 sr s]
hc

λ
λ
[photons/cm2 s] = P1 4π106 [photons/m2 s] = P photon
hc
hc
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P photon =

Z

x0

Idx

(41)

−x0

where P photon is in units of [photons / m2 s], h is Planck’s constant in units of [Js],
c is the speed of light, λ is the wavelength of the Hα photons, and x0 = (a2 − y2 )1/2
from Figure 12. To perform the integral in equation 41 we use Abel inversion. This
results in a radial profile of the intensity, Abel inversion is also used to acquire profiles for the electron temperature and electron density.
For a line integrated function f(y) in a cylindrical geometry (see Figure 12)
the Abel inversion
f(y) and g(y) are
R x0transformers f(y) into
p
p a radial profile g(r).
2
2
2
related as f (y) = −x g(r)dx where r = x + y and x0 = a − y2 [3]. The Abel
0
inversion is performed as
Z a
rdr
f (y) = 2
.
(42)
g(r) p
r
r2 − y2

Figure 12: Line integrated measurement in a cylindrical geometry (From Hutchinson [3] page 143).
In practice we assume a radial profile, use Abel inversion to get its line integrated equivalent and compare that to line integrated measurements. Then the
radial profile is adjusted such that its Abel inversion agrees with measurements.
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3
3.1

Experimental setup
Old interferometry setup

This section aims to describe how the different parts of the interferometer function. None of these components have been removed for the new setup, thus, these
descriptions are still valid for the upgraded setup.
The layout of the optical table is shown in Figure 13.

Figure 13: Previous optical table layout at EXTRAP T2R.
The CO2 and HeNe beams both enter their own Bragg cell which splits them
into the probe and reference beams. The Bragg cell holds a germanium crystal
and a piezo-electric transducer. The transducer receives a sinusoidal voltage which
induces a 40MHz acoustic wave in the crystal. This changes the refractive index
of the crystal which splits the incident beam into an undiffracted (probe) beam and
a diffracted (reference) beam (along with higher order diffractions). The diffracted
beam is also frequency shifted by 40MHz [1]. After the beam expander the beams
are directed to the detectors via mirrors, beam splitters and focusing lenses. Beam
stoppers are responsible for blocking stray reflections and higher order diffractions.
The optical table is a marble bench on top of four vibrational isolators (MellesGriot, mod 07 OTL 010) which mitigates external vibrations.
From the optical table the two probe beams travel towards the torus. Steered by
a mirror (referred to as the ”plasma mirror”) they enter a vacuum window, travel
through the plasma and exit via another vacuum window. Outside they are reflected back for a second pass via a corner cube and returns to the optical table via
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the plasma mirror.
After reaching the detectors the interference signals are processed in separate
branches, these are shown in Figure 14.

Figure 14: Previous electronics setup at EXTRAP T2R.
The interlock connection between the CO2 Bragg cell and the Bragg cell driver
is a safety mechanism for protecting the germanium crystal. It connects the Bragg
cell driver to a temperature sensor inside the Bragg cell, if the temperature exceeds
a certain level the driver shuts off.
The MCL unit is one of many amplifiers and the Gain amplifier in the HeNe
branch can be set to manual or automatic. The automatic setting does not function
well if the HeNe signal is too weak.

3.2

Alignment

In order to measure the interference signal the interferometer has to be properly
aligned. The probing and reference beam have to be parallel and superimposed at
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the small detector area. A poor alignment leads to a small or outright negligible signal. This means that mirrors, beam splitters and the other optical components have
to be carefully adjusted. The HeNe laser can be visually tracked but the CO2 laser
is both outside the visible spectrum and dangerous to eye and skin. Previously the
CO2 laser has been tracked using thermal paper and adjusted until it superimposes
its HeNe counterpart, now this is done with the new thermal image plates (see section 3.4). Then the fine tuning is done by observing the HeNe laser alignment at
two different points while monitoring the interference signal frin the detector. To
align the setup at the optical table a retro reflector is temporarily placed at the table.
Then the interferometer is aligned for the full optical path.

3.3

Data post processing

The vibrational amplitude and electron density are calculated using Equations 32
and 31, this is done with a MATLAB script (see Appendix A).

3.4

Interferometer upgrades

The proposed interferometer upgrades and design changes are as follows:
1. A re-design of the optical layout reducing the number of ”non-shared” windows
between the CO2 and the HeNe laser.
The benefit of both beams interacting with the same amount of mirrors is that
they experience the same amount of vibrations. However, this is based on the assumption that the vibrations are uniform over the whole table, or happen to be
similar enough in the mirror positions. This design change was not implemented
because the intrusiveness of drilling new holes in the optical tables was deemed too
high for the supposed benefit.
2. Adding a phase shifter in the form of a mirror mounted on a piezo-electric piece.
The phase shift would allow for a full circle CO2 phase shift which is required for
an accurate correction of the quadrature detector signals.
The implementation of the phase shifter is outlined in section 3.4.1.
3. A beam power sensor or a similar tool to assist with alignment and beam characterization, mainly for the CO2 laser.
A set of thermal image plates have been acquired, the implementation of these
are outlined in section 3.4.2.
4. A new HeNe laser with higher power and less divergence. Alternatively a beam
expander to reduce the divergence of the HeNe beam.
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Instead of this, the current beam expander for the CO2 beam has been adjusted.
This is outlined in section 3.4.3.
3.4.1

Phase shifter

The chosen piezo-electric piece was a Piezo Mirror-shifter STr-25 along with the
Analog Amplifier SVR 150/1, both from Piezomechanik [11]. STr-25 provides single axis movement up to 6 µm and has a capacitance of 2.5 µF. The mirror-shifter
was driven by a positive sinusoidal signal generated by an Interstate 20 MHz Loglinear sweep generator F77 (Interstate Electronics Corporation). The SVR 150/1
amplified the signal to 100 V peak to peak whilst set at 15 times gain. This produced 2π phase shift for the CO2 laser. The supported operating frequency of the
amplifier is around 10-100 Hz and is determined by the F77 frequency generator
and the capacitance of the mirror-shifter.
A protected silver mirror (PF10-03-P01-10 - Ø1”, Thorlabs [12]) was glued to
the mirror-shifter using slow set (24h) epoxy glue. The reflectance of the mirror is
over 97.5% for HeNe and over 96% for CO2. The mirror-shifter was then mounted
in a fixed optical mount (FMP2/M - Fixed Ø2”, Thorlabs) which was fastened on
the stand. The stand is composed of an aluminium post (TRA50/M - Ø12.7 mm,
Thorlabs), a post holder (PH50/M - Ø12.7 mm, Thorlabs), a pedestal base (BE1/M
- Ø31.8 mm, Thorlabs) and a clamping fork (CF175 Clamping Fork 1.76”, Thorlabs). The mirror-shifter in its stand is shown in Figure 15.

Figure 15: The Str-25 mirror shifter in its stand.
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The position of the mirror shifter on the optical table is seen in Figure 16 and
17.

Figure 16: Current interferometer layout at EXTRAP T2R.

Figure 17: Placement of the mirror shifter (X) on the optical table.
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The optimal angle of incidence θ on the mirror shifter was as close to 90◦ as
possible without mirror F blocking the path to mirror H. This is important because
when the mirror-shifter changes the optical path there is an alignment shift which
is proportional to sin θ. A full CO2 circle requires a phase shift of 10.6 µm and the
induced phase shift is proportional to (cos θ)−1 . This means that one could achieve
a larger phase shift with a larger θ, but this was not necessary. These two shifts are
shown in Figure 18 for an exaggerated θ.

Figure 18: Illustration of the phase shift and the alignment shift induced by the
maximum mirror-shift.
In the final placement the angle of incidence was approximately 6◦ which corresponds to a maximum phase shift of 12.1 µm and a maximum alignment shift of
0.6 µm.
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3.4.2

Thermal image plates

A set of thermal image plates were purchased from Cascade Laser Corp [13] (models MAC22A and MAC22B). When illuminated by the supplied UV lamp the CO2
laser can be seen as a dark dot on the thermal image plates. This can be seen in
figure 19. The thermal image plates have been quite useful in the alignment procedure and when determining the CO2 beam width. Unfortunately even the most
sensitive thermal image plate could not detect the CO2 beam after having passed
through the vacuum windows and travelled back to the table.

Figure 19: The CO2 beam seen on the thermal image plate with surface number 7.
3.4.3

CO2 Beam expander

The beam expander has two important tasks, firstly to reduce the beam divergence
such that the CO2 beam has a sufficient intensity to produce an interference signal.
Secondly the CO2 and HeNe beams should ideally be of similar size in order to
experience the same amount of vibrations. The vibration-behaviour of the plasma
mirror during a plasma shot is not known. If the vibrations are not uniform two
differently sized beams reflecting off the mirror would experience different vibrations, and if the two beams experience a different amount of vibrations the can-
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cellation method described in section 2.1.7 fails. It is particularly important that
the two beams are of a similar size at the plasma mirror since it is very close to
the torus. With the help of the thermal image plates it was revealed that the CO2
beam has a larger beam width than the HeNe beam, contrary to what was previously assumed. In addition, when examining the current CO2 beam expander the
focal point was found at a very short distance from the beam expander. The unmarked and locally manufactured beam expander was adjusted to suit a much older
interferometer setup and focus the beam onto the detector, something that today is
done with separate lenses. The beam expander was partially taken apart and then
adjusted with its adjustment screws, see Figure 20. The distance adjustment screw
was turned to maximize the distance between the two lenses.

Figure 20: CO2 beam expander. The Distance alignment screw pushes the smaller
lens further or closer to the larger lens, which moves the focal point.
The resulting CO2 beam after the beam expander is close to parallel and of
similar size to the HeNe beam at the plasma mirror. The magnifying power of the
beam expander was measured to be 8. This was done by digitally estimating the
size of the beam width with and without beam expander, see Figure 21.
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Figure 21: CO2 beam width with and without adjusted beam expander.

3.5

Interferometer electronics setup

During the course of the project the electronics setup has been reconfigured multiple times. This was done to combat multiple issues, both known and newfound
problems. The final setup for the project is seen in Figure 22 and the issues are
listed below in A - D:

Figure 22: The new interferometry electronics setup.
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A. Detector signal levels.
If the detector signal is too large or too small compared to the reference signal,
the resulting sine and cosine signals will be distorted. Rather than forming a circle
when plotted against each other, they will form a square if the detector signal is too
small compared to the reference signal, and a rhombus if the detector signal is too
large. These are shown in Figure 23 along with the usual circle. This was mostly
a problem for the CO2 quadrature detector, which is why the variable attenuator is
used to adjust the CO2 detector signal in the current setup.

Figure 23: Quadrature detector sine and cosine signals plotted against each other.
Due to imbalanced signals they are distorted into a square (left) or a rhombus (middle) compared to the intended circle (right).
B. Detector interference When the detector signal cables were too close to each
other an interference appeared in the CO2 sine-cosine circle, this can be seen in
Figure 24.

Figure 24: CO2 sine-cosine circle with interference from the HeNe detector.

35

Figure 24 shows 17 peaks which is very close to the wavelength ratio between
the CO2 and the HeNe laser, this suggested an interference from the HeNe signal.
In the current setup the cables are drawn far apart from each other.
C. RF interference. When the RF connector on the HeNe quadrature connector
was connected (via the metal shelf) to its casing a large RF disturbance was seen.
The sine-cosine signals were heavily distorted. This was solved by placing the
HeNe quadrature detector on a sheet of plastic.
D. Attenuators.
Many attenuators have been repositioned when adjusting the detector signal levels.
Some attenuators overheated and had to be replaced. A 10 dB Uni-Directional
Coupler was ordered to be used near the Bragg cell driver, but it did not arrive in
time to be included in the project.

3.6

Hα experimental setups

The experimental setup for Hα spectroscopy had not been used for a while at the
start of this project. Therefore, the PM tubes had to be absolutely calibrated, and
the amplifiers and Hα filters had to be characterized. In total, four PM tubes and
five Hα filters were studied. This section presents the two different setups used for
calibration and measurements.
3.6.1

Hα calibration setup

In the Hα calibration setup a single PM tube measures the irradiance from a calibration lamp with a known luminance. The PM tube signal is amplified and then
sent to the data acquisition system. The setup is shown in Figure 25 and partly in
Figure 26. Note that this is only an absolute calibration for when the PM tubes and
the optical fiber cables are considered a single system, which always is the case in
this report.

Figure 25: An illustration of the Hα calibration setup.
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Figure 26: Experimental setup of the H-alpha calibration. 1. Integrating sphere,
2. chopper (a small fan), 3. viewport window (FSVP-UV-3-3/8CF, fused silica
viewport from LewVac [1]), 4. optical fiber cable to the PM tubes.
The calibration lamp was an OL 455 integrating sphere. Its luminance is given
in footLambert (fL) and it has tabulated values for its irradiance in [W / sr cm2 nm]
during maximum luminance.
A chopper was used to turn the signal into a square wave such that the background ambient light could be easily subtracted. With this method the light from
the calibration lamp corresponds to the height of a square in the square wave. The
chopper also protected the PM tubes from continuous exposure from the calibration lamp. An example of the measured signal in the data acquisition system can
be seen in Figure 27 or directly on the oscilloscope in Figure 28. The viewport
window was there to account for the attenuation in real measurements.
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Figure 27: PM3 measurement 1.

Figure 28: Example of the PM3 square wave viewed on the digital oscilloscope.
Additional information about the setup, such as the characterization of the amplifier and the connectivity, can be found in Appendix A.
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3.6.2

Hα measurement setup

For the α measurement all PM tubes were connected to viewports in the torus via
fiber optic cables, the setup can be seen in Figure 29.

Figure 29: An illustration of the Hα measurement setup.
Each PM tube is powered by its own high voltage supply. These supply voltages were set to 1000 V for PM2, 900 V for PM3 and PM7. PM5 was not used in
the final measurements due to its poor performance.

4

Calibration results

This section shows the results of the PM absolute calibration, the characterization
of the setup, and some Hα measurements.
As part of the setup characterization, it was shown that the PM tubes respond
linearly to a change of luminance. For PM3, two measurements were taken for
different supply voltages, at two different luminance settings. The second measurements was scaled with the mean ratio between the two, and overlapped well
with the first measurement. This is seen in Figure 30.
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Figure 30: PM3 measurements 1, 2, and scaled measurement 2.
To create the calibration coefficient curves, measurements were taken for each
PM tube for different supply voltages. These measurements for PM2 are shown
in Figure 31. The output voltage v0 is then used in Equation 34 to calculate the
calibration coefficient curve, these are shown for PM2, PM3 and PM7 in Figure
32.
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Figure 31: PM2 calibration measurement.

Figure 32: Hα calibration coefficients.
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Individual calibration coefficient curves and additional calibration measurements are found in Appendix A.

4.1

Hα measurements

To illustrate a typical Hα measurement for a plasma shot at EXTRAP T2R, a PM2
Hα measurement is shown in Figure 33. This data, and the data in Figures 34 and
35, is smoothed using Savitzky-Golay filtering with MATLAB’s sgolayfilt function
to better show the shape of the curves.

Figure 33: PM2 Hα measurement.
In Figure 34 are Hα measurements from three PM tubes, this showcases the
difference in their sensitivities. Even though PM7 is closer to the edge PM3 has
a stronger signal, this is accounted for with the calibration constants. Figure 35
shows three PM7 Hα measurements for three similar plasma shots, showcasing the
reliability of the Hα measurement setup.
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Figure 34: PM2, PM3 and PM7 Hα measurement.
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Figure 35: PM7 Hα measurements from three different plasma shots.

4.2
4.2.1

Interferometry setup improvements
Sine cosine circles

The improvements of the setup can be seen in the sine cosine circles in the following ways:
The Piezo phase shifter can extend the CO2 circle to make a full revolution (see
Figure 37). However, it is recommended to use the phase shifter during alignment
and then turn it off during actual measurements. Figure 36 shows how the phase
shifter can affect the electron density measurement. The phase shifter is turned
off for shot 52224E and turned on for 52224G. In both cases the electron density
should be zero since there was no plasma in those measurements, and in the case
of 52224G the ambient noise was much larger due to the phase shifter.
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Figure 36: Electron density for a measurement without plasma. The Piezo phase
shifter is turned off for shot 52224E and on for 52224G.
The improved insulation for the HeNe quadrature detector avoids large disturbances in the HeNe sine cosine circle.
The repositioning of the detector signal cables removed the interference seen
in Figure 37.

Figure 37: CO2 sine cosine circle with (LEFT) and without (RIGHT) the detector
signal interference.
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Figure 38 shows the sine cosine circles of the final measurement.

Figure 38: CO2 and HeNe sine cosine circle for shot 26605.
4.2.2

Electron density measurements

The improvements of the interferometry setup is seen in the measurements of the
average line integrated electron density. The electron density from four different
shots before the improvements can be seen in Figure 39. The improvements include:
1. Better alignment of the CO2 and HeNe beams using the thermal image plates.
2. A more accurate overlap of the CO2 and HeNe probe beams at the plasma mirror, aiding the mechanical vibration cancellation.
3. More circular CO2 and HeNe circles, meaning less electrical distortions. Provided by both the piezeo phase shifter and rewiring of the electronics setup.
4. Less electrical interference between CO2 and HeNe due to redrawn cables and
isolation of the HeNe quadrature detector.
Note that 3 and 4 were not an issue in the measurements in Figure 39. However,
they were very likely to occur when adjusting the electronics and had not yet been
characterized.
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Figure 39: Electron density from four different plasma shots before any of the
interferometer improvements outlined in this report.
Figure 40 shows the electron density from three different shots after the improvements. The vibrational amplitude for the three shots are shown in Figure 41.
To highlight the difference in fluctuation, all seven measurements are shown in
Figure 42.
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Figure 40: Electron density from three different plasma shots after the improvements.

Figure 41: Vibrational amplitude from three different plasma shots after the improvements.

48

Figure 42: Electron density from seven different plasma shots before and after the
improvements. The plasma shots after the improvements are shot numbers 26603
- 26605.

5
5.1

Scientific results
Plasma current and fill pressure

Some electron density measurements were taken for two different plasma currents
and two different fill pressures (the pressure at which the hydrogen gas is injected).
Several electron density measurements are shown in Figure 43 for the two
plasma currents in Figure 44. The most noticeable and consistent impact on the
electron density is on the initial peak.
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Figure 43: Electron density for two different plasma currents.

Figure 44: Two different plasma currents for plasma shots of different length.
The Hα measurements for the same shots are shown in Figure 45
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Figure 45: Hα measurements for two different plasma currents.
Two electron density measurements with the standard fill-in pressure of 1.58
mTorr and a measurement with a fill-in pressure of 2.43 mTorr are shown in Figure
46. The impact of the higher fill pressure on the plasma current for the same
measurements is shown in Figure 47.
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Figure 46: Electron density for two different fill-in pressures.

Figure 47: Plasma current for two different fill-in pressures.
The PM2 Hα measurements for the same shots are shown in Figure 48.
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Figure 48: Hα measurements for two different fill-in pressures.

5.2

Particle confinement time

The particle confinement time was calculated for three different shots; 26598,
26603 and 26605. The measurement data was collected in the time interval 1314 ms. For reference, this interval is included in Figure ?? for PM7 and in Figure
49 for the average line integrated electron densities.

Figure 49: Line integrated electron densities for the three chosen plasma shots.
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The electron density profile ne (r) is modeled as
r
ne (r) = na (a) + (ne (0) − ne (a))[1 − ( )α ]γ
(43)
a
where na (a) is a typical edge density, a is the minor radius, n0 (0) is a typical peak
density [14]. α and γ are profiling parameters. For this experiment they were set to
α = 5 and γ = 1. The radial profile was transformed into a line integrated profile
using Abel inversion. The value of n0 (0) was adjusted such that the inversion
matched the line integrated measurement. Based on a paper by Vianello [16] na (a)
was set to 10% of the measured average line integrated density. The Abel inversed
model and for shot 26605 can be seen in Figure 50 and all the electron density
profiles can be seen in Figure 51.

Figure 50: A model of the line integrated electron density radial profile for shot
26605 (red), measured line integrated electron density (blue).
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Figure 51: Modeled electron density radial profiles.
This is repeated for obtaining the temperature profile using the same kind of
model. However, this was based on previous temperature measurements at EXTRAP T2R [15]. The typical edge electron temperature was set at 20 eV and the
typical peak temperature at 175 eV. α was set to 5 and γ to 1. The temperature
profile used for all three shots is shown in Figure 52.

Figure 52: Modeled electron temperature radial profile.
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With the temperature and density profiles the ionization per photon values
could be extracted. The ionization per photon graph along with the extracted points
for 26603 is shown in Figure 53. The ionization per photon profile for all three
shots is seen in Figure 54.

Figure 53: Tabulated values of ionization per photon, the relevant points for shot
26603 are marked with red circles.
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Figure 54: Ionizations per photon radial profiles.
The Hα measurement data in the time interval is also used to assume a profile
with the Abel inversion method. A Gaussian profile was chosen based on Kuldkepp’s studies [14],
I = c1 e

−(

r−c2 2
c3 )

(1 − r4 )

(44)

where c1 , c2 , and c3 are the free parameters describing height, position and width
of the Gaussian profile. The line integrated Hα profile and the measurement data
for 26603 is shown in Figure 55. All three Hα profiles are shown in Figure 56.
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Figure 55: A model of the line integrated Hα irradiance radial profile for shot
26605 (red), measured line integrated Hα irradiance (blue).

Figure 56: Modeled Hα irradiance radial profiles.
The particle confinement time was calculated using the temperature, density
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and Hα profiles with Equations 39 and 40.
dN
The estimated dtp values and the calculated particle confinement times are displayed in Table 2 for the three shots. Note that the integrations are done over the
whole volume of the plasma, as such the particle confinement times are average
values. Table 2 also presents τ p values calculated for electron density and temperature profiles with α = 2.
Table 2: Particle confinement time results
dN p
−3 −1
Plasma shot
τ p [ms] τ p [ms]
dt [m s ]
(α = 5) (α = 2)
26605
−1.1 ∗ 1020
7.2
6.4
20
26603
−1.2 ∗ 10
3.9
3.6
26598
−5.6 ∗ 1019
6.9
6.4

6
6.1

Analysis
Electron density measurement

The changes to the interferometer has resulted in more reliable electron density
measurements as can be seen in Figure 42. Since no plasma parameters were
changed between shots 26603 - 26605 the three plasma shots should be very similar. The electron density is expected to behave as the Hα irradiance (see Figure
33, a steep initial peak followed by a slow decline. The three shots follow this
behavior up to around the 20 ms mark where they diverge. We believe the reason
for this inconsistency is that the cancellation of the mechanical vibrations of the
interferometer does not function for large vibrations. Figure 41 shows a significant
change of the vibrational amplitude, starting at around 20 ms.
The effect of this is more clearly seen in the phase shift, Figure 57 shows the
phase shift for shot 26605. In Figure 57 the CO2 phase shift reflects the electron
density and the HeNe phase shift reflects he vibrational amplitude. For a slow decline we expect an almost constant height difference between the two phase shifts.
However, when the vibrational amplitude changes rapidly this does not hold up.
Plasma shot 26605 deviates the least from the expected decline but the effects can
still be seen in Figure 40, shot 26603 on the other hand has much larger deviations.
The phase shift for 26603 in Figure 58 reveals that the two phase shifts intersect at
many times. At 46 ms the CO2 phase shift even dips below the HeNe phase shift
which leads to a negative electron density.
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Figure 57: CO2 and HeNe phase shift for plasma shot 26605.

Figure 58: CO2 and HeNe phase shift for plasma shot 26603.
Another contribution to these deviations could be the imperfect sine cosine circles, as seen in Figure 38 the HeNe circle as a rhombus shape and the CO2 circle
is slightly oval shaped tilted 45 degrees. Currently the center, sine amplitude and
cosine amplitude are all adjusted in the post processing to compensate for electrical distortions. As discussed in section 3.5 the rhombus behavior is affected by the
detector signal levels, currently these have not been fine tuned to the needs of the
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quadrature detectors.

6.2

Particle confinement time

The models of electron density and temperature radial profiles are only based on a
single measurement point each, this is not nearly enough to definitively determine
their shapes. Instead, this report presents two τ p values for two possible radial
profile shapes, Figure 59 shows these for the electron density.

Figure 59: Electron density profiles for plasma shot 26598 for two different α
values.
The model of the Hα irradiance is similar to the profile in a paper by Cecconello
[17] which was obtained by a different method. The ionization rate per volume is
also of the same magnitude, compare the profiles in Figure 60 with the ionization
source term radial profiles without gas puff in Cecconellos paper [17].
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Figure 60: Ionization rate σ for three plasma shots.
The estimated particle confinement times are reasonable compared to previous
estimations. Vianello [16] estimates a particle confinement time of 0.3 ms very
close to the edge of the plasma. From measurement data in a paper by Cecconello
[17] it can be estimated to 5 ms over the whole plasma. Another estimation from
measurement data in a paper by Menmuir [18] gives a particle confinement time of
5-10 ms for the whole plasma.

6.3

Plasma current and fill pressure

Results show that a higher plasma current resulted in a higher and thinner electron
density peak. However, not enough measurements were taken to conclude if there
divergence seen after 10 ms in Figure 43 is due to the plasma current or mechanical
vibrations. The measurements with different fill pressures in Figure 46 shows that
a higher fill pressure results in a higher and wider electron density peak. But just
like for the plasma current there is not enough data to draw conclusions on its effect
after the 10 ms mark.
In the Hα measurement the peak is cut off so no conclusions can be drawn
from that. But neither the fill pressure nor the plasma current seems to have any
meaningful impact after the 10 ms mark.
Since the electron density directly impacts the particle confinement time we
cannot say how it is affected by the fill pressure or the plasma current after the 10
ms mark.
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7

Conclusions and future work

The interferometer has been upgraded in several different ways; a Piezo phase
shifter has been installed, thermal image plates have been procured, the beam expander has been adjusted, and the electronic setup has been rewired. This has
resulted in more reliable electron density measurements up to around 10-20 ms
when the mechanical vibrations grow larger. To improve the mirrors close to the
machine can be better isolated as they are the primary conveyor of vibrations to
the measurement. In addition the detector signals could be adjusted to the correct
detector/reference signal ratio that the Quadrature detectors require. This also requires more attenuators than the current setup has.
The Hα setup has been calibrated and documented. However, only 3 out of the
4 PM tubes were utilized because of an odd Hα filter and the poor performance of
a PM tube. Procuring a new Hα filter and a new PM tube will allow for the whole
setup to be used.
The particle confinement time was estimated for two different radial profile shapes,
and the resulting values agree with previous measurements. Improvements to the
electron density measurement will allow for more reliable estimations and estimations later in the plasma shot. In addition, different radial profile models could be
explored.
The fill pressure and plasma current have been shown to impact the initial electron density peak. It is inconclusive if the parameters have a meaningful impact
later in the plasma shot, such a conclusion requires more measurements and a reliable electron density measurements at those times. This conclusion is directly
extended to the particle confinement time.
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Appendix A
Hα setup connectivity
The PM tube signals are either sent to amplifier A or B. The PM tubes, the cable
tags, filters and gains are listed in Table 3.

PM tube
PM2

Fiber optic
cable
F06

PM3
PM5
PM7

F13
F10
F12

Table 3: Hα connectivity
Hα filter
PM cable Amplifier
/ Gain
No. 6
Spec110
B4 / 1
No. 4
No. 2 (2AH)
No .5 (PM7)

Spec106
Spec103
Spec102

A5 / 2
B5 / 1
A2 / 2

Data acquisition
cable
Aeon 3248 08 ch3
(Spec210)
Aeon 3248 07 ch2
Aeon 3248 07 ch4
Aeon 3248 07 ch1

Hα amplifier characterization
The absolute amplification of amplifiers A and B has 5 different amplification settings. For the purpose of characterizing the amplifiers, the measured gains are
shown in Figure 61. The amplification is roughly 2 between each level and the
lowest setting (5) gives an approximate amplification factor of 13.
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Figure 61: Absolute amplification of amplifiers A and B.

Hα calibration measurements

Figure 62: PM3 calibration measurement.
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Figure 63: PM7 calibration measurement.

Calibration results
During testing the viewport window transmittance was calculated to be 94.5%, this
factor is included in those measurements performed without the window.
The calibration constant G0 is displayed close to the recommended supply voltages for each PM tube in Figures 64, 65 and 66.
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Figure 64: PM2 Hα calibration coefficient close to the recommended supply voltage of 1000 V.

Figure 65: PM3 Hα calibration coefficient close to the recommended supply voltage of 900 V.
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Figure 66: PM7 Hα calibration coefficient close to the recommended supply voltage of 900 V.
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