UNIVERSITY OF COLORADO AT BOULDER

HONOR THESIS

Measurement of PWFA plasma source

density using Stark broadening

Author: Supervisor:

Shao Xian LEE Dr. Mike LITOS

A thesis submitted in fulfillment of the requirements
for the degree of Bachelor of Arts

in the

Department of Physics

April 11, 2019


http://www.johnsmith.com
http://www.jamessmith.com




iii

Declaration of Authorship

I, Shao Xian LEE, declare that this thesis titled, “Measurement of PWFA plasma

source density using Stark broadening” and the work presented in it are my own. I

confirm that:

This work was done wholly or mainly while in candidature for a research de-

gree at this University.

Where any part of this thesis has previously been submitted for a degree or
any other qualification at this University or any other institution, this has been

clearly stated.

Where I have consulted the published work of others, this is always clearly

attributed.

Where I have quoted from the work of others, the source is always given. With

the exception of such quotations, this thesis is entirely my own work.
I have acknowledged all main sources of help.

Where the thesis is based on work done by myself jointly with others, I have
made clear exactly what was done by others and what I have contributed my-

self.

Signed:

Date:







UNIVERSITY OF COLORADO AT BOULDER

Abstract

Department of Physics
Bachelor of Arts

Measurement of PWFA plasma source density using Stark broadening

by Shao Xian LEE

The Plasma Wakefield Accelerator (PWFA) is a type of advanced particle accelerator
that can generate high energy particle beams with a reduced footprint and cost com-
pared to conventional accelerators. Recent experiments have shown that the PWFA
is able to accelerate an electron beam by 9 GeV in just over a meter. However, to
continue making progress the PWFA must be shown to also preserve the beam qual-
ity, as quantified by the beam emittance. This requires a carefully tailored plasma
source, and therefore, a sufficiently reliable plasma density diagnostic. Stark broad-
ening has been frequently used as a laboratory plasma diagnostic as it provides a
fast and reliable approach to determine plasma density and temperature. As the re-
combined atoms in a plasma de-excite, they release photons and spectral lines are
observed. However, when the de-excitation is perturbed by the local electric field
of the plasma, the spectral lines are broadened. The full width at half maximum
(FWHM) of the broadened spectral line is proportional to the strength of local elec-
tric field produced by nearby ions and electrons. The field strength, in turn, is pro-
portional to local plasma density. Therefore, by measuring the FWHM of broadened

spectral lines, we are able to indirectly measure the plasma density.
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Chapter 1

Introduction/Background

1.1 Particle Accelerators

Particle accelerators were first developed in the early 20th century for nuclear
and particle physics research. As high energy physics theories continue to
progress, accelerators that can produce particles at ever higher energies are
needed to probe the properties of particles at a smaller and smaller scales.
The maximum energy of particle accelerators had been following an expo-
nential trend until the past two decades. As shown in Figure 1.1, recent par-
ticle accelerators no longer follow the exponential trend due to the inherent
limitations of current accelerator technology.

To build a particle accelerator that is more powerful than the LHC, one
needs a space that is larger than a circle with 27km circumference and/or
magnets with a field larger than the current limit of 7.7T. Moreover, relativis-
tic charged particles with small mass like the electron suffer high energy loss
from synchrotron radiation in the presence of magnetic fields. To prevent
energy loss from synchrotron radiation, charged particles with small mass
need to be accelerated through a linear accelerator, which does not require
strong dipole magnets for turning the beam. However, a linear accelerator
that is longer than 50km is needed if we want to accelerate an electron to
the high energies of interest to the particle physics community (>1TeV). The
accelerating gradient for conventional metallic RF waveguide accelerators is
limited by the breakdown induced by the strong electric field produced in

the accelerator.
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FIGURE 1.1: Livingston plot.[1]
1.2 Plasma Wakefield Acceleration

Plasma Wakefield Acceleration (PWFA) is a next-generation accelerator tech-
nique that allows high energy physicists to accelerate particles up to high
energy with an accelerator that is 100 to 1000 times smaller than a conven-
tional metallic accelerator without having the concern of breakdown. The
concept of accelerating particles using waves in a plasma was first conceived
by Toshiki Tajima and John Dawson in 1979 [2] . When a relativistic elec-
tron beam is sent into a plasma, the radial Coulomb force produced by the
electron beam expels all the nearby plasma electrons as it passes through
the plasma. As the ions are much more massive than the plasma electrons,
they remain almost stationary when the relativistic electron beam penetrates
through the plasma. The plasma electrons are attracted back toward the cen-
tral axis of the ion column and they set up a periodic wake after the driving
electron bunch has passed. For small density perturbations, the frequency
of the periodic wake corresponds to the plasma frequency. For large den-
sity perturbations in the so-called “blowout regime”, as described above, the
frequency of the wake is still roughly equal to the plasma frequency.

When a slab of plasma electrons is displaced by some distance, the coulomb
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FIGURE 1.2: Diagram of plasma wakefield acceleration.[3]

force produced by the plasma ions pulls back the plasma electrons and they
start to oscillate. The frequency of the oscillation is called the plasma fre-
quency:

w = @ (1.1)

meo
where 7, is the unperturbed plasma density, e is the charge of electron, m is
the mass of electron and ¢ is the permittivity of free space.
The dynamics of the nonlinear blowout plasma can be desribed by Maxwell’s

equations(cgs) in Lorentz gauge and plasma fluid equations[4][5]:

1 02

(3 — VA9 = 4mp (1.2)
1 92 N,
(CZ@—V JA = T] (1.3)
10 L L
Ea—‘f+V~A:o (1.4)
a = —d = = V =
(§+ - V)P :ql(E+?l X B) (1.5)

where p = Xg;n;, T = X;q;n;V;, q; is the particle charge, V; is the fluid velocity,
and i refers to particle species (ion or electron). p and J satisfy the charge

conservation equation
o = -
i T=0 1.6
VT (L6)
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FIGURE 1.3: A slab of plasma electron being displaced by Ax. The
slab of electron experiences a pullback force from plasma ions.[6]
These equations can be rewritten under a quasi-static approximation by in-
troducing a new parameter, { = ct — z. The quasi-static approximation is
valid as long as the driver electron beam is relativistic (y >> 1), which is the

usual case for PWFA. The quasi-static equations are

Vi = —4mp (1.7)
47T,
VZA, =— il (1.8)
dP, | . de

Using these equations, we can obtain a trajectory plot like that of figure 1.4.
From the plasma electron trajectories, the longitudinal electric field E(¢) can
be calculated. The maximum accelerating field is estimated as[7]

np

Emax ~ 0.96 GeV/m W

(1.10)

Equation 1.10 tells us that if we place an electron bunch in a blowout wake

in a plasma with density n, = 10'6cm?, the electrons can gain an energy of
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FIGURE 1.4: Plots of trajectories with charge density n;, = 1 and n;, =
10 from Lu[4]

roughly 10 GeV in 1 m of distance.

1.3 Plasma Source

Discharge ionization by DC voltage is a common way to create a pre-ionized
plasma source in the lab. However, this method only works well for low
density gas. For example, the voltage required to discharge ionize helium
increases rapidly after 0.5 kPa-cm as shown in figure 1.5. For higher density
gas used in PWFA, it often requires a very high voltage to discharge the gas.
In addition, problems like instability and excessive heat appear when we
try to use high voltage breakdown. Compared to discharge ionized-plasma,
ionizing a gas using a high power laser pulse provides more control over the
plasma characteristics. Therefore, future PWFA experiments will attempt to
use a laser-ionized plasma source. A 10TW, 800nm wavelength Ti:Sapphire
laser is used for laser-ionized plasma source research and development in
our lab. Our ideal plasma source is a filament, 1m long and 1mm in diameter.
3

The target plasma density and temperature of the plasma source are 1016cm

and 1eV, respectively.
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FIGURE 1.7: A comparison between direct ionization, multiphoton
ionization and tunnelling ionization. The potential barrier for tunnel-
ing ionization is lower compared to other two methods.[10]

1.4 Tunnelling ionization

The laser in our lab utilizes tunnelling ionization to ionize the gas. Tunnelling
ionization is a quantum mechanical process in which the electrons in an atom
escape the nuclear Coulomb potential, despite having an energy below the
potential energy barrier. If an electric field is present, the potential barrier of
an atom is distorted and can dip below the electron energy at some distance
from the atom as shown in Figure 1.7. This makes it possible for an elec-
trons in the atom to tunnel through the barrier via quantum tunnelling. Tun-
nelling ionization is different from multi-photon ionization because it does
not require the electrons in the atom to obtain energy above the threshold
ionization energy, and is therefore a more effective means of ionization with

an infrared laser.

1.5 Plasma diagnostic

Equation 1.10 tells us that the maximum accelerating field is proportional to
the plasma density. In other words, if we want to know how much we can
accelerate an electron beam, we must know what the plasma density is. This
motivates us to diagnose the plasma density before the arrival of the driver
electron beam. Methods like interferometry and spectral line broadening are
developed to measure plasma density. In this thesis, I will use Stark broad-

ening to measure the density of the PWFA plasma source.






Chapter 2
Stark Broadening

2.1 Stark broadening

As the electrons in recombined atoms de-excite, they release photons and
spectral lines are observed. If the de-excitation is perturbed by local fields,
the spectral lines are broadened as shown in figure 2.1.

One of the commonly observed spectral line broadenings in plasma is
Stark broadening. Stark broadening has been frequently used by plasma
physicists as it provides a fast and reliable approach to determine plasma
density and temperature. Stark broadening or the Stark effect is the broaden-
ing of spectral lines due to the local electric field produced by the nearby ions
and electrons. The average strength of the local electric field is determined
by the plasma density. Thus, we are able to infer the plasma density from
the measured broadening of spectral lines. The Stark effect for hydrogen and
hydrogenic atoms is linear, i.e. the full width half maximum (FWHM) is di-
rectly proportional to the field distribution. Meanwhile, the Stark effect for
other elements is quadratic. The Stark broadening model can be divided into

two parts: the quasi-static approximation and impact broadening theory.

2.2 Quasi-static approximation

Under the assumption that the plasma is in equilibrium, the ions are mov-
ing much slower than the electrons, as they have larger mass. The ions are

considered ‘static’ relative to the timescale of the lifetime of atomic excited
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FIGURE 2.1: The broadening of spectral line[11]

states. As a result, the changes of microfield are slow and we can assume the
low frequency electric field is time-independent. The spectral line profile can
be estimated by the quasi-static approximation [12][13]. The calculation for
electric field produced by ions is rather complex. Holtsmark simplified the

calculation by stating two assumptions:
1. Perturbers (ions) are uncorrelated with themselves and with the emitter.
2. The emitter only experiences the field from the closest perturber.

The calculated normal field strength using Holtsmark field model is:
Fo[%] — 3.748 x 10 °Z,N’3 2.1)
and the Holtsmark field distribution is:

H(B) = 2 /Oo xsin([%x)exp(—x%)dx (2.2)

7T Jo

where Zj, is the nuclear charge, EO (normalized field), E is the coulomb field
produced by the perturber and N is the number density of plasma. Figure
2.2 shows the Holtsmark field distribution, which represents a probability
distribution function for an emitter to experience a particular field strength.

It can be seen from Figure 2.2 the distribution is sharply peaked at 1.6 B, thus
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it is reasonable to approximate all emitters as having the field strength of
roughly 1.6 Fy. Under this assumption, we can say the FWHM of the spectral
line is proportional to N 5. In reality, we have to integrate over the whole

distribution and the FWHM may not be exactly proportional to N 3,

2.3 Impact broadening theory

As the electrons are moving faster than the ions, the quasi-static approxi-
mation does not work for the high frequency electric field produced by the
electrons. The broadening of spectral lines caused by Coulomb collisions of
electrons can be approximated by impact broadening theory. Impact broad-
ening theory requires the collisional time to be shorter than the atomic de-
excitation time. As mentioned by Fujimoto[3], the Lorentzian electron impact

broadening profile is:

(w) = =— 5 (2.3)
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where wy is the central frequency, A = n, < v, > (displacement of the
line), % = n, < v, >, < v, > is the average speed of the electrons, n, is
the electron density, is the cross section for electron collision, and v, is the

thermal velocity of the plasma electrons.

24 Comparison between quasi-static broadening and impact

broadening

To compare quasi-static broadening and impact broadening, we can intro-
duce the parameter

h=Awt ~ ATW (2.4)

where 7 ~ 1 is the impact broadening width, and 7 is the mean free time be-
tween successive collision. The quasi-static frequency shift, Aw in the linear
Stark effect is proportional to the electric field strength, and in the quadratic
Stark effect it is proportional to the square of the field strength. Furthermore,
the impact broadening frequency shift, w is proportional to the Weisskopf
2
h

radius. The Weisskopf radius, 1, = fin

i, determines the strength of the col-

lisions, where ny, is the upper principal quantum number. It corresponds
to the impact parameter where the collision of the particle becomes weak.

Combining all the relationships, we can rewrite equation 2.4 as

X 1,-3 nsfl hn%l po 3 ns—1
==z ~ — 2.
(r,?;,l) me \ 2kT N (25)

where 1, is the average distance to the closest perturber, and ns = 2 for linear

effect and n; = 4 for quadratic Stark effect. Equation 2.5 shows that if 1% <<
1, impact broadening is dominant. Meanwhile, if h3 >> 1, the quasi-static
approximation is dominant. For example, if we plug in n=4 (Balmer B line),
T=10000K and N = 10%?m~3 for hydrogen ion, we get k> ~ 30. Therefore,

the quasi-static contribution to line broadening dominates for this case.
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2.5 Hydrogen spectral lines

The Stark broadening model consists of the quasi-static approximation and
impact broadening theory. However, as shown in figure 2.3, h% is much
greater than 1 for the hydrogen Balmer , ¢, and ¢ lines at T=10000K and
N = 102m~3. The quasi-static approximation is dominant for hydrogen
ions and the electron impact broadening effect can be neglected for this case.

The full width half maximum for the hydrogen spectral profile is therefore

h z
Awq p[Hz] = 13.7——(71%J — n?

2
3
e Z 3 (2.6)

or in units of wavelength

- z z
AM1 jp[nm] = 8.4 x 10 ZZquz(n;% — ng)ns 2.7)
where m, is the mass of the electron, Z is the nuclear charge of the emit-
ting ion, z is the charge of the perturber ion, 7, is the plasma density, 1, is
the principal number of the higher state, 1, is the principal number of the

lower state and Ay, is the central wavelength. The parameter a;,, = 8.4 X
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10_22/\%,1%(71% — n%) is obtained from the actual calculation for the quasi-
static approximation using the Holtsmark distribution. &4/, is independent
of temperature because the Holtsmark distribution considers the ions to be
static. In reality, the FWHM is slightly dependent on temperature and is usu-
ally smaller than the above approximation because the Holtsmark distribu-
tion ignores ion-ion interactions and Debye screening. For non-hydrogenic
atoms, the electron impact broadening can play an important role and cannot
always be neglected. In general, the quasi-static approximation contributes
only to the wings of spectral line at w — wp > A and impact broadening con-
tributes to the central portion of spectral line w — wy < A. If the contribution

from impact broadening is small, A will be very narrow and we can ignore

its contribution.

2.6 Inglis-Teller relation

Using equation 2.5, we can show that the coulomb collisional effect from
electrons is not dominant at low plasma temperature. Instead, the broaden-
ing effect by electrons comes from the quasi-static Stark effect. In this case,
the perturbers are both ions and free electrons. The maximum separation of
adjacent atomic energy levels from the Stark effect is

n(n—1)

AE = 3F0€El0 Va

(2.8)

where 1 is the principal quantum number, e is the elementary charge and a9
is the Bohr radius. In the presence of a strong enough field, the Balmer lines
will merge and form a continuous spectrum due to the Stark effect. This
phenomenon occurs when the maximum separation of atomic energy level
from Stark broadening is equal to one-half the energy difference of levels n to

n+1. We equate equation 2.8 to the Rydberg equation for a transition between
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FIGURE 2.4: He II spectrum from hydrogen plasma

levels n and n+1

nn—1) & _,/[1 1
3F()€ﬂOT = %Z E — m (29)

By substituting equation 2.1 to 2.9, we obtain[15]
log N = 23.491 — 1.5log |Z,| +4.5log Z — 7.51log ny, (2.10)

where n,, is the maximum principal quantum number. Using this equation,
we can easily estimate the plasma density from the highest energy of observ-
able transition lines. For example, as shown in figure 2.4, the last resolvable
line from the Lyman series of He-II emitted from a He-doped (Z=2) hydro-
gen plasma is L (n,; = 6). The estimated density is therefore 4.4 x 10'¥cm 3.

The Inglis-Teller relation provides us a tool to quickly estimate the plasma

density.

2.7 Doppler effect

As the recombined atoms in the plasma move around, the Doppler effect also
broadens the spectral lines, producing a Gaussian line broadening. The full

width half maximum for the Doppler broadening profile is

AA[nm] = 7.16 x 1077 Ag4/ % (2.11)
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where T is plasma temperature in K, and M is the mass of the atom in atomic
mass units. The spectral line profile, which includes Stark and Doppler ef-

fects, should be modelled using a Voigt function, which is a convolution of

a Gaussian function (Doppler) and a Lorentzian function (Stark) as shown
below

V(x;o,79) = / G(x;0)L(x — x : y)dx (2.12)
where G is the Gaussian function, and L is the Lorentzian function. Figure
2.5 shows the comparison between a Gaussian function, a Lorentzian func-

tion and a Voight function. At low plasma temperature (e.g. T=10000K), the
Doppler broadening width is negligible.
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Chapter 3

Experimental setup and results

3.1 Experimental setup

This basic experimental setup is presented in figure 3.1 . There are two gas-
filled vacuum chambers used in this experiment. Chamber 1 contains the op-
tics for the laser system, and Chamber 2 contains the laser-ionized plasma.
The gas pressure can be controlled, and is read out by a cold cathode gauge
with 30% accuracy. A 1m long plasma filament with Imm diameter can be
created in Chamber 2 using an 800nm, 10 TW peak-power Ti:Sapphire laser
and axicon lens. The laser is pulsed at 10 Hz, and has a pulse length of
approximately 30 fs. The axicon lens is used to create the plasma filament
because it allows us to turn a flat-top laser beam into a Bessel-like beam as
shown in figure 3.2. The Bessel-like focus can be sustained over a long dis-
tance which permits the creation of a long plasma filament. If the laser fully
ionizes the gas along its focal region, the density will be uniform and its value
will be determined by the neutral gas pressure in the chamber.

To observe the spectrum of the plasma, a Tokina AT-X 100mm macro
lens is used to focus the emission light into an optical fiber connected to an
Ocean Optics HR4000 spectrometer (wavelength range:220-1100nm, resolu-

tion:0.1nm).
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FIGURE 3.1: Overview of experimental setup.

FIGURE 3.2: Axicon focus of a laser beam.[16]
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FIGURE 3.3: Interior look of spectrometer.Number 3, 6, 8 represent
the slit, diffraction grating and CCD camera, respectively.[17]

3.2 Spectrometer

A spectrometer has three main components: a slit, a diffraction grating, and a
CCD chip. In our setup, as is often the case, the light is coupled into the spec-
trometer with an optical fiber. The light enters through the slit and strikes
the diffraction grating. The diffraction grating then disperses the photons
by wavelength, sending them on to the CCD camera. Figure 3.3 shows a
diagram of a spectrometer similar to the one used in this experiment. The
resolution of the spectrometer is determined by the width of the slit, the line
density of the grating, and the pixel density of the CCD. For example, the
smaller the slit size, the better the resolution. Similarly, the higher the grat-

ing line density, the better the resolution.

3.3 Experimental result

In the experiment, we ionized helium gas to create the plasma source. We
assume the helium gas is fully ionized based on calculations using the ADK
approximation, taking the laser intensity and pulse length into account. It is
challenging to achieve a good signal-to-noise ratio with a single shot due to
the geometry of the setup and the signal attenuation in the fiber and spec-

trometer. The plasma emission light is isotropic, and the lens subtends an
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TABLE 3.1: calculated line widths for various initial densities.

Gas density(cm—3) Measured FWHM(nm) Calculated plasma density(cm—3)

4.86 x 101© 0.208 4.95x%x10'°
6.56 x 101© 0.250 6.18 x 1016

angle of 24°30’, which gives a geometric collection efficiency of about 3%. To
enhance the signal, the spectrum of plasma is integrated over 1000 shots (100
seconds). The observed spectrum of helium plasma obtained for gas density
ny = 4.86 x 101%cm 3 is shown in Figure 3.4. In this experiment, we focus on
the He Paschen « line, P,, at 468.56nm. The relation between the FWHM and
plasma density for this line is[18]

AN, [nm] ~ 2.74 x 1072 (n,,) 831 (3.1)

1
2

A Lorentzian function is fit to the P, line for gas density 4.86 x 10'°cm =3
and 6.56 x 10'°cm 3 as shown in figure 3.5 and 3.6. A comparison of the cal-
culated plasma density to the measured gas density is shown in Table 3.1. As
can be seen, the measured plasma densities are well within the 30% uncer-

tainty of the pressure gauge reading.
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Conclusions & Future Plans

4.1 Conclusions

A controlled test of the Stark broadening diagnostic was performed where a
plasma with a known density was formed and measured. The plasma den-
sity for two different neutral gas densities, 4.86 x 10'°cm—3 and 6.56 x 101°,
were calculated by measuring the FWHM of the He P, line. The diagnostic
provided density readings within the 30% uncertainty of the pressure gauge
reading that was used to measure the controlled neutral gas density. Based
on these results, the diagnostic should be able to provide accurate measure-
ments of the PWFA plasma source, even where the gas is only partially ion-

ized.

4.2 Future plans

Several steps can be taken to improve the accuracy of the plasma density

measurement in the future:

1. The resolution of spectrometer can be improved by reducing the slit
width and increasing the grating density. The best resolution expected
from commercially available spectrometers for the Paschen Alpha line

is 0.06 nm.
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2. Can improve the optical collection efficiency with a different lens and
the use of mirrors. This will reduce the number of shots required for

good signal-to-noise ratio.

3. Can reduce the minimum single shot time integration window from
~ 100us to a few nanoseconds if an ICCD is implemented. This re-
duces the degree of change in the plasma density during the integration
window due to recombination. With a fast shutter ICCD, the temporal

evolution of the plasma need not be taken into account.

4. If an expensive ICCD spectrometer is not available, a model of the plasma
decay can be used to take the time evolution of the density into account.

This technique is described in further detail in the following section.

4.2.1 Time-resolved Stark broadening profile

When a high intensity laser pulse propagates through gas, the laser pulse
ionizes the gas via tunnelling ionization and a plasma is created. Shortly af-
ter the plasma is created, the plasma starts to recombine. Because the plasma
recombines faster than the shutter speed of the spectrometer, it is impossible
to measure a signal from only the fully ionized plasma. To resolve this prob-
lem, a time dependent plasma recombination model is constructed. In this
model, the relationship between gas density (or recombined plasma density),

n, and plasma density, 1, can be described using two ordinary differential

equations[19]:
dn, ’
W = —lXTlp (41)
dn, 5
E = DCTlp (42)

where « is the temperature dependent recombination coefficient. This model
allows us to calculate the time integrated spectral profile over the entire du-

ration of the spectrometer observation time.
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4.2.2 Recombination coefficient

Radiative recombination and three-body recombination are the two most
common recombination processes that occur in plasma. Radiative recom-
bination happens when a plasma electron is captured by an ion and releases
one photon. Three-body recombination occurs when a second plasma elec-
tron carries away the excess energy created by the capture of the first electron

by an ion. The reaction equation for this process is
etet+ AT - A+te (4.3)

where A7 is the ion. As our plasma has high density, i.e. 10cm =3, it is
safe to assume that three-body recombination is dominant until few ions are
left. Makin and Keck [20] used classical variational method to calculate the
recombination rate of optically thin hydrogen and helium plasmas. They
treated the motion of the three bodies as a point in 18-dimensional phase
space. In this theory, the interactions between electrons and ions are assumed
to be within a range r( in which the potential of the electron-ion recombining
pair is equal to or larger than the mean thermal energy. The expression for

the recombination coefficient obtained from this theory has the form of[21]

&= A+BT %n, (4.4)
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TABLE 4.1: calculated line widths for various initial densities.

Gas density(cm ) Plasma density at 0.1us(cm~°) FWHM at 0.1ys(nm)

1x 10 9.9996x 1013 1.14x1073
5 x 1014 4.9988x 104 435x1073
1 x 101? 9.9933x 104 7.74x1073
5 x 10%° 49491 x101° 2.92x1072
1 x 1016 9.6343x 1015 5.08x102
5 x 1016 2.6525x 1015 1.18x1071

where A and B are constants.

4.2.3 Simulation

Table 4.1 shows the calculated He P, FWHM using equation 3.1 and the
plasma recombination model for different gas densities at t = 1us. Accord-

ing to Drawin and Emard[21], the recombination coefficient at T=1eV is
cm’ 13 1073
oc[T] =32x10""7"+4+68x10""T 2n, (4.5)

The gas is assumed to be fully singly ionized. The FWHM increases as the gas
density increases due to an increase in the strength of the local electric field

as predicted by the theory presented in the Stark broadening theory section.
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