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Runaway electrons in C-Mod

Alcator C-Mod plasma parameters:
B,,,=2-8T
,=0.5-2MA
n,=0.2-4-10"m3
To=1-8keV
R=0.68m,a=0.22m

Synchrotron radiation (SR) can be in
the visible/near-infrared range
(300-1000 nm).
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Camera view inside Alcator C-Mod.
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Motivation

Q: From SR, can we distinguish a mono-energetic (and mono-pitch) RE
distribution from a continuum distribution of energies and pitches?
e Recent studies [1-3] have predicted that REs will accelerate to a maximum energy at

which the radiative force and collisional friction balances the electric force, forming
a “bump” on the tail of the energy distribution function.

e Others [4,5] suggest that a broader distribution contributes to the SR spectra.

* Knowing the maximum energy of REs — as determined by the distribution — can have
important implications for RE mitigation in fusion devices.

[1] P. Aleynikov, et al. Phys. Rev. Lett. 114, 155001 (2015). [4] A. Stahl, et al. Phys. Plasmas 20, 093302 (2013).
[2] J. Decker, et al. Plasma Phys. Contr. Fusion 58, 025016 (2016). [5] M. Landreman, et al. Computer Physics Communications 185, 847 (2014).
[3] E. Hirvijoki, et al. J. Plasma Phys., vol. 81, 47810502 (2015).
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Motivation

Q: From SR, can we distinguish a mono-energetic (and mono-pitch) RE

distribution from a continuum distribution of energies and pitches?

A: Not yet...
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F Spectrometer view
’

Experimental setup

Data is collected using an absolutely- :
calibrated spectrometer installed on C-Mod,
with spectral range of ~350-1020 nm.

Toroidal cross section of C-Mod
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Look at 3 different runaway shots
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Photon Counts (104)

Flattop synchrotron emission data

Synchrotron Emission Spectral Data

400 500 600 700 800 900

Wavelength [nm]

Plasma parametersatt=1.5s:
*B,=535T
* |,=1MA (end of flat-top)
*n,=2.5-10Ym3
* T, =4.25keV
® Apoam = O CM (as seen by camera)
* Vigop = 1.05V

2> E=0.25V/m

> E/E =12

The red highlighted data is at t = 1.5 s and is used in this analysis.
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Photon Counts (104)
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Flattop synchrotron emission data

Synchrotron Emission Spectral Data Synchrotron Absolute Brightness
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The red highlighted data is at t = 1.5 s and is used in this analysis.
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Two models for the RE distribution

For a mono-energetic and mono-pitch RE beam, the
brightness (W/m3/sr) is [6]:

Rn,
T Qeff(p: 9)

Bmono(4, 0,p) = P(/L Qeff; p)
where n,. is the density of REs emitting SR,
0=v,/v,=p,/p,is the pitch, and p = /E2/m2c* — 1
is the normalized momentum.

[6] J.H. Yu, et al. Phys. Plasmas 20, 042113 (2013).
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For a mono-energetic and mono-pitch RE beam, the
brightness (W/m3/sr) is [6]:

Rn,
n Qeff(p:

Biono (4,0, p) = 0) (/1 Qeff: p)

where n, is the density of REs emitting SR,

0=v,/v,=p,/p,is the pitch, and p = /E2/m2c* — 1
is the normalized momentum.

For a distribution, f;;, of energies and pitches [7],

n, E E p}
. exp (_ I m)’
21c, p InA czIlnA 2p|

the brightness (W/m3/sr) is [4]:

fre@,pL) =

4R [ [ ————

Bgist(A) = P(A,0crr,0)fre(@), )P LdPydpy

6 ff(Pn pL)

[4] A. Stahl, et al. Phys. Plasmas 20, 093302 (2013).

[6] J.H. Yu, et al. Phys. Plasmas 20, 042113 (2013).

[7] T. Flop, et al. Phys. Plasmas 13, 062506 (2006).




Two models for the RE distribution
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For a mono-energetic and mono-pitch RE beam, the
brightness (W/m3/sr) is [6]:

Rn,
n Qeff(p:

Biono (4,0, p) = 0) (/1 Qeff: p)
where n,. is the density of REs emitting SR,
0=v,/v,=p,/p,is the pitch, and p = /E2/m2c* — 1
is the normalized momentum.

For a distribution, f;;, of energies and pitches [7],

n, E E p}
. exp (_ I m)’
21c, p InA czIlnA 2p|

the brightness (W/m3/sr) is [4]:

fre@,pL) =

P(/l, Heff»P)fRE(Pn»PL)PLdPndPL

4R [ [ ————

Baise (1) = 6 ff(Pn PL)

The RE density, n,., is estimated [4,6] using the plasma current carried by the REs, I,., and
cross-sectional area, A,, of the beam (as seen by our cameras):

n,.=I,/(ecA;)

During the discharge, we do not know I,., so we have to fit the data by varying the RE current for both

the mono-energetic and continuum distributions.

[4] A. Stahl, et al. Phys. Plasmas 20, 093302 (2013).

[6] J.H. Yu, et al. Phys. Plasmas 20, 042113 (2013).

[7] T. Flop, et al. Phys. Plasmas 13, 062506 (2006).




Mono-energetic fit matches flattop data
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* This data can be well-fit for a range
of RE energies, pitches, and currents:

24.8 MeV < E < 30.6 MeV

mono

0.070 < 0 =2 £ 0.125

V|

77A < | < 82A

r,mono

e Assuming all REs emit SR at 28 MeV
and pitch of 0.09, this means they
only carry ~100 A of the 1 MA

plasma current.
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Continuum distribution matches flattop data

This best fit calculates: Continuum Distribution Fit

1.2
=
* max,dist =19.7 MeV g 1.0
- About 10 MeV less than E_ . <
= 0.8
S
¢ Ir,dist = 3.5 kA g 0.6
- Accounts for <1% of the total plasma =
current, but more than/, . o 0.4
= ?
% 0.2 —Data g
* Lefraist = 3 5 —r :

ower bound of fitting range (3 — 7) 300 400 500 600 700 800 900

Wavelength [nm]



Both flattop fits are comparable

The mono-energetic and
continuum distribution fits
are very similar, with about

the same goodness of fit.

Brightness [,uW/mmzlsr/nm]
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Iglono—Energetic vs Continuum Distribution Fit

—Data
—ME fit
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Brightness (uW/m mzjsr,’nm}

Both ME and CD fits are again comparable
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Plasma parameters att =0.18 s:
*B,=5.24T
* 1, =670 kA
*n,=59-10"m=
*To=2.5keV
® Apeam = 6 CM (as seen by camera)
* Vigop =2.3V

2> E=0.54V/m

- E/E .= 11




Brightness (,uW/mmz/sr/nm)

Both ME and CD fits are again comparable

Ramp-up Runaways
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Plasma parameters att = 0.54 s:

*B,=536T
* I, = 800 kA
* fi, = 6.6 - 1019 m3

*T,=2.3-3.2keV
® Apeam = / €M (as seen by camera)
* Vigop = 1.1V

=2 E=0.26 V/m

> E/E,~ 4.8
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Use CODE [5,9] to solve the forward problem od

* Time dependent parameters: Parallel CODE distribution, t = 0.0600 s

0
107 ‘ —
* T, (t) —No Avalanche
= | —Rosenbluth-Putvinski
° c
e (t) O — ‘Chiu-Harvey
* Vioop,0 (t) > E (t) "g ~ ‘CH, No Synchrotron
. (t) = ---Reference Maxwellian|
eff c
LL 3
* B > Synchrotron S
=
e Secondary avalanching source: =
oJd
* Rosenbluth-Putvinskii (RP) [10] & .
 Chiu-Harvey (CH) [11,12] 3
-10 L !
10
[5] M. Landreman, et al. Computer Physics Communications 185, 847 (2014). 0 10 20 30
[9] A. Stahl, et al., to appear in Nucl. Fusion. arXiv:1601.00898 [physics.plasm-ph] D Ea r|y Ru naways
[10] M. N. Rosenbluth, S.V. Putvinskii. Nucl. Fusion 37, 10 (1997).
[11] S. C. Chiu, et al. Nucl. Fusion 38, 1711 (1998). NZEMeV

[12] R. W. Harvey, et al. Phys. Plasmas 7, 4590 (2000).
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Use CODE [5,9] to solve the forward problem od

* Time dependent parameters: Parallel CODE distribution, t = 0.1789 s

0
10
| Lol S Pl
I c —Rosenbluth-Putvinski
ne (t) _g = ‘Chiu-Harvey
* Vioop,0 (t) > E (t) O — CH, No Synchrotron
> ---Reference Maxwellian
* Lo (t) pu
LL 5
* B > Synchrotron 2 [t
=
e Secondary avalanching source: =
oJd
* Rosenbluth-Putvinskii (RP) [10] & .
 Chiu-Harvey (CH) [11,12] l 3
-10 L, l
10
[5] M. Landreman, et al. Computer Physics Communications 185, 847 (2014). 0 10 20 30
[9] A. Stahl, et al., to appear in Nucl. Fusion. arXiv:1601.00898 [physics.plasm-ph] p Ea r|y Ru naways
[10] M. N. Rosenbluth, S.V. Putvinskii. Nucl. Fusion 37, 10 (1997).
[11] S. C. Chiu, et al. Nucl. Fusion 38, 1711 (1998). NZEMeV

[12] R. W. Harvey, et al. Phys. Plasmas 7, 4590 (2000).
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Bump forms on tail of Early Runaway distribution od

* Avalanche populates lower , Parallel CODE distribution, t = 0.1789 s
energies 1 | |

—No Avalanche
—Rosenbluth-Putvinski
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Bump forms on tail of Early Runaway distribution od

* Avalanche populates lower , Parallel CODE distribution, t = 0.1789 s
10 ' ' *

energiles —No Avalanche
—Rosenbluth-Putvinski

* RP Avalanche extends tail c _
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Bump forms on tail of Early Runaway distribution od

* Avalanche populates lower , Parallel CODE distribution, t = 0.1789 s
10 ' ' ‘

energiles —No Avalanche
—Rosenbluth-Putvinski

 RP Avalanche extends tail c .
O = ‘Chiu-Harvey
e CH Avalanche matches No = ~ ‘CH, No Synchrotron
Avalanche case at high energies 2 ~Reference Maxwellian
. . . c
> Primary (Dreicer [13]) generation & + 107
R ofd
dominates 3
L 9
k7 .
a) | 5
10710 L J 1 1 "
0 10 20 30
D Early Runaways
NZEMeV

[13] H. Dreicer. Phys. Rev. 115, 2 (1959).



afor

Bump forms on tail of Early Runaway distribution od

* Avalanche populates lower

0 Parallel CODE distribution, t=0.1789 s
10 ' ' )

energiles —No Avalanche
—Rosenbluth-Putvinski
= ‘Chiu-Harvey

= ‘CH, No Synchrotron
---Reference Maxwellian

 RP Avalanche extends tail

e CH Avalanche matches No
Avalanche case at high energies

—>Primary (Dreicer [13]) generation
dominates

* No Synchrotron case still forms
bump

- Dynamic plasma parameters can
form bump

Distribution function
F:
S
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[13] H. Dreicer. Phys. Rev. 115, 2 (1959).
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Bump forms on tail of Early Runaway distribution od

* Avalanche populates lower , Parallel CODE distribution, t = 0.1789 s
energies 10 | ' |

 RP Avalanche extends tail

—No Avalanche
—Rosenbluth-Putvinski

c
O = ‘Chiu-Harvey
e CH Avalanche matches No = ~ ‘CH, No Synchrotron
Avalanche case at high energies 2 ~—Reference Maxwellian
. . . c
—>Primary (Dreicer [13]) generation & '+ 10°} -9 MeV
. - :
dominates 2 }
= | >
* No Synchrotron case still forms 4 i : .
bump - : :
—>Dynamic plasma parameters can Jg-10 L J . NN
form bump 0 i = 20
o p Early Runaways
- Synchrotron limits bump energy F
MeV

[13] H. Dreicer. Phys. Rev. 115, 2 (1959).
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Synchrotron power loss more easily seen in ZDod

No Avalanche, t =0.0600 s Rosenbluth-Putvinskii, t = 0.0600 s .
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Synchrotron power loss more easily seen in 2Dod

No Avalanche, t=0.1789 s Rosenbluth-Putvinskii, t = 0.1789 s :
m
-10 &
o
0 10 20 30 0 10 20 30
CH, No Synchrotron, t=0.1789 s Chiu-Harvey, t=0.1789 s :
m
-10 &
o

-15
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Summary and future work

Mono-energetic and continuum
distribution calculations both fit
C-Mod experimental data equally well.

A time-dependent CODE model of one
C-Mod runaway discharge calculates a
bump on the tail of the energy
distribution function which is:

* Dominated by primary generation
* Limited by synchrotron radiation

* Formed by dynamic plasma
parameters

ator
Mlod

Next steps:

* Calculate the synchrotron brightness
from CODE’s distribution functions and
compare to experiment

* Run CODE for the other runaway
discharges

* Use a non-linear solver for discharges
with runaway fractions > 10-15%
(see Adam Stahl’s presentation
Wednesday, 9:30am)
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Runaway electrons in C-Mod

Alcator C-Mod plasma parameters:
B, =2-8T
,=0.5-2 MA
n,=0.2-2-10m3

T,=1-5keV
Synchrotron radiation (SR) can be in

the visible/near-infrared range
(300-1000 nm).
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Look at 3 different runaway shots
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Photon counts (104)
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Ramp-up synchrotron emission data

I

6 | | | | 1 Plasma parameters att =0.54 s:
| . *B,=536T

| * |, =800 kA
4 _

*n,=6.6-10Ym3
*T,=2.3-3.2 keV
® Ay oam = / CM (as seen by camera)
*Viep = 1.1V

2> E=0.26 V/m

- E/E_= 4.8

0T0ZTS09TT

0 ik
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Wavelength [nm]

The red highlighted data is at t = 0.54 s and is used in this analysis.
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Photon counts (104)
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The red highlighted data is at t = 0.54 s and is used in this analysis.



Photon Counts (104)

Early synchrotron emission data
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Plasma parameters att =0.18 s:
*B,=524T
* |, =670 kA
*n,=59-10Ym3
*T,=2.5keV
® Apeam = 6 CM (as seen by camera)
* Vigop 2.3V

-2 E=0.54V/m

- E/E_= 11

TTOCTSO9TT

Wavelength [nm]
The red highlighted data is at t = 0.18 s and is used in this analysis.



Early synchrotron emission data Od
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Photon Counts (104)

Wavelength [nm]
The red highlighted data is at t = 0.18 s and is used in this analysis.
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Both flattop fits are comparable

e The mono-energetic and 1_Iéllono—Enlergeticl Vs Coqtinuum Distribution Fit

continuum distribution fitsare €
very similar, with about the ‘;j 1.07
same goodness of fit. NE 0.5
=
* There is a brightness feature z 06
that cannot be fit by either. ® g4l
* Maybe we need a different RE = - .
distribution? o 0.2; _EAaEt?it :
e Or perhaps this is a result of a = 0= | | - |—CD fit S
calibration error? 300 400 500 600 700 800 900

Wavelength [nm]



Both flattop fits are comparable
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* resnorm = ¥, [data(A) — fit(A)]?

* Goodness of fit

 MATLAB'’s Isqcurvefit was used to
perform a nonlinear least squares fit to
the two models.

* We assume that each data point has
the same uncertainty.

* resnorm_ . =1.4-1012

* resnormy,, = 1.2 - 1012

/sr/nm]

o~

Brightness [uW/mm

Mono-Energetic vs Continuum Distribution Fit
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0.4
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—Data
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—CD fit
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Both ramp-up fits are comparable

* The mono-energetic and
continuum distribution fits are
again very similar.

* E, ;= 30.2 MeV

+8,,,=0.1
* 1,0y = 40 A
* E,. gt = 12.6 MeV

* | gi: =933 A
* T, gist = 3-2 keV
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Brightness (;Lw,immzjsrfnm)

Both ME and CD fits are again comparable
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“Bump on tail” formation

* In [1], the energy at which REs converge is
calculated as a function of Z, which we 70
were not able to measure for the flattop
data (shot 1151002022).

RE Mono-Energy Calculation

* For the plasma parametersatt=1.5s, a
mono-energetic RE beam of 28 MeV is
produced by a Z g .., Of ~4, which is
consistent with experiments on C-Mod. [8]

* This also means that C-Mod’s high Z (3-7)
in RE-producing plasma conditions could
limit the RE energy to < 30 MeV.

Energy [MeV]

[1] P. Aleynikov, et al. Phys. Rev. Lett. 114, 155001 (2015).
[8] R. S. Granetz, et al. Phys. Plasmas 21, 072506 (2014). /
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Runaway electrons

In plasmas, the Coulomb collision frequency
between particles varies as (density)/(velocity)3.

This can lead to a cascade of relativistic

UL ks o —

“runaway” electrons (REs) with energies of tens |
of MeV.

Relativistic charged particles emit a cone of
synchrotron radiation (SR) in their direction of

motion.

e Wl
SUWIDER

In C-Mod, this radiation can be in the AR P
1140403026

visible/near-infrared range (300-900 nm).

Camera view inside Alcator C-Mod.



Camera view of SR

WIDE Frame = 44
115100 Time




Camera view of SR

Parameters:

R =68 cm — C-Mod major radius
a =22 cm — C-Mod minor radius

Apeam = 5 €M — radius of RE beam

A, ..m = 80 cm? — area of RE beam

MNens = 9 Mm — lens aperture

ro = 1.77 m — distance from lens
to tangency radius (SR)

Frame = 44 WIDE 1T
Time = 1.509 1151002022
]
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Time evolution: Mono-energetic RE beam

Time evolution of experimental

. %1075 synchrotron emission in C-Mod
*t=1.33s -
* E,,=24.3MeV, 0, =1.8 MeV |
* 0,,,=0.08, g,=0.02
— — E
([ J Iavg_48 A’ O-f—ZA § 08l
&
=
‘g 0.6}
_:gn 0.4}
0.2 é
goo 400 560 6(I)0 7(|)0 S(I)O 900
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Time evolution: Mono-energetic RE beam

Time evolution of experimental
10-6 synchrotron emission in C-Mod

*t=1.33s
* E,,; =24.3 MeV, o.=1.8 MeV
* 0,,=0.08, g,=0.02
* l,,,=48A, 0,=2A

*t=1.50s
* E,,,=28.0 MeV, o.=1.2 MeV
* 0,,=0.09, 0,=0.01
* fag=81A, 0;=1A

Brightness [W/mmzlsr/nm]
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0 | | | |
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Photon Counts (a.u.)
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Non-monotonic brightness?
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Spectral Data from Ocean Optics Spectrometer #1

Shot 1151002015
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Full power calculation

The power radiated by a relativistic electron in a tokamak is given by [A]:

1+ 2y° 3 1
Pfull(A) €o /13 z{f IO(ayB) SlH(Ef(y+§y3>> dy

4 0 3 ,
T 1_|_n,72j0 )’]1(61373) Cos(zf(y+§y3>> dy _%}

4 R
a=¢&n/(1+n?), &= :WW’ n =

where

and v_ is the pitch and Y = E/mc? is the relativistic Lorentz factor.
|

[A] Equation 2 in A. Stahl, et al. “Synchrotron radiation from a runaway electron distribution in tokamaks.” 2013.
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Power density approximation

* Using the approximation:
Upper bounds on wavelength for Pa182 calculation for C-Mod Parameters

AT 10 | | 25MeV
_ 3 3 i — e
' 75MeV
L~ 300-900
the power calculation reduces to [B] : E S0 A e~ e LU
S
V3 ce?y (1+n)? Aam R 1 %
Pas (/1) - 8T egA?R M exp(— 3 Ay3 1+n) %
=

* This approximation is only valid for C-Mod at
low energies (~25MeV).

0 0.05 0.1 0.15 0.2

[B] Equation 7 in Stahl, et al., (2013). pitch=v v
perp parallel
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Mono-energetic brightness

For a mono-energetic (mono-pitch) beam, the brightness
(W/m3/sr) is [C]:

R n,

2
B(A,8ef5,v) = P(4,6crs.v)

T Ocrf

2 2
Vi Tlens
Ocrr = ||—| +tv %+ ( )
s \/ (Vu) To

is the effective viewing aperture and n,. is the runaway beam density at this energy.

where

[C] Equation 10 in Stahl, et al., 2013.
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Distribution of energies and pitches

For a distribution of energies and pitch angles [D]:

Pi Ep?
CzlnA Zp”

( ) — n,E
fre(pypL) = ZnCZp”lnAeXp

The brightness is calculated [E]:

1 ~p_max 1 ,
B@) = 4R | jp i (1O CO.Y @) s 0P

[D,E] Equations 9 and 12, Stahl, et al., 2013.
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