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o Outline

= |Introduction.
= Low temperature plasmas.

= Measurements:
= \oltage
= Current
= Density
= Temperature

= Conclusion.
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..High Voltage Probe
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g. High Voltage Probe

2 out

When R2 << R]_

Vin = I(R1 + R2)

Vout — IRQ
Vout o RZ
Vin  Ri+ Ro

Then Vout < V;/n,




DC Current Measurements

Power
Suppl
pp V+
V. —

Typical accuracy ~1%

lp Range V: mV to kV
Range A:mAto A

Ohm’s Law Power
Ip can be also

determined from a
voltage drop on Ry

34465A

Typical accuracy ~0.01%
Range V: mV to kV
Range A: microAto A
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.. . AC Current

Power
Supply

Typical accuracy ~1%
Range V: mV to kV
Range A:mAto A

Ip can be also
determined from a
voltage drop on Ry

ArAe

34465A

1
5 !

& |

For AC, replace the resistance with capacitor

Typical accuracy ~0.01%
R V: mV to kV
V — Q/C dV R:E;ZA: rr:icrcc))AtoA
I =C—
dt
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- cCurrent Sensors

A current sensor is a dvice that detects and converts current to an
easily measure output voltage

Current transducer

CURRENT

CURRENT

ﬁ?

FOWER CABLE
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Electrical Signal]

Power
Supply
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- cCurrent Sensors

A current sensor is a dvice that detects and converts current to an

easily measure output voltage

Zero-flux type (AC)

Magnetic flux produced by the
current being measured

Magnetic core

Magnetic
flux

Current being
measured

-0
-

Diffgrence detween the
magsetc Dux produced by
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and the magmetic flius
produced Dy the secondary
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Magnetic flux produced by
the secondary current
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- cCurrent Sensors

A current sensor is a dvice that detects and converts current to an
easily measure output voltage

@

"

Electronic
integrator

Output to voltmeter,
recorder, oscilloscope, e.t.c.

? :

A Rogowski coil is an ‘air-cored’ toroidal coil placed round the conductor.
The alternating magnetic field produced by the current induces a voltage
in the coil which is proportional to the rate of change of current.

al

V=M—

dt
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Langmuir Probe

®
One of the most frequently employed methods for plasma
diagnostics is Langmuir probes.
Plasma parameteb‘
Plasma density (n_ n)) Temperature (T,) EEDF lon flux Plasma potential

Probe
Tip

Plasma Chamber




angmuir Probe
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g. The distribution function

= The distribution function gives the number of particles per unit

%J/olume (particles density) with speed v as a function of time.
v 1

n:/f(fr,fu,t)dgv

> v
Uz

= At equilibrium

—mu? —FE
. J = foexp (%BTe) J = foexp (kBTe) {
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; Sheath formation

o
j“De
I _ kT S
Jo = —el'. = 4 Mele = —€Ney[ S, ¢ (x)
| kT; |
J; =el; = —en;v; = en; S plasma

A steady state would be reached iy = N
when o~

the potential of the object is A ng(x)

sufficiently negative for the electron
flux to exactly
balance that of the positive ions.

Qiich ntial ic ¢ e DC
Me Le/m = n;/T; /M,

ff{% nql > ne X [
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Floating Sheath

®
(ny —na)e dE [Iqu
Ep o dx B dIE .
eq e’ nap G(x)
e(n —ne) = enep | 1 —exp kT, ~ — K. .
::Iqu e Hap o) X
o7 ekl o(x) = ggexp (—a)
E{}k Te
De — S
Hap€e~

Exercise 3.1: Debye length  Calculate the Debye length for a plasma in which
the electron density is nep = 1.0 x 10" m™ and kT./e = 2.0V.
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: Floating Potential

O N Ve e A¢ _ (8T 1/2
=y P\ T ) = (%)

The formation of the sheath retards electrons with a temperature T,, Only
electrons with energy greater than eA¢ can reach the electrode.

Fe — Fl e — S
1 Xp (kTe ngug

1/2
Bohm Speed: U, = Kl
) M

[




.. L.angmuir Probe

@
The electron temperature T, for any plasma is — €
ctron e T, for a In[I.(V)] = In|leo] — =V
well defined if the EEDF is Maxwellian kTe
eV 107 : : ' — 5
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® an g m U I r P rO be : Druyvesteyn method*

The electron temperature T, for any plasma is
well defined if the EEDF is Maxwellian

107 - . : . , — ¢
‘He p-~1600Pa; T~250K vpll -
r =80 ms d’l | 2
T3 e VE)
V-7, m,(V-=V,)
V-rp)
A o | R
vy 4Aq3dzrn?e(k31;13*e[ =)
U Maxwellian EEDF

*Druyvesteyn M.J., Z. Physik 64(1930)781

1.0
U V] Transition region




.. Maxwellian versus Bi-Maxwellian
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V. I. Demidov and C. A. DedJoseph Jr. Rev. Sci. Instrum. 77, 116104 (2006)
F.F. Chen Langmuir probe diagnostics, IEEE-ICOPS meeting, Jeju, Koreja, 2003
> | ..
S V. Godyak and R. Piejak, Phys. Rev. Lett. 65, 996 (1990)




.. Electron Density

By EEDF integrating over all energies

n, :Tf(g)dg “ n, =I FUYU

From I,

”‘?:S;(q @ @ >) V! T

J. D. Swift and M. J. R. Schwar. Electrical probes for plasma diagnostics. London lliffe books Ltd., 1970.

I-squared method The concentration of
q9 Slope of 12(U) electrons can be easily
2(Agn.)’ _ e7'q ") obtained without the
kT, +q(U, -Vl M= |57 5
? ple T p™ Ny ) 2A2q 3\/ accurate values of V,

need to determine
T m
and T,

Spanél P.: Int J. Mass Spectrom and lon Proces., 149/150, 299, 1995

[P ="
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.. Problems with Langmuir Probes

= Melting of the probe

= Contamination of the probe

= Interpretation of the results

= Need physics access to the plasma

= Langmuir probe failed in case of insulator deposition experiments
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. Plasma Oscillation Probes

In the plasma oscillation method a weak electron beam injected into
the plasma excites electrostatic electron waves oscillating at the

electron plasma frequency, which is proportional to the square root
Df the elect ron denSity Frequency spectrum in Argon

AQ k- The sharp peaks at 245 and
7.35 GHz correspond to the
. driving frequency of the
filament antenna 50+ magnetron and its harmonics.
- _ &
. - =
isolated supporting [ 2 ol
SUPPOTING |l feedthroughs £ 80 Vo
wIres y— B g
k W -Tor f\l,‘.,m,,,
l\'\
LS

—
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Frequency [GHz]
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| %4 ~0,, =
max pe .
[
ff*% N l. e y
A Schwabedissen, Plasma Sources Sci. Technol. 8 (1999) 440-447 A ;
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.. Plasma Absorption Probes

The multipole resonance
probe (MRP) was developed
at the Ruhr University

Bochum fres ~ W e ~An,

The measuring principle is based on Active Plasma Resonance Spectroscopy
(APRS). The probe is used to couple a highfrequency signal in the megahertz to
gigahertz range via a dielectric into the plasma. At a frequency close to the
electron plasma frequency, the plasma absorbs the energy of the signal and
resonates. The response of the plasma-probe-system — the reflection value — is
picked up by the probe and transmitted to an evaluation unit. Due to symmetry of
the probe, its behavior can be analyzed mathematically transparent and a
formulaic relationship between the resonance frequency and the electron density
of the plasma can be specified. [ 3
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., X-ray Thomson Scattering

o ® Thomson scattering has two distinct
features:
F I ] - Inelastic scattering (frequency
[ 0.03 T Yemperature |7 1] shifted) from free electrons and
L F asymmet ) R | 14 ..
Hméww;! _ o 3 bound free transitions
2 oeboot Mﬁzt CECE fhewmeid . Unshifted Rayleigh peak
g | :.; \ib; = c«:&éﬁa i X (elastic) due to electrons co-
B o4r o G e Oe O] moving with the ions
i plasmon ™ ion feature | ) . ..
02} resonance 41 ® The electrons in partially ioized
[ e N : system can be split into bound and
0 . PR | SR | —
2 0 t 2 free electrons

Pe = Pb T+ Pt

A. Holletal., HEDP 3, 120(2007) o |rtermediate scattering function

— —

Nnggt — <pb(E7 t)pb(—];, t)) + 2<pf(k7t)pb(_];7 t)) + <pf(kv t)pf(_];v t)>




—

., Born-Mermin approximation

® Fluctuation-dissipation theorem :

2 Ime1(k
0 (k. w) :_EOHk me ™ (k,w)

me’ne 1 — exp(—hw/kpTe)

® RPA gien by Lindhard:
S 1 ke —
RPA( ) =1 — Zez ptk/2  Tp—k/2
p

e0§20k? AE? . — h(iw +in)
® Mermin ansatz : _
(1 + %) RPA (L + iv(w)) — 1]

v(w) eRPA (L wtiv(w))—1
L+ w eRPA (F.0)—1

EM(k,w) =1+

e v(w) isthe dynamic collision frequency via Born approximation.
Glenzer and Redmer, RMP 81, 1625(2009) | B




-~ Back and forward scattering

° ® Dimensionless scattering
parameter  _ 1 !

 kdse 27 Aee
« [ is the electron density
fluctuation
. Ascis the screening length
® Collective scattering: ( @ > 1)

- the scattering reflects the
electron density fluctuations

- Plasmon features
® Non-collective scattering:(® < 1)
- the scattering reflects the

d d h : | velocity distribution of
epends on the s4<:atter|ng angle electrons
T

k= lke — ki| = TSfm(@/z) - Compton features

® The momentum transfer

L Glenzer and Redmer, RMP 81, 1625(2009) -




&7 Experimental results and

5| I{Zﬁ?iihrlng} | Best fit of Plasmon
2+ n_=3 x 102 cmr?
i Best fit '
n, =3 x 10* car? :E.l
2 oL Plasmaon T, =12eV &
E scattering with collisions E
g E
= Detailed
balance
L]
n,=15x 102%cm?® _ ____AEl
" 290 297 2.94 2.96
Energy (keV) Energy (keV)

® Forward scattering: collective
behavior

® Dispersion relation determines
the electron density

® Detailed balance gives the
electron temperature

Glenzer et al., PRL 98, 065002(2007)
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.. Retarding Field Analyzer
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Figure 10.15 (a) A deflecting filter selects particles within a specific (narrow) range of
energy: (b) a retarding filter passes particles with energy above a threshold level.




I @etarding Field Analyzer
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@etarding Field Analyzer

I =nevA dl d
A
5~ 175 vf(v)dv

nv = /vf(v)dv

I
al _ 44 v o f(v)do
5 — eA—d(I)% vf(v)dv
dl d
— = GA—U’Uf(’U)

dP dP




—

@etarding Field Analyzer

dl dv
i eAd—(I)’Uf(’U)

In collisionless plasma

1, 0B — mude w _ e
ed = oY caty = 1muv id  mu
dl dv dl e
_ —_— _ A_
dd e d@vf(v) ad ¢ mvvf(v)
dl e’
=A% ()

dd m V.
i
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., IMass Spectrometer

o acceleration area
ionisation Z flight path
_ ares _ _
sample inlet Ilth ions
.| . * . .
—— tg s " B gR ] » ||nn-detect|:|r I
. g
heavyions
vacuum chamber " time measurement

A Time-of-Flight Mass Spectrometer works by accelerating an ionised sample
and calculating mass per charge based on how long each ‘object’ is in flight for.
Since every ‘object’ receives equal force, according to Newton’s Second Law, the
acceleration of each ‘object’ will be inversely proportional to its mass.
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., IMass Spectrometer

o acceleration area
ionisation Z flight path
_ ares _ _
sample inlet Ilth ions
.| . * . .
—— tg s " B gR ] » ||nn-detect|:|r I
. g
heavyions
vacuum chamber " time measurement

The sample is first ionised by bombarding it with electrons, which also
causes fragmentation to form smaller groups of atoms. lons tend to have +1
charge, since a bombarding electron will knock an electron out of an atom’s
shell, so ‘mass per charge’ can generally be taken as simply ‘mass’.
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., IMass Spectrometer

100 -
O o CO,(M") |44
e 80
c SV
'g =
S 60
a2
o 40
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m/e

The ions are then accelerated by Electromagnetic Field and travel through a
vacuum area called the Drift Region, before being detected by the lon
Detector.
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., IMass Spectrometer
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he emission Spectrum
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FIGURE 6 | The emission spectrum of Ar—APPJ in contact with ambient

air and over a liquid surface. During the diagnostics, AB25 was placed under
APPJ, Vo, =5 ml, Ar 1 slm, Pyean at the sample 11 W. Inset plots show parts of
the spectrum zoomed.




.. 1 Nhere Is no experiment, theory free!!!
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PHYSICAL REVIEW E 92, 013103 (2015)

Ab initio calculation of the ion feature in x-ray Thomson scattering

Kai-Uwe Plagemann,'" Hannes R. Riiter.! Thomas Bornath.! Mohammed Shihab."> Michael P. Desjarlais.’
Carsten Fortmann,* Siegfried H. Glenzer,? and Ronald Redmer' )




.. 1 Nhere Is no experiment, theory free!!!

@
5 . . | . 0.06 .
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2eV
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Fit C Ion feature Variance of the fit
(a) 5.46 2.154+0.26 3.6 x 1073
(b) 8.42 1.20 £ 0.19 4.6 x 1073
(¢) 11.28 0.75 £ 0.17 7.3 x 1073
Ref. [3] 0.78 7.2 x 1073




.. \Machine Learning
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g. ?rrors analysis and Artificial Intelligence

= True error
= Relative true error

= Approximate error

= Relative approximate error
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: Good and fast Start
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