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Electromagnetic radiation from electron ion
collisions (bremsstrahlung, recombination)
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Introduction

The goal of spectroscopy as a plasma diagnostic is to interpret the emission from a
plasma in terms of the plasma properties. The range of photon energies of interest is
limited to 1 eV and 12 keV as this range is particularly sensitive to the properties of the
plasma. Thisisan example of afragment of the spectrum
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The spectrum is composed of lines and continuum. The plasma that emitted this
spectrum was composed of fully stripped ions, free electrons, atoms, and ions with bound
electrons. Atoms and partially stripped ionsimmersed in the plasma emit discrete spectra
(lines) and continuous spectra. The structure of both is affected by interactions with the
plasma particles and hence depends to some degree on the thermodynamic properties of
those particles. Unbound electrons emit continuous spectra which is also affected by
interactions with plasma particles.

Topical areas

Collection of light
Transmission/absorption of materials
Discrete optics
Fiber optics
Problems with spatial asymmetries and techniques for overcoming them based on
multiple sight lines and on active spectroscopy
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Selection of a portion of the spectrum
Diffraction gratings
Interference filters (include multilayers)
Absorption filters

Analysis

Requirements of a good spectroscopic diagnostic.
aclearly defined plasma property that is to be measured
amechanism for impressing the property on the spectrum
ameans for collecting light from the interesting region of the plasma
ameans for isolating the spectral component that contains the information
an analysis that allows extraction of the information pertaining to the plasma
property, and the relation between this information and the plasma property

Theory

bremsstrahlung

A free electron accelerates in the E-field of a charged particle. The result is free-free or
free - bound (electron is captured by the ion). The latter (free-bound) is called
recombination, and the total energy less than zero. Electron-electron collisions can be
ignored unless they are both relativistic. Binary collisions between identical particles are
such that there is no net acceleration of the center of mass or center of charge, so to
lowest order the fields from the two particles cancel.

Need quantum treatment. But standard is classical. Plasma is composed of ions
and electrons. All collisions are between charged particles. There is a big difference
between like particle collisions (e.g. ion-ion or electron-electron) and unlike (electron-ion
or ion-electron). Consider two identical particles colliding. If it is a head-on collision,
then particles emerge with velocities reversed, they interchange orbits. Therefore the two
guiding centers remain unchanged. The result is the same for glancing orbits, in which
the trgectories are aimost unchanged. The worst case is a 90 degree coallision, in which
velocities are changed 90 O in direction. The orbits are then the dashed orbits, but the
center of mass is unchanged. Thus collisions between like particles cause very little
diffusion.
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T

Note that there is a spreading. Considering the reverse collision (broken to solid
line) then there is a flux across some line drawn in the x direction (left to right). The
resolution of this paradox is that the net flux involves an averaging over al collisions,
including the pair of collisions (forward and backward), and that the frequency of
collisions is proportional to th product of the densities at the locations of the two guiding
centers.

When two unlike particles collide, the situation is different. Consider the worst
case 180 degree collision, in which the particles emerge with their velocities reversed.
The figure shows the situation: They must continue to gyrate around the line of force in
the correct direction - the only solution is that both guiding centers move in the same
direction

Now consider an electron colliding with an ion. The electron is gradually
defected by the Long Range Coulomb force. An electron of velocity v approaches afixed
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ion of charge e. In the absence of the charge the closest approach isrg In the presence of
the charge, the electron is deflected by an angle c. Thisisrelated to rg.

o o -

Theforceisfelt over atime T = rg/v (approximately)
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The momentum change is approximately
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For alarge angle collision (say 90) the change in momentum mV is about equal to
mV. Then

D(mv) » MV » &
4peyrv
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The collision cross section is
4

2
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Plo 16pentv*

The collision frequency is
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Consider simple situation in which aflux G= nv of particles of mass m, density n,
velocity v, is incident on a half space of stationary, infinite mass particles of density ng.
The relative velocity v = v. Let dn be the number of incident particles per unit volume
at x that undergo an interaction within a distance dx, removing them from the incident
beam. Then

dn=-s nngdx

minus sign denotes removal. Removal might be scattering by p/2 or more, ionization,
etc. Then multiply by v to get

dG=- angdx

A smple interpretation of s isfor elastic spheres. Incident radius az, target radius
ap. In adistance dx their are ndx targets within a unit area perpendicular to the incident
velocity (i.e. along X). Draw aradius ajp2 = a1 + a in the x = constant plane about each
target. A collision occurs if the centers of incident and target particles are within this
radius. Hence the fraction of the unit area for which a collision occursis ngdxpafz. The

fraction of incident particles which collide within dx is
dG _dn
— =— =-sn,x
G n g

with s :pafz. Integrate to get flux:
G: C%e_ x/ 1
1

ns

| is the mean free path. The time between interactionsis t =1 /v. The inverse is the
collision frequency

—1—
n===ngsv

)

The plasma resistivity is defined in terms of a fluid by writing the change of
momentum as

R = mn(Vi - Ve)nei
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Expecting Pg to be proportional to the density of electrons and scattering centers
(ions) and the relative velocity and the Coulomb force (i.e. €2) then

P, =he’n’(v,- v,)

and the "resistivity" is
— mnei

ne’

h

Then

2

m, €
e

ne’>  16peimv’

For a Maxwellian, in which small angle collisions are more frequent than the assumed
large angle collisions, the cumulative effect is larger, and
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For multiple collisions, consider figure above. r is distance between particles and
b their impact parameter. The Coulomb force is F, and has a component Fy at right

angles to the z direction, the direction in which the scattered particle is moving. Then
momentum change if scattered particlein x direction is

¥ ¥ ¥

o @

Dp, = O, dt=(F, sin(q )dt = ¢sin*(g) sin(q)et
0 0 0

since b/r = sinq. Now dz/dt = v, so dt = dz/v, and since b/z = -tang, we have
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2
dt = bcosec?(q)dq
v
and
e?’ . 2¢
Dp, =— ¢gin(q)dg = —
P, =1 Ofina)da =

0

Now consider many collisions. Total momentum change along x axis is sum of
individual momentum changes. If many scattered particles are considered, each having
the same initial velocity and direction of motion and making the same number of
collisions N, an average momentum change can be found.

Dp, = (DpX)1+ (Dpx)z o (Dpx)j T (DpX)N

2 2

(Bp.)" = (0n,); +(Dp,); +.(Dp,); + .+ (Op.);
+(Dpx)1( Dpx)z tot (DpX)j (Dpx)k ..

If (Dpx);j in each collision is small, the average will be the sane for all collisions.
Also, taking into account the random deflections, the cross products will vanish when
averaged over al particles. The sameistrue for other directions( i.e. y), so that

If nisnumber density of scattering (field) particles then number dN contained in a
cylindrical shell of length |, radius b, thicknessdb is

dN = 2pnlbdb
so that

8oe*  db
|_
v " b

..2
d(Dp)’ = g%‘; 2plbdb =

Now integrate over al values of impact parameter to get

/()2 = e’ . _ D
= lInL; InL =—/=
\(o)) - nlin nL =

min
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For scattered mass less than or equal to scattering particle, assume that when
<Dp2> has increased to the value p2, then particle has scattered through a large angle
(900). | isthe distance over which the cumulative effect of many small angle scattering is
the same as one 900 scattering. Then | = 1/(nsg). When p = mv so that <Dp2> = (mv)2,
with v an average, we get

4
(mv)? » Si 8‘\): InL
d
8pe
47 v

Use bmax as the 900 scattering, bmin the Debye shielding distance to get:

| &ékTo “ad2pe kT (KT)*"2

“o_¢%
b, éngdg € & 85

L =

The actual trgjectory is given by (for an impact parameter b and an incident velocity vj)
b2
by, (1+ ecosq)

Ze?
4pe,mv’

1+(;‘£0

eby, o

by, =

The radiation from such an encounter over all solid angles can be calculated, as we know
the orbit, and thus the acceleration. The free electron path is a conic section. The
radiation over all solid angles (non relativistic) becomes:

¥ 2

aw &
O/e "t

aw 6p ec|

Substitute for v as determined from the orbit and the energy equation into the Fourier
integrals:
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To calculate the radiation from a single electron with a random set of ions of
density nj, multiply by njv; and integrate over the impact parameter to get the power
spectrum

¥

=n vlc‘)zlwv (w,b)2pbdb

0

dap
dw

Result given by Kramers (1923) as

P _dP

aw o aw G(uy)

c

Uy, =1Why, / v, isadimensionless frequency, and the frequency independent part is

dap
dw

_ 1epZn,
. 3/3(4pe,) nfcy,

and G (the Gaunt factor) is a parameter of order 1. Interms of the fine structure constant
a = € /(4pe,hc) and the classical electron radius r, = € /(4pe;mc®) we have

dP

_ 16, c? 2
oYy (zr.)

i -niVlmaFlp

Radiation occurs where the acceleration is largest, when the electron is close to the ion.
Let subscript O refer to closest approach, then conservation of angular momentum gives
vib = vgro, and at this time the acceleration is

. Zé
4pe mrg

Vo

The time duration of close approach is

— 2r.O
VO

t

Evaluate Fourier transform of v/t: its peak value will occur when the oscillating part of
exp(iwt) is synchronized with the variation in fv/qit. For this frequency (wg) we find that
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2
Ovedt » Vgt » _2ze
4pe,mv,b
dw Z%e° 8 1

»

awl,, (4pe,)’ 3mPc® b}

this gives approximate peak in spectrum. Shape give by distribution of b'sand 's.
Limitsof collisions
1) b >> bgp: straight-line collision

2) b << bgp: parabolic collision (returnsin direction it came from)

Quantum mechanical corrections. Note u/v catastrophe: the integral of dP/dw increases
to infinity at high frequencies. The deBroglie wave number for electronsis

and wave nature of electron ignorable only if kab >> 1. In high frequency regime (b <<
bgp) the requirement on photon size is more important than the deBroglie wavelength.
Therefore consider restriction on knb only in low frequency b > bgg limit. Write classical
limit as requiring knbgg >> 1. em radiation quantum effects negligible only when photon
energy is much less than initial particle energy. Sommerfeld (1934) performed complete
guantum analysis.

Remember to integrate over a distribution function. Radiation per unit volume is
obtained by

dP
O—fd
dw v

Use Maxwell-averaged Gaunt factor G, in which the factor exp(-hw /T)is taken out
from G. Obtain the spectral power emitted into 4p st per unit frequency as

s e2 93 1@) _m_g_1/2e_ h__l\{v
&4pe, g /3 EpT &

4pj (W) =n,nz* g
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Recombination radiation
Conurbation from free-bound. Consider collision at velocity v; and impact parameter b
<< bgp, i.e. a parabolic collision. The spectral energy density has been derived. For

photon energy hw < (1/2)mv2, final state of electron isfree. But for hw > (1/2)mv2 final

state is bound, and must take up discrete energies

_-RZ*  Ze¢m 1
W, = 2 B 272
n 2(4pe,R)" N

Therefore radiation is a set of discrete lines with

1 2
hw ==mv + R’f
2 n
(Ry=13.6eV). Energy inthe nth line is the energy in the frequency range
2 2
1' + R/Z £hw£}mv2+iz
2" @, T2 w10
20 20
n
Clusssr
" Sp':.i;,:,',. 03 2 1

Jiscrete
- Linex

Then the frequency width is

2R Z?
Dw, » R"a
hn

and the energy in the nth line is given by the classical expression

dw(b, V) Dw

dw

Note the power spectrum is terminated at an energy R,/(1/2)2.

n
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Now integrate over impact parameter to get total power in the nth line per electron
of velocity vin aplasmaof density n;:
dP _ 16pZ%e°n, 27° Rj

P =—| Dw,G
" dwl, 3/3(4pe,) nfcy, An® G

To calculate the radiation from recombination for an electron distribution function f(v ) as

12
a function of w for level n, usev:[Z(hw-Zzalnz)/m] . For a Maxwellian plasma
we have
L& e? N .1/2 _h_w(f,'zz Z—ZRYU
piw)=nnZ’ge s B _FEMO T T el B 2 o
84peg3\/§mc pT o gT n b

True if hw >Z°R,/n®, otherwise = 0. No recombination occurs for a frequency <
Z°R,/(hn?).

Low freguencies hw << ZZQ: only high n contribute; because of n-3 dependence
the recombination effects are negligible. At high frequencies all n's contribute. Steps
occur at the recombination edges, where hw = 22&/ n’, where the next level starts to
contribute.

For incompl ete ionized species, (high Z ions), assume previous treatment is O.K.,
except for lowest electron shell. Use ionic charge for Z rather than nuclear charge. i.e.
assume perfect shielding of the nucleus by the bound electrons. Correct only if photon
and electron energy are not much large than ionization potential. For lowest unfilled
shell modify recomb. formulae because if this shell contains some electrons then there are
less than the usual 2n2 holes available. c; is ionization potential, x is number of holes
available (instead of 2n?)

. _ &ez o 12_+1\?N
j(w)= neniZ éApeog 3\/§ 3§i -

é c ¥ ZRyU
;A X C = o) 2 T

ngf”G—g? er a —Ge"Tu

e n=n n 8
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Temperature measurement.

Bremsstrahlung emitted over large frequency range. from plasma frequency
(microwave) up to hw =T (x-ray). For hw > T, both free-free and free-bound radiation
intensities have a strong exponential dependence on the temperature.

Typical spectrain this region'

Below 2.5 keV one obtains agood straight line fit.. Continuum mostly from free -
free and free - bound, from impurities (e.g. oxygen). Thisis because of Z2 dependencein
the bremsstrahlung formula, and the exponentia factor in the recombination formulae.
Need careful, many-frequency measurements to avoid errors.

X-ray pulse height analysis.
The X-ray pulse height analysis provides an overview of the X-ray spectrum.

Each x-ray photon generates a voltage pulse whose amplitude is proportional to the
photon energy. The pulses are sorted and binned according to the energy by a pulse

p7.14



plasma sensors chapter 7 August 3, 1997

height analyzer, resulting in a spectrum in which the number of photons is plotted versus
X-ray energy. In the soft x-ray region either lithium drifted silicon (Si(Li) or high purity
germanium detectors are used. At higher energies scintillation detectors, usually Nal,
couple to photo multipliers are more efficient.
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X-ray photons falling onto 3 or more detectors are pre filtered by remotely
selectable x-ray absorber foils and pairs of fixed and selectable apertures. The foils select
the energy and the aperture the count rate. Multiple detectors are used to satisfy the
simultaneous constraints of good energy resolution, time resolution, accuracy and
capability to measure a range of time dependent phenomena. The photon intensities
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different by 3 orders of magnitude or more can be collected. At high count rates pulse
pileup can distort the spectrum. This is when two simultaneously arriving photons are
counted as one with an energy equal to the sum of the two individual ones.

Zeff measurements.

Practical case: many ion species present with charge Zj. Continuum radiation then sum of
contributions. When recombination is negligible, then (assuming equal Gaunt factors for
all species) the emission is proportional to

é nenizi2 = nezzeff

Zeit 1S the factor by which the bremsstrahlung exceeds that of asimple H plasma. Use ne
= §jnjZj to get
anz’

Zy =4—

anz

i.e. a mean ion charge. Sufficient condition for no recombination is hw << ZZR/, .e.
13.6 eV for singly charged species. i.e. visible and longer wavelength. Use absolutely
calibrated spectrometer. Also need independent measurement of ne and Te (because
bremsstrahlung formula contains ng? and TeL/2 terms). Must ensure no lines are present
in the spectra.

Note that for a thermal plasma Kirchoff's law relates absorption of radiation by
inverse bremsstrahlung to emission. Because of the w2 dependence of the radiation (for
hw <<T ) then absorption is more important at long wavelengths. Generally waves do
not propagate below the plasma frequency. For very high density plasmas as the
frequency is lowered, the optical depth due to bremsstrahlung process may exceed 1
before cutoff is reached. In this case Te can be deduced fro the black body emission (as
for cyclotron radiation).
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X-ray tomography

Radiation is maxima when photon energy is around electron temperature. At
higher energies the exponential term dominates, and for lower energies w and Dw are
smaller, so that although power per unit frequency increases, the total does not. The
radiation is suitable for temporally resolved measurements using solid state detectors
(semiconductor diodes like surface barrier detectors in which charge is liberated and
collected, proportional to the total energy incident on the diode above a certain energy).
Employing afoil (e.g. Be) alows some energy selection.

Use linear PIN photo diode arrays manufactured by EG and G (e.g. a 40-pin
ceramic package for $200). The chip has 38 detectors each 4 mm by 0.94 mm with a
center to center spacing of 1.00 mm. The chip is 50 mm long, and the box to hold the
chip is 9 cm by 5 cm high (allowing for 'stuff'). The arrays can now fit anywhere you
want. The chip fits into a standard DIP socket. Typically a 50 mm Be foil is used.
Signals are 0.1 to 100 mA, and are led out using vacuum compatible coax cables with
shields at circuit ground. Circuit and vessel ground are separate. This requires a ceramic
coating process on the stainless steel clamping components. The detectors run in the
photo voltaic mode, meaning that the bias voltage is zero volts (circuit ground). This
eliminates dark current problems and still gives a fast time response. The circuitry is
simple, just a trans-impedance pre amplifier, followed by further amplification. All
detectors can be calibrated using a commercially available x-ray tube. A fixed diode is
used as a beam monitor and the arrays are mounted on a micro controlled translation

stage.
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Old system using large diodes
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New systems are very portable.

The raw data provided is a chord integrated brightness - a more useful parameter
is the localized x-ray emissivity. Since X-ray emission depends on n, T and impurities,
the emissivity should match the pressure surfaces. The reconstruction or inversion
problem is identical to medical scanning reconstruction. Sometimes the plasma rotates,
and assist in the reconstruction. During the 1970's the computerized tomographic (CT)
scanner reconstructed data to 1 mm resolution using >100,000 chords (rotating body).
Although plasma physicists do not have this many chords, they also don't need 1 mm
resolution.

The standard algorithm is due to McCormack. If you have just one vertical, and
one horizontal, array, then no matter how many chords in each array, can resolve the m =
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0, sing, cos g and cos 2q, but no more. If you need to resolve up to the mth poloidal
harmonic (sin and cos) then at least m+1 arrays are needed. To get aradial resolution of
0.1 a, about 40 chords per array are needed. These numbers are equivalent to a Nyquist
sampling theorem.

For afive array system, each with 38 chords, poloidal modes up to 4 should be
resolvable. The example shows what will happen for a given emissivity when 2%
random noise is added to each channel, and the resulting emissivity is then reconstructed.
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Hard X-rays.

High energy electrons collide with solid surfaces and produce thick target
bremsstrahlung. Electrons are slowed down by a series of collisions, until they stop. The
radiation spectra is then characteristic of the average bremsstrahlung spectra for all
electron energies between incident and zero energy. i.e. average the thin target over
electron energies.

The bremsstrahlung photons leave the material in which they were produced, and
are collected by a Nal crystal. Thisis efficient at stopping the photons. In the crystal a
forbidden band in which there are no electrons separates the valence and conduction
bands. The addition of an activator (TI) fills in the forbidden band with the single atom
energy levels of the activator. When an incident photon enters, the electrons which gain
energy from the interaction with the photon are boosted from the valence band into the
conduction band leaving a number of holes. The positive holes drift to the activator sites
and ionize them. The electrons are free to migrate until they recombine with the ionized
sites. The resulting neutral impurity atoms are in an excited state. De excitation occurs
with a photon emitted.

The NAI(TI) crystal is followed by a photo multiplier. Thisisastring of dynodes
at increasing higher voltage. The photo cathode is a photoelectric material that when
struck by a photon with E > work function can emit with certain probability an (photo)
electron. The dynodes emit a few eV electron when struck with an energetic electron.
The number of emitted electrons is proportional to the energy of the origina electron.
The PD between dynodes will accelerate the emitted electrons and a large number of
electrons will be produced at each stage. The total electron charge is then converted into
avoltage output pulse by integration over an R-C circuit. Thissignal isthen amplified.

To detect the x-rays the detector must absorb the incident photons. There are
three ways this can happen, photoelectric absorption, Compton scattering and pair
production. These depend on material Z and photon energy.

Photoelectric absorption occurs for < 300 keV, and the photons will deposit all
their energy. The incident photon is absorbed and a photoelectron emitted from one of
the atomic shells of the absorber. The electron energy is Ee = Ephoton - Ebinding, and the
probability increases as a high power of Z. At higher energies Compton scattering
occurs: the incident photon collides with an electron, losing energy to the electron and
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scattering to a different direction. Pair production occurs above 3 MeV. A positron -
electron pair is created in the field of the nucleus. The creation of the anti matter positron
is viewed as gjecting an electron from a negative energy state into a positive energy state,
leaving a hole in the region normally filled with negative energy states. This hole is the
positron. There is a gap of 2mec? between the two energy regions, so at least 1.02 MeV
isrequired. The photons resulting from the annihilation of the positron can escape or be
re absorbed in the crystal.
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