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* Physics of energetic particle diagnostics
» The forward problem: Spectrum formation for energetic particle diagnostics
* The inverse problem: Inferring energetic particle distributions from diagnostic data

e Summary



Energetic particles in a fusion plasma

* Helium born at 3.5 MeV 9 x 10° m/s, 3% of light speed
« Confined in a tokamak by strong magnetic fields

» Heat the plasma by collisions

Drive
m instabilities

plasma

Deuterium

Fusion

Transported out

\
by instabilities

N o

Tritium Neutron
14.1 MeV O‘O‘”"\/\/\/"‘

F=quvXB

EUROfusion

Inner Poloidal field coils
(Primary trans former circuit)

Outer Poloidal field coils
(for plasma positioning and shaping)

Poloidal magnetic field

Resulting Helical Magnetic field Toroidal field coils

Plasma electric curr Toroidal magnetic field

ent
(secondary transformer circuit)

Energetic particles

i@ - Heat the plasma by collisions

.(> « Drive instabilities

M * Transported out by instabilities



Why does the a-particle get 3.5 MeV and the neutron 14.1 MeV ?

The a + n are a little lighter than D + T. The

Deuterium mass defect gives the reaction energy

ﬁ\ Fusio/

E=Amc?=17.6 MeV.

Why does the a-particle get 3.5 MeV and the
Tritium Neutron  14.1 MeV neutron 14.1 MeV?

Why don’t they get, e.g., half each?



Energetic particle distributions in tokamak plasmas

« 6D phase-space distribution function 2D position-space 2D velocity-space
f(x,v) distribution function distribution function

o . _ (“fast-ion density profile”) (in a tiny volume)
At every point in position space (3D), a velocity

distribution function (3D). n(R, z)

= [ f(R,z,vy,v, )dv,dv, f(Ro, 2o, v, V1)
1.5 T T T T T ,_\‘*

* 4D phase-space distribution function

. / - --m T TTTTTTE T -
f(Rr Z, v||)vJ_) or f(R) Z, E; p) // 15 "3 MeV
o 1.0 / N . s
Tokamak donut symmetry (2D position space), ~
fast gyration (2D velocity space). os| | [/ Re g o amey
« 3D phase-space distribution function E o0 o
f(Euu;Pd); 0-) >—| <1 MeV
05 S
constants of motion (energy, magnetic
moment, canonical toroidal angular 10 AN 0 ke
momentum, o = £1), s 0 | |
- _ _ 08 11 14 17 20 2 -9 0 5
» 1D phase-space distribution function Rim] v, [10° m/s]

Salewski et al. (2017) NF !

f(E)r f(v); f(vJ_)



Why diagnhose energetic particles? To check theory!

. . . » 2/1 neoclassical tearing mode (NTM
Energetic particle density n., "= JJ fdvdv, g (NTM)

20

« Simulation and measurement agree when

—'TRANISP N
. 15_E_ _ Sinulation  the mode rotates
- Simulation OK. t OK _ _
2 NOULR. - Central fast-ion density decreases when
Qg e \ * the mode locks
: 1.|5s 2.65 2.;35 |</|0de 3.|Os
locks ! Relation between (vy,v,)
N coordinates and (E, p)
1 o : (energy, pitch) coordinates
E , r ., v
z0 10 Z0 10 N02 E =_mv p -
a a . 2 v
AUG #33196 FIDA AUG #33196 TRANSP 08 Usua”y p>0 iS in the
9 20 40 60 80 100 120 ° o 20 a0 60 s 100 120 1, e : o5 direction of the current,
E [keV] E [keV] T Rm not B

Energetic particle velocity distribution function f;,,



Why diagnose energetic particles? To check theory!

Sawtooth instability

* Periodic violent bursts ejecting particles and
energy from the plasma core

- Time traces of T, n, p, N look like a sawtooth &

% 8
o
© 8 :
S nfast N
£ oigg 2.2s 2.3s ~ S
1 25 92
o
= AT
e b
20 b
L
c
15
a0 f
110 fast
0
5
AUG #32323
-1 Lo
0 20 40 60 80

E [keV]

Salewski et al. 2016 NF

Negst = ff fdvllva_

- ——Total

p>0.75 o
|p|<0.25 ;

2.1 2.15 2.2 25 2.3 2.35
time [s]

 Measured and
simulated fast-ion
densities for a
sawtooth crash
(TRANSP
Kadomstev model)

TRANSP sawtooth in ng, for |p]|<0.25

but measurement flatlines!
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How to diagnose a 6D phase-space distribution function?

« Each diagnostic signal on a tokamak probes a
tiny, different part of 6D phase space The 6D elephant and the
* In donut-symmetric plasma and for axisymmetric blindfolded diagnosticians

velocity distributions (4D), the diagnostics cover a
lot more, but usually still only a small part.

B HpGe

i @’FOR
N N

Eriksson et al. 2015 NF, Salewski et al. 2017 NF



What leaves the plasma and can be detected?
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Passive diagnostics
*Typically along sightline

*Neutron counter

*Neutron camera

*Neutron emission
spectroscopy

*Fast-ion loss detector

*Charged fusion product
detector

*Passive neutral particle
analyser

Gamma-ray camera,

Gamma-ray spectroscopy

*Passive fast-ion D-alpha
spectroscopy

lon cyclotron emission
spectroscopy

Energetic particle diagnostics

Active diagnostics

*Typically in a small
measurement volume

Particles ‘q
Neutrons Neutral v -Neutral particle
: particles ¢
Lost ions R _ analyser
Neutral ‘0’ Light \\F *lmaging neutral
) LTS ’W particle analyzer
Ng, .
ol |

*Fast-ion D-alpha
Neutral beam

EEEEEEEEN spectroscopy
injector
<—f\/\/\/\/\/\ Gyrotron,
Laser
LL! Radiation *Collective
Gamma-rays Thomson
Radiation

Light
Radiofrequency waves

A scattering

Light, mm, ..



Energetic particle diagnostics: Fusion products

Passive diagnostics
*Typically along sightline

Neutron counter Particles

Neutrons
Lost ions

*Neutron camera
Neutron emission

spectroscopy >
*Charged fusion product \‘/ ‘- [
Ny N

detector Ny,

-Gamma-ray camera, LL! N

Radiation
Gamma-rays

«Gamma-ray spectrometry



Fusion product diagnostics: neutrons and y-rays

Neutron reactions

D+T - a(3.5MeV)+n(14.1 MeV)

y-ray one-step reactions y-ray two-step reactions

a+ °Be »n+ 2cr(t2)
2o & 12¢ 4y (4.44 MeV)

D+T - °He+y (16.7 MeV)

~~ ) o -,
I:. -\3 /A\& | {. . \_\J ! c ) ]
= s LY A
~ e

Salewski (2020) dr. thesis



Fusion product diagnostics: example neutron and y-ray reactions

Neutron fusion y-ray one-step y-ray two-step fusion reactions

reactions fusion reactions » De-excitation of excited nuclei

Examples for contemporary high-performance plasmas

- 2.45 MeV neutrons D+D - *He+y D+ 12¢ - p + B¢*®

D+D— 3He+n D+p—- 3He+y Be® 5 3¢ 49 (3.09 MeV)

D+ °Be - n+ 1%B* D+ °Be - p+ '°Be*
Op* 5 034y (2868 MeV) °Be* » °Be +y (3.367 MeV)

Examples for burning or weakly burning fusion plasmas

* 14.1 MeV neutrons » Weak branches but observed in DT  Beryllium walls  Boronization, pellets

D+T— *He+n D+T - SHe+ y (~13.5 MeV) o+ °Be > n+ ¢ a+ B - p+ 3123

T+p— *He+ y 120+@ - 120+ 1y (3.21 MeV) B3¢*@ 5 3¢ 4y (3.68 MeV)
Bex® 5 Bc 4y (3.85 Mel)
Typically >0.5 MeV needed for significant y-ray production



y-ray spectroscopy (GRS) — two-step reactions and excited nuclei

* Beryllium walls

a+ °Be »n+ 2cr(2)

120+ 5 120 4y (4.44 MeV)

1204@) 5 120+ 4y (3.21 MeV)

Cross section, mb

500
a—particle
slowing down
4001 energy distribution
E1:4.44 MeV
300
200
100+ !
“ E2:T.65 MeV
0 ! | ‘ | Tt |
1 3 4 5 6 7

Alpha-particle (MeV)

n, E, MeV J
T 765 0
n1
\\
AN
n, o\ y
\ N
\\ 444 2
\\. &
%
4.0 0
12
C

Cross-section (mb)

» Boronization, pellets

a+ 198 - p + 1Bcr123)

Bex@ 5 3¢ 49 (3.09 MeV)
Bex@ 5 Be 4y (3.68 Mel)
Bex® 5 Bc 4y (3.85 Mel)

150
——3.09 MeV
3.68 MeV
100 4 —— 3.85 MeV
501 I\ / \ / A /-/ 4
RN SN
J“ N /\ /7 54 ©
/I \/ /:/ \\.--/"‘""/’ N
0 ‘-.II’. ----- |'/.\\’~ T T T é’
1.0 1.5 2.0 25 3.0 35 4.0 45
E (MeV)
o

p3'\
\
P,
\\. .I\
J.T
P, . N\ E, MeV
N\
‘\\ '-\\ 'y 3.85 512"
Ry 309 42
. Y
2 0.00 1/2
13
C

Kiptily (2018) NF



Nuclear reactions: thermonuclear, beam-target and beam-beam, and
neutron counters

- :;’m ——Beam-thermal |
3 5 = — L S Beam-beam

D + D - He (082 MeV) + n (245 MeV) :1" E 08[ = =Thermal

m 2 06

5 JET
Thermonuclear: ., _ 1n2 < o0 > E ‘ | E oaf
.Domlnates |n burnlﬂg Tl th - 2 D,th th DD ! Ce:\(t)erofmassenergyirl\ﬁv 1000 012 3
plasmas 0 . S

1000 3000 5000

Beam-target: : _
- Often dominates in np X Pbeam—target = Np peam Mp.th < OV >peam Epp
contemporary plasmas

E_[keV]
Salewski et al. (2017) NF
Neutron counter

35
Beam-beam: Measured
. DIII-D — !
important, since 225 Kick 25 |1
9_‘.20
nD,beam < nD,th g
€15 4
5 WAMW
. g 10 1) 1
Beam-target dominated Neutron  Fast-ion ]
plasmas (common in rate density ol | !
. . 25 3 3.5
contemporary tokamaks): Ny, ?5 Np peam i

Madsen et al. (2020) NF



Neutron and y-ray diagnostics at JET

Neutron and y-ray cameras Neutron and y-ray emission spectroscopy
(NES and GRS)

Roof
laboratory

T T T T T T T T T T T T T T T 1|
| ' | |
! : ; | |
NE213 & i Vi i i
Diamond | (L X |
_:—-—'—r—:: =a ! | - | ] : I
Twer|]) | 1R | Oblique
(I MPR | | | A j"f f’:; : | .
— L = &1 | 1 view
- -
R ;
|

Jarvis et al. (1997) FED Eriksson et al. (2015) NF, Salewski et al. (2017) NF




Neutron and y-ray cameras at JET

« Count neutrons or y-rays
* 9 vertical sightlines

10 horizontal sightlines

* Allows tomographic reconstruction |

Neutron detectors
« NE213 liquid scintillator (2.5 & 14 MeV) Horizontal camera
* Bicron-418 plastic scintillator (14 MeV ) "

y-ray detectors:

» Fast scintillators (~20ns decay times)
* LaBr3
« CeBr3

Pumping

box

Jarvis et al. (1997) FED




10"n.m2%s™

10"n.m?s’

Neutron camera at JET

Pulse No: 26148
13.23-13.27s

Our back-of-the-envelope homework

3r -
. & problem is analogous to the neutron
2- -

camera tomography problem

A
TRANSP

+  caleulation
(normalized)

1 5

fn'
i,faf ﬂ‘ m, ,' Vertical camera

Horizontal camera Vertical camera

Pulse No: 26087

Meters

" 13.40-13.44¢ 12 0 1 2 3
2+ } :;
L Channel data :C_’ Horizontal camera
. |/
- ¥ y 1 :'"",*. RIS e 0 3 f';
TRANSP /" \+ ‘ g
calculation E 7 '\i i
0 | ! i Height (m) 14’2 Major radius (m) |
If 5 1'0|:11 5 1‘9=
Horizontal camera Vertical camera 4 6
Channel number
) Before and after a
Measurement and sawtooth crash
TRANSP simulation

Jarvis et al. (1997) FED



Back-of-the-envelope neutron tomography problem

Often in tomography problems, one can measure the sum of emitted
signal along a ray through a 2D plane. The ray path is given by the line-of-
sight of a detector. The signal could be the count rate of neutrons
generated in fusion reactions. Let’s find which of the 4 quadrants below T
most likely emitted the neutrons, given 4 detectors measuring the row a,a,j.ﬂ\'llf [ Vertcatcamara
sums and the column sums. Assume that each square emits isotropically, LM"

i.e. the emission in all directions is the same. The counting rate is 3,7,4
and 6 neutrons per unit time in the four detectors.

il
alf

Now let’s formulate this as a mathematical I I b

problem: Determine the four unknown elements + 3

of the 2x2 matrix from the row and column sums

along the orange arrows. + 7
y




Back-of-the-envelope neutron tomography problem

I I  This 4x4 matrix has only rank 3
(row 1 + row 2 — row 3 = row 4)
— ) 3 ( 1 0 1 0\ ( ;1:1\ ( 3\
_0 l 0 1 L2 _ 7 * Rank-deficient matrices are typical for
] m 7 1 1 0 0] | as 4 tomography.
A 6 * Either no solution or infinitely many

solutions
Infinitely many solutions (keR):

* With measurement noise: no solution,
1 2 _1 1 so we need to find a best-fit solution

P.C. Hansen



Back-of-the-envelope neutron tomography problem with prior information

Prior 1: Neutrons can’t be split and we can’t have
a negative number of neutrons emitted, so the
solution is integer and non-negative.

0| 3
3 1 0 1 0 1 3
(610 () (7 [+
7 kl 1 0 0) k;z:;),) k4}
0 0 1 1 T4 6
1 2
4 6
Infini ' —R): 3 4
nfinitely many solutions (keR):
1 2 1 1 2 1
= + K x
3| 4 1 | -1 2 |5
3 0
Prior: solution is integer and non-negative | m—)
1 6

P.C. Hansen

Prior 2: We think it ought to be fairly uniform
and shouldn’t have large peaks, so penalize
large values or large gradients.

z X7 z (i = x7)°

neighbors
32 26

Most uniform,
30 10 least spiky
34 26
46 74



y-ray camera at JET

« y-ray emission from D and “He accelerated by ICRF
« D and “He have the same charge-to-mass ratio g/m

* Typically fast-ion energy >0.5 MeV for significant y-ray production

4 | D .
(a) He 4He-ions x10‘ln:3s‘1 (b) D-ions (x10“n’|_‘9:’5'1)
20 15
600 2C (Dypy)=C
E,;=3.1 MeV
l *Be (¢He,my)12C | 56
E,=4.44 MeV 10
‘ 1.0
., 400
E I o
[
[

Eﬂﬂj.—ﬂ Lf I Y J

[P | S5 Cff o
it i AR 8
] ;
3 - .
Q | | MM‘M—.MH" ' ' '
2.0 25 3.0 3.5 2.0 25 3.0 3.5
2 6 8 R (m) R (m)

Gamma-ray energy (MeV) Kiptily et al. (2005) NF
iptily .



Typical neutron emission spectrometry diagnostics (NES)

» Time-of-flight detector TOFOR — measure time of flight between 2 detections

» Magnetic proton recoil detector — measure radius of protons generated by neutrons

« Diamond semiconductor detector — measure energy deposited in a single crystal diamond
« Liquid scintillator detector — meausure light generated by neutron impact on scintillator

Scintillator Recoil proton Time of Flight ‘4 gt gy 107 g
i =
\ 4 ‘l -
. o e s
oC > w -
L>9/v Detector O I » - ‘ ‘ i C
(b p | - Y E 15
| ' i
n | .§. 104
: w = \DD TT DT
Semiconductor | > \
o 13
! 107 \ \
‘Be 4~ Py B |
o / T'hin foil o N I TR | Ll
o converter Detctor e == 2 4 6 8 10 18
Thick Scatterer E, [MeV]
T Detector (t,) 4 "
n n n

Ericsson et al. (2019) J. Fusion Energy



Neutron emission spectrometry measurements (NES)

3 simultaneously measured neutron emission spectra in JET #86459
4.5 MW NBI + 3 MW 3rd harmonic ICRF heating

Yellow: Sensitive to only ICRF ions, but not NBI ions

Measurement units:
-TOFOR: time of flight

-Diamond: energy deposited in a single crystal diamond
-NE213 scintillator: energy of an equivalent electron that would have caused the same light flash

350

TOFOR

D(D,n)*He

300 |

250 |

200

—_
[$)]
o

counts [-]

—
o
o

(%)}
o

o

20 40 60 80 100
time of flight [ns]

80

counts [-]
I @
o o

N
o

0.5

1
Deposited energy [MeV]

Diamond

1.5

700

600 - NE213

500

2 0.5 1 1.5 2 2.5
Light energy [MeVee]

Eriksson et al (2015) NF, Salewski et al. (2017) NF



Neutron emission spectroscopy (NES) —spectrum formation

D+ D — *He (0.82 MeV) + n (2.45 MeV) D+T — *He (3.5MeV) +n (14.1 MeV)

« Energy and momentum conservation for a beam-target reaction, V¢ > vy

1 2 2 1 2 1 2
> My Vf +§ vy + Q= > MprVpr +§mnvn

meVr +my = My Vpr + My Uy

* To eliminate v, in the energy equation, solve the momentum equation for v, and square:
_ 1 2_ 1 2.2 2.2

Vi = —— (mpvy — myvy)" = —— (Mfvf — 2mpmuvy - v, + mivi)

 Crucial term: projection of the ion velocity on the neutron velocity:

V- Uy = UV, * U: projected velocity for the ion onto the line-of-sight of the detector
* vV, neutron speed, which we get from the measurement



The projected velocity u onto the line-of-sight — the key to phase-space

1.2 .
u3 1 u2 1 I'|1 1
17 ! ! H
A E 08 | .
% s . . u=1v,cos¢p+ v, singcosT
‘-'g': 0.4- ! !
| I H ] * ¢: angle between line-of-sight
’ -2 1 0 1 2 and B
U 10" mis) * [': gyroangle, varies uniformly
= n 0 and 2
</ between 0 and 21
——— .
\
O ~ u
N /> v#singcosy?y e
N // ik 8
'q . A |
\\\ :':-Vf CoOs )’p v’ cosr"‘:_: ‘
/> s v> - Y
/,’ </~“ \‘\“l’p I
’ B TN ..l »
(@) ~4 (b)

Salewski et al. 2011 NF, 2014 PPCF



Neutron emission spectroscopy (NES) —spectrum formation

* Eliminate v, and solve My My — Mg 1 5 memy

_ E. = + —MsVs + uv
for the neutron energy E,: T my, +my Y My + My 2 F-r My +my -
. ) ) )
* 3 terms in the neutron . ParF of « Part of fast » Depends on projected
energy E,.: reaction energy  jon energy velocity u onto line-of-sight
u=wv,cos¢ + v, singcosTl
* For beam-target .
: . m m —m mem
reactions: E, = P+ ! —mf(v”2 + vf) + fn (vjcos ¢ + v, sing cos Ny,
my, +my My + My 2 pr T My
12 —— E,=0.1MeV
5 101 Ey=0.5MeV
I —— E,=1.0MeV
 General formula by Brysk (1975): e — E,=20Mev
1/2 g 08
1 m 2mymg e
E, = _m'nvzm o '—R(Q + I{) + Vem COS(H) —R<Q T K) 5 04
2 mMn + MR Myn + MR 2 0
== 4 6 8

Ericsson et al. (2019) J. Fusion Energy



y-ray spectroscopy (GRS) at JET

ll HpGe or LaBr,

Concrete
shieHng

Lineofsight

19m
Precoliin ator

7mm Vertial
dignostc port

Horkontal
diagnost port

|
|
i |
| | Supportstuctue
N I I and mdiatbn
M shieHing
|
|
_

6m

:__jf'_‘_‘ Outlhe ofm agnet
N B | Inbs

HpGe, very high LaBr;, MHz rate at
energy resolution high energy resolution

! 7

2570842009

y-rays, neutrons

Nocente et al. (2010) RSI



y-ray spectroscopy measurements (GRS)

* y-ray spectra in JET #86459

 High-resolution High-purity Germanium (HpGe)
detector

» Energy resolution: 1 keV over 10 MeV

» Many peaks simultaneously measured in high
resolution

» Two example reactions:

100 - HpGe

80 |

60 + %Be(D,ny)"°B

counts [-]

40 +~ °Be(D,py)'%Be

20 |

0 2 4 6 8 10
~ -ray energy [MeV]

20 9 1\10

0 - 108 1y (2.868 MeV)

15+
D+ °Be —» p+ °Be* g '
pe* » 19Be 4y (3.367 MeV) g
0

2.8

~ -ray energy [MeV]

2.85

15 :
HpGe 9Be(D,p7)'°Be HpGe
10
@
c
) -
o
(&)
W\M 5
. . . | |
2.9 2.95 3.3 3.35 3.4 3.45

~ -ray energy [MeV]
Eriksson et al (2015) NF, Salewski et al. (2017) NF



One-step reaction y-ray spectroscopy (GRS) — spectrum formation

» Weak branches of DT reaction emit y-rays: alternative diagnostic
for the fusion yield D + T —» °He +y (16.7 MeV), D + T —» °He + y (~13.5 MeV)

1 2, 1 2 1 2
« Energy and momentum SMeVF + =My + Q@ = My, vy +E,

for beam-target reaction 2 2

meVs +77<1.<2r = My, Vpr + Py
» Same procedure as for neutrons: isolate v, in momentum, square, projected
velocity appears

m2,va, = m]%v]? + pZ — 2mevy - Py = m]% vf + pZ — 2msup,

* Eliminate v, solve for E,, Taylor expansion in u/c E,=p,c

pr

mg u my
Ey = 1+mprz Q+ 1_mpr Ey u =v;cos¢ + v, singcosT

19m

Roof
_ Bbomtory

Concete
shidig

Lineofsight

- Tmm Vertral
/,/ diagnostport

T_tjf ____ Outlie ofm agnet
I ] Im bs




Two-step reaction y-ray spectroscopy (GRS) —
spectrum formation

« Same procedure as for neutron emission and one-step y-ray
spectroscopy, but for both steps of the two-step reaction

» Step 1. Energy and momentum conservation for beam-target
reaction, solve for the velocity of the excited species

» Step 2: Energy and momentum conservation for the de-
excitation (Doppler shift, Fermi (1932) Rev. Mod. Phys.)

E, = Eyo (1 +%)

me .- ~1. |
Upy = ——————cosf3 (-u.. cos 3 4 4/ 1 f2 —lu? 5in 3 cos C_)
Mpy + My
m2 , {2
+ ,|cos 3 5w cos 3+ sin Fcos 4/ vF —lu” |
(Mmpr + My )= < J
2 ( )
2Mmy, mg(ms — My
(_ e 1 = 1
Tipe(Mpr + 171m) 2 Tipe(Mpr  112m) u=vycos¢ + v, singcosT

Salewski et al. (2015) NF



Can we tell energetic a-particles apart from energetic deuterium or tritium
INn neutron emission spectroscopy (NES) and y-ray spectroscopy (GRS)

measurements?

1) NES yes, GRS yes
2) NES yes, GRS no
3) NES no, GRS yes
4) NES no, GRS no
5) | am not sure.

D+T - a(3.5MeV) +n (14.1 MeV)

=3

(
N,

Neutron emission
spectroscopy (NES)

/{S,\ 7\*: : \
& |

D+ °Be »n+ 1°B*
g+ , 10 4y (2.868 MeV)

D+ °Be - p+ °Be*
0Be* » 19Be +y (3.367 MeV)

a+ °Be »n+ 2cr(t2)

D+T - °He+y (16.7 MeV)
2cx®) 5 120 4y (4.44 MeV)

y-ray spectroscopy (GRS)



Can we tell energetic a-particles apart from energetic deuterium or tritium
INn neutron emission spectroscopy (NES) and y-ray spectroscopy (GRS)

measurements?

1) NES yes, GRS yes
2) NES yes, GRS no
3) NES no, GRS yes
4) NES no, GRS no
5) | am not sure.

D+T - a(3.5MeV) +n (14.1 MeV)

=3

(
N,

Neutron emission
spectroscopy (NES)

/{S,\ 7\*: : \
& |

We can tell the

. 9 10 p*
reaction from D+ "Be->n+ "B
the detected g+ , 10 4y (2.868 MeV)

energies.
D+ °Be - p+ °Be*

0Be* » 19Be +y (3.367 MeV)

9 2 %
D+T — SHe +y (16.7 MeV) a+ °Be - n+ 1212
2cx®) 5 120 4y (4.44 MeV)

y-ray spectroscopy (GRS)



('E[_) -~

Friction force

» Measured bremsstrahlung

10*4+

1074

Counts

10"

10"

Nocente et al. (2018) RSI
Breizman et al. (2019) NF

- Amedn, In A
dme’n.In A
Ecy =55+

el
eEch

0 +
Qmur  Mmu,

+ t=1.13-145s

E R

Energy [MeV]

Measurements of runaway electrons by y-ray spectroscopy (GRS)

« Parallel electric fields can accelerate electrons to
high energies.

* The faster an energetic electron, the lower the
Coulomb friction force, leading to electron runaway.

« Classically, the radiated power of an accelerated
charge is 2 (dp)z
— 32,3

(CGS units)

* For relativistic electrons in a spatially uniform
field, the radiated power due to the gyro-motion is

2{:’482 7 .

= _pe sinf (CGS units)
3Im=c

P

* B is the pitch angle of the runaway electron

* In addition to gyration, bremsstrahlung is emitted
due to collisions. The bremsstrahlung is in the MeV
range, which is detectable by y-ray spectrometers.

See lectures by R. Granetz and T. Fulép on Friday



Charged fusion product spectroscopy — 3 MeV protons

3 MeV proton diagnostic
Princeton Large Torus

LIMITERS
/ VACUUM VESSEL

3 MeV Proton
Orbits

DETECTORS
———
0 ¢

3 MeV proton
diagnostic for
MAST

1.0 F

0.5 F

05

.1.0I "
Radius (m)

Heidbrink et al. (1986) PPCF, Heidbrink et al. (2021) NF

» Reaction kinematics similar to
neutron emission spectrometry

* “Sightlines” are curved

» DD reaction produces 3 MeV
protons

D+D »>p(3MeV)+T

D + *He — p (15 MeV) + *He



Energetic particle diagnostics

Passive diagnostics
*Typically along sightline

*Fast-ion loss detector Particles
Lost ions

o




Z [em]

Fast-ion loss detector (FILD)

. —»>
@B B
l l el
wn
2
fast ions E
o
| -
V7>
O
) Pitch

* Fast ion loss detectors measure ions lost from the plasma.
* Lost ions hit a scintillator causing a light flash that is photographed or send in a photomultiplier.

 Other designs use Faraday cups, measure currents in metal foils absorbing the ion.

Zweben et al. (1988) NF, Garcia-Munoz et al. (2009) RSI



Fast-ion loss detector (FILD) measurements

Typical CCD scintillator image

—_——
=
=
(72}
=
=]
(]
——
(=)
—
=
(©)

Typical spectrogram

\

% FILD spectrogram; high energies #238247":_,

Frequency (kHz)
= RS
o [=] o

©
(=]

: : : AUG #28061
« CCD camera (high spatial resolution) | N
» Photomultiplier tubes (MHz - T o e RN
. s“. v § i 3 ”,/ g"v' — 30
temporal resolution) e ey .
\ > > T - T 128
.
I — 9388
Pitch Angle
'\ it t =4.90 sec frame 245
\ oCD Fiber Optics 1.0 T |
— Manipulator osl Typical photo-
PLASMA (). TW\ TS N\ multiplier tube signal
; “ T Lenses B e — 5 0. \ (2 MHz sampling rate)
T o4l
Detector Heaa
e Beam Splitter !
4 0.0 .
Vacuum Window 0 !

sector 8

See lecture by M. Garcia-Munoz

Garcia-Munoz et al, (2010) PRL



Energetic particle diagnostics: Neutral particle analyzers

Passive diagnhostics Active diagnostics
*Typically along sightline *Typically in a small
measurement volume
*Passive neutral particle Particles ‘q
analyser Neutral Neutral Neutral particle
: particles ¢
particles R analyser

o «Imaging neutral

*

¢ particle analyzer

q "---...

N
Neutral beam

<lllllllll_ .
Injector



Neutral particle analyzers (NPA)

 Fast ions on helical trajectories
» Charge-exchange reaction with a neutral particle

* Fast ion is then neutral and proceeds along a
straight line

* lons with particular small ranges in gyro-angle
and pitch reach the detector

 Detector measures the energy spectrum of
neutral particles

» Active: Neutrals from neutral beam

» Passive: Neutrals from elsewhere, plasma edge

* To reach the detector from
the plasma, the projected
velocity and the velocity of
the ion must be the same.

lon

Schneider et al. 2015 RSI



Neutral particle analyzers (NPA)

Detecior Array

. Siripping
. Cell

i
N

N

» Conventional neutral particle analyser, as

in TFTR: E||B fields separate species in
g/m and energy

Kislyakov et al. 2008 FST

(a) top-down view

preamplifier

detector

collimator

steerable mount [

(b) detector with flange

1 cm

. neutral
I Plasma . ——
T —
= L= 1'\ photo diode: |aperture: | Al foil:
AXUV HSI11]25-150 um | 0.2 pm

 Solid state neutral particle analyser:

charge pulse Q ~ energy

Schneider et al. 2015 RSI



Height (m)

Neutral particle analyzer (NPA) at JET

: / I

e
>
.&/

High energy

* - NPA

/|

f

\
- f . \ Low energy

R . ‘r e ' ﬂ ---------
. e~
, f‘
b 7
"1‘ %‘f : . Scintillator
&*» probe
1 V\\:sfl | L L
2 3 4 5

Major radius (m)

Perez von Thun et al. (2010) NF

» High-energy and low-energy neutral particle analyzer at JET
* 15 MW NBI (E, = 130 keV in D), 6 MW ICRF heating

(minority H

* Energies above 130 keV are due to ICRF acceleration

=k

=k

Neutral flux (m=*s™ 'keV~'st™)

)

Diﬂ

b

=
—
—

=
=]

<2

2

JET Pulse No. 69100 - Neutral Particle Analyser

% t = 21.0-23.0s

Hydrogen

3 _ F Hydrogen
] % \% ¥ (_Ij_i_:;iljfnergy NPA)
M Deuterium 3 —$
(b) | | | | |
200 400 600 800 1000
Energy (keV)




Imaging neutral particle analyser (INPA) at DIII-D

» Measure a distribution in radius, energy (R,E) at a given
pitch

» 1000s of simultaneous neutral particle analyzers
pointed to different positions in major radius direction

; . along the NBI
: ol J
» Before and after a sawtooth crash

« Images show radial transport outward due to the
sawtooth crash

v al beam

178891

LA AAAAE RARREERLLL 10T § 0L AAS SALAS ARAAST

~N
o
Ao °y

338 339 340 34
TIME (5]

See lecture by M.A. van Zeeland Du et al 2020 NF



Can we tell energetic a-particles and energetic deuterium apart in fast-ion
loss detector (FILD) and neutral particle analyzer (NPA) measurements?

1) FILD yes, NPA yes
2) FILD yes, NPA no
3) FILD no, NPA yes

Datacior Array

4) FILD no, NPA no B — —— g v
5) | am not sure. o T >
©B «~ B » <l
\\;‘1 s1rcaglng

Fast-ion loss detector (FILD) Neutral particle analyser (NPA)



Can we tell energetic a-particles and energetic deuterium apart in fast-ion
loss detector (FILD) and neutral particle analyzer (NPA) measurements?

1) FILD yes, NPA yes

2) FILD yes, NPA no

3) FILD na, NPA ves a = 1 (E+v X B)
m

Datacior Array

4) FILD no, NPA no S B
5) I am not sure. N 4 =" g
\\_ e Siripping
i A t_:eu

Fast-ion loss detector (FILD) Neutral particle analyser (NPA)



Energetic particle diagnostics

Passive diagnhostics Active diagnostics

*Typically along sightline *Typically in a small
measurement volume

*Fast-ion D-alpha

- spectroscopy
Light \‘Z

AN

Neutral beam

<IIIIIIIII_ .
Injector

AW

*Passive fast-ion D-alpha LL! Radiation
spectroscopy Light



Fast-ion D-alpha spectroscopy (FIDA)

Shoton Bohr model of the  Fast ions on helical trajectories
deuterium atom « Charge-exchange reaction with a
Fast neutral neutral particle
/ L - Fast ion is then neutral
: I Vi)l
Injected ~~v v .
 Electron transition 3—2 releases a
Neutral p| Collis _ 5
asma Collision = ‘/ D-alpha photon at 656.1 nm
Fast Chak:ge n=1 " - « Doppler shift
lon Exchange . AE = hf
+Ze u _Af  AA
c f A
(a) (b)
. Fiber PMT/
Active: Neutrals from neutral beam Lens CZJ CCD
Filter: ; 1
Passive: Neutrals from elsewhere, plasma edge P e B
\‘:'-:::Iff; el o |Camera Filter
Spectrometer Lens

Heidbrink et al. (2004) PPCF, Heidbrink (2010) RSI



Fast-ion D-alpha (FIDA) spectroscopy at ASDEX Upgrade and DIII-D

ASDEX
Upgrade
@ o
..... rb@
Vertical
f*lE
<
=
="
DII-D =
‘ FIDA Tangential FIDA ‘5:
._'E
=
o

Weiland et al. (2016) PPCF Madsen et al. (2020) NF
Salewski et al. (2014) NF Heidbrink (2010) RSI

19

Tangential view, ¢ = 12°

Perpendicular view, ¢ = 69°

10 st ‘- 10" , ‘ ‘ ‘
#290578 — Measurement — Measurement
— Total simulated #29578 — Total simulated
= —— FIDA emission — — FIDA emission
% 10"} Halo emission || P10 Halo emission ||
e Beam emission e —— Beam emission
= Bremsstrahlung E Bremsstrahlung
£ c
B all G |
=2 [ | T AN W SR — R LR T N N P
& g
o =
g g 16
16 ] |
£107} 0w kbl -
= 1 | mn "l
F'm 'r' ) 1“1‘""' 15
15 ] 10 . L L . . . .
10 > 654 656 658 660 662 664 652 654 656 658 660 662 664

Spatial FIDA emission profile

wavelength [nm] wavelength [nm]

u=vcos¢ +v,singcosl

* Fast-ion D-alpha emission dominates at
large Doppler-shifts

' ; ( 'l;l.ssic:-vn ' 1‘34426
3t :
2t ¢
1k o + :

Data + ¥
4‘ (b

» Thermal-ion D-alpha emission (halo)
dominates at small Doppler-shifts

* Direct D-alpha beam emission and impurity
line radiation dominate in certain ranges

0 i ; i ; A ¢
02 03 04 05 06 07 08 09
Minor Radius

« Difficult if bremsstrahlung levels are high

« Background can be subtracted by NBI notch



Energy and momentum conservation imply the Doppler shift
* Fermi (1932) Rev. Mod. Phys. showed that energy and momentum conservation imply the Doppler shift

1 2 1 12 /
Emfvf + U =§mfvf + U + Epg

* Energy and momentum conservation equations:
mfvf = mfvf' + Ppa

1 2

1 1
- Isolate v/, square and substitute in energy: Emfv} +U = Emf(v]? + Wplz)“ - m—fvf Ppa) + U + Ep,
f
* Introduce Q = U — U’ = hf, and Ys Ppa = UPpa hfo = 2m; ~—DPba — UPpa t Epa
u
D ~ — —
e Introduce Ppa = Ta and EDCZ K meZ th szCZ EDa c EDa + EDa ~ (1 C) hf

 Taylor expansion gives the usual Doppler shift formula: F =
c 0 c

* Doppler shift is proportional to projected velocity. u = vy cos P + v, sinp cosT



Fast-ion D-alpha (FIDA) spectroscopy-— spectrum formation
« Doppler shift A=41 (1 +%)

« Stark splitting A= (Ay+s;|E + v X B|) (1 + %) Split in 15 lines with different coefficients S;

 D-alpha emission at any

» Charge-exchange probabilities 1 ' wavelength per ion for a 60 keV
* Electron transition probabilities . beam

- * Depends only on charge-

= 0 exchange and electron transition

= probabilities

-0.5 « Little D-alpha emission
energies 100-150 keV larger
-1 . 4 than beam injection energy

« Instrumental broadening 0 50 100
Energy [keV]

Salewski et al (2014) PPCF



Energetic particle diagnostics

Active diagnostics

*Typically in a small
measurement volume

<—'\/\/\/\/\/\ Gyrotron,

Laser

*Collective
Thomson
EM waves

A scattering
Light, mm, ..



z[m]

0.8

0.4

Collective Thomson scattering (CTS)

2 25

-25

1 P13 .
2 -15 -1 -05 0

x [m]

« Monochromatic gyrotron probe radiation ( k)
overlaps the acceptance cone of a receiver beam (k°)

» Gyrotron power modulated to subtract electron
cyclotron emission (ECE) background

 Electromagnetic waves always interact with
electrons due to the lower mass.

« Resolves fluctuation wave vector k° = kS — k!

/15
N\NNNN\V
Apk® > 1
Ap

* Collective Thomson
scattering: Debye sphere
is small compared to the
fluctuation wavelength

Apkd <1

Salewski et al. (2010) NF, Salewski (2020) dr. thesis



Collective Thomson scattering (CTS)

» Unabsorbed gyrotron probe radiation scattered in the plasma

ASDEX Electron cyclotron
Measurement and Upgrade resonance heating
Synthetic CTS spectrum simulation for 1 and 2 NBIs 1'Wee 2" We, i
, — : 20
» : :)oetaarln ions
100 | —— deuterium ||
—- —— hydrogen —
> impurities 3 157
E electrons % .
g 10 5 d
: i
0.1 107 ITER l.wce
103
Thermal and fast Gyrotron Only fast ions can .
jons can cause frequency cause high frequency
low frequency shifts.
shifts

Salewski et al. (2010) NF Moseev et al. (2018) Rev. Mod. Plasma Phys.



Collective Thomson scattering (CTS)

* Energy and momentum conservation in the
dressed particle model

- Isolate v, and square using k% = k5 — k'

- Substitute into energy, using ®° = @° — w'

» The projected velocity u appears

» Doppler shift is proportional to projected velocity.

h i+lm Z=h 5+1 -
w > fvf = nw mevf
hk' + meve = hkS + mpv;

h h? 2
12 _ .2 ) )

5 _ 5 52 5
=V k® —— ~vr-k
@ 4 2% 4

a)5=vf-k5=uk5

u=1v,cos¢p+v,singcosT



Can we tell energetic a-particles and energetic deuterium apart
In fast-ion charge exchange spectroscopy (FICX) and
collective Thomson scattering (CTS) measurements?

1) FICX yes, CTS yes Fast-ion charge exchange spectroscopy (FICX) is the same as
2) FICX yes, CTS no fast-ion D-alpha (FIDA) spectroscopy, but on any emission line.

3) FICX no, CTS yes
4) FICX no, CTS no
5) I am not sure. Hydrogen

Helium




Can we tell energetic a-particles and energetic deuterium apart
In fast-ion charge exchange spectroscopy (FICX) and
collective Thomson scattering (CTS) measurements?

1) FICX ves. CTS yes In FIDA/FICX, we know the emitting
2) FICX yes, CTS no species from the detected wavelength.

3) FICX no, CTS yes In CTS, 2 deuterium ions with identical
4) FICX no, CTS no velocity cause the same scattering as 1 a-

o) | particle. l
) | am not sure. Hydrogen

q
a=—(E+vXB

w Helium
N ki

Balmer alpha line




Energetic particle diagnostics

Passive diagnostics
*Typically along sightline

AW

lon cyclotron emission A Radiation

Spectroscopy Radiofrequency
waves



lon cyclotron emission (ICE) spectroscopy

" " shot 73255 (D-T

Observed Cyclotron Spectrum (dB/MHz)

60
10
-soz
hot 73255 (DT
t= 3243 ms!
-sof-
70|
s0E
53 20 40 60 80 100 120 140
Frequency (MHz)
TFTR Cauffman et al. (1995) RSI

e bump-on-tail in vl

v, [10® mis]

« Magnetoacoustic cyclotron instability
and/or geometry, e.g. compressional
Alfven eigenmodes

» Resonance between fast Alfven
wave and fast ion cyclotron harmonic
modes w = kv, = nw,

10

15

Frequency w [Qp]

-t
o

- anisotropy

Thermal plasma
WA Y 5
o 3
&
g . -5 cg;
&=

T 1ton. . c\.clotrono

wharmonic.modes. ®

R e

5 10 15 20 25
Wavenumber k [Qg/V4]

Reman et al. (2019) NF

Energetic particles can drive instabilities for

» Inhomogeneity (spatial gradients)
» Deviation from a Maxwellian distribution

- bump-on-tailin v, orv

~

5 10 15 20

Wavenumber k [Qg/Va]

25

-10



Passive diagnostics
e Typically along sightline

*Neutron counter

*Neutron camera

*Neutron emission
spectroscopy

*Fast-ion loss detector

*Charged fusion product
detector

*Passive neutral particle
analyser

Gamma-ray camera,

Gamma-ray spectroscopy

*Passive fast-ion D-alpha
spectroscopy

lon cyclotron emission
spectroscopy

\‘/ Neutral
articles
" Ny P

Energetic particle diagnostics

Particles
Neutrons Neu.tral N 4
_ particles o'
Lost ions R
+* Light

LL! Radiation

Gamma-rays
Light

Radiofrequency waves Light, mm, ..

WV

<IIIIIIIII

~—N\/\J/W\~ Gyrotron,

EI\/I\;VZZDSL\\

Active diagnostics

*Typically in a small
measurement volume

*Neutral particle
analyser

«Imaging neutral
particle analyzer

*Fast-ion D-alpha
Neutral beam

injector spectroscopy
Laser
*Collective
Thomson
scattering



Outline

* Introduction: Why diagnose energetic particles?
* Physics of energetic particle diagnostics

O%Owwv\» * The forward problem: Spectrum formation for energetic particle diagnostics
* The inverse problem: Inferring energetic particle distributions from diagnostic data

e Summary



Energy and momentum conservation, spectrum formation and the
projected velocity

Neutron emission spectroscopy (NES) Gamma-ray spectroscopy (GRS), one-step reaction
m —me 1 mem
pr f f!n
Ey m Ty f - 1 - f
mpr mn mpr my Myy mn mpr C mpr

u=v,cos¢ + v, singcosl

Fast-ion D-alpha (FIDA) spectroscopy Collective Thomson scattering
— - 6 — ) - § — o)
Epa = /10 ﬂo - ~ hvy - k®° = huk vk uk



The swinging 258 Hz tuning fork

Processes with Doppler shifted signals with known frequency : 1.2
« Gamma-ray emission spectroscopy
» Neutron emission spectroscopy

* Scattering of waves

pdf [10° s/m)]
(=]
[=2]

* D-alpha emission 02

1

1

. _

T TTTTETTTT

A1 0 1 2
u [10% m/s)

| H

Doppler-shifted sound from a 258 Hz tuning fork.




How fast am | swinging the 258 Hz tuning fork?

* You record the sound
spectrum of somebody
swinging a 258 Hz tuning

Frequency [Hz]
248 250 252 2b4 256 2b8 260 262 264 266 268

fork. ';'50 >0
* What is the swing §40 I ' 40
speed? = !
% 30 , 30
S .
u_ Af 5% e 20
c f S0 : 10
Q. :
n O | | J ! : \ |

\ |,O
-14-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14
Line-of-sight velocity [m/s]



How fast am |

* You record the sound
spectrum of somebody
swinging a 258 Hz tuning
fork.

What is the swing speed?

the 258 Hz pitchfork?

Frequency [Hz]
248 250 2b2 254 2b6 2Hb8 260 262 264 266 268

—DH50 | | . ‘ ‘ 50
5 i

S.40 - . 40
>~ I

+ .

v 30 | 30
9 .

S 20 , 20
+ :

910 , 10
o : |

O | | J |

14-12-10 -8 -6 -4 -2

0 2

\ \ |,O
4 6 8 10 12 14

Line-of-sight velocity [m/s]



How fast am | walking and

* You record the sound
spectrum of somebody
walking and a
258 Hz tuning fork.

» What is the swing speed
in each case?

* What is the walk speed
In each case?

w
o

n
o

Spectral density [a.u.]

0

nN w b
o O O

—
o

Spectral density [a.u.]

—
o
T

o

Frequency [Hz]

248 250 252 254 256 258 260 262 264 266 268 50

LN
o
T

40

30

20

-10

-14-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14

Line-of-sight velocity [m/s]

Frequency [Hz]

248 250 252 254 256 258 260 262 264 266 268 50

-14-12-10-8 6 -4 -2 0 2 4 6 8 10 12 14
Line-of-sight velocity [m/s]

40
30
20

10

the 258 Hz tuning fork?

Previous solution for
swing speed: 3 m/s

—

40

£
330

-
<20

|
+

G 10

a
w

Frequency [Hz]

50 248 250 252 254 256 258 260 262 264 266 268

’ T 1

0 '
-14-12-10-8 -6 4 -2 0 2 4 6 8 1012 14

Line-of-sight velocity [m/s]



How fast am | walking and

* You record the sound
spectrum of somebody
walking and a
258 Hz tuning fork.

» What is the swing speed
in each case”?

» What is the walk speed
In each case?

w
o

n
o

Spectral density [a.u.]

0

N W b
o O O

—
o

Spectral density [a.u.]

o

LN
o
T

—
o
T

Frequency [Hz]

248 250 252 254 256 258 260 262 264 266 268 50

Walk speed

|

—4

-14-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 14

Line-of-sight velocity [m/s]

Frequency [Hz]
248 250 252 254 256 258 260 262 264 266 268

Walk speed

1 * I
-14-12-10-8 6 -4 -2 0 2 4 6 8 10 12 14
Line-of-sight velocity [m/s]

40
30
20

-10

the 258 Hz tuning fork?

Walk speed: 0 m/s

Walk speed: 2 m/s



How fast are 2 people walking and 258 Hz tuning forks?

% &= oo | |
people Previous solution for 1 person
>

Frequency [Hz]
248 250 252 254 256 268 260 262 264 266 268

3 ;
5,40 : 40 Frequency [Hz]
> ! 248 250 252 254 256 258 260 262 264 266 268
x ! —.50 | | | . 50
v 30 ! 30 E |
kS ! S.40 | Walk speed 4
= 20 20 g 20 | "
£ | E s
§ 10 i 10 E 20 [L J\ 20
0 : S 10 1 10

O I I I I I 1 I I I I O o ;

141210 -8 -6 -4 2 0 2 4 6 8 10 12 14 “ ST

' . _ 14-12-10 8 6 -4 -2 0 2 4 6 8 10 12 14
Line-of-sight velocity [m/s] Line-of-sight velocity [m/s]



How fast are 2 people walking and

Frequency [Hz]
248 250 252 254 256 258 260 262 264 266 268

— T I T 50
= Walk
=40 speed : 40
> 1
:.-_— [
v 30 30
S
< 20 20
£
9 10 10
& |

0 v 0

-14-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
Line-of-sight velocity [m/s]

258 Hz tuning forks?

Is this the solution?
Both persons walk away at 2 m/s



How fast are 2 people walking and

_ NN W D
o O O o

Spectral density [a.u.]

o

% ﬁ% 2 people

Frequency [Hz]

248 250 252 254 256 258 260 262 264 266 268 50

Walk
speed :

o

)

-14-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
Line-of-sight velocity [m/s]

40

n

0

—

0

0

258 Hz tuning forks?

IS the solution?
away at 2 m/s

Correct solution:
One person walks away at 1 m/s
One person walks away at 3 m/s

» Difficult to see by eye

 Easy to solve with a computer
by least square fitting



How fast are 10 people walking and 258 Hz tuning forks? Or 1007 Or 10.0007?

[$)]
o

5
o

w
o

ny
o

—
o

Spectral density [a.u.]

o

-14-12-10-8 6 -4 -2 0 2 4 6 8 10 12 14
Line-of-sight velocity [m/s]

-14-12-10-8 6 -4 -2 0 2 4 6 8 10 12 14
Line-of-sight velocity [m/s]

Line-of-sight velocity [m/s]

* Least-square fitting fails
» Need tomography-type inversion methods

 Can find velocities by least
square fitting

|
10 people : 100 people 10000 people
SIMULATION | SIMULATION SIMULATION
" 20 | " » A ' ' R = 1000
@ 10 . 15 | @ 10} =0 gm
é‘ ) 10 I E L e 20 =, . 500
> 57 7 i ¢ L 1 > . 1
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: ] o !
E 20 : :; 20- i 120 ‘é 20 ' 20
| £ 1 g e
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: I Y | “ 0 : 0
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Outline

* Introduction: Why diagnose energetic particles?
* Physics of energetic particle diagnostics

» The forward problem: Spectrum formation for energetic particle diagnostics
®

Oé@www * The inverse problem: Inferring energetic particle distributions from diagnostic data

e Summary



From the back-of-the-envelope towards typical plasma tomography

* Determine 5x5=25 unknowns from 5
column sums and 5 row sums

* True solution: 2D Gaussian
e Calculate sums, add 10% noise

* Inverse problem: find F, given noisy S.

* For W with full rank, a least square fit
is found by the ‘normal equations’

» AlImost always in tomography, W is
rank-deficient and the inverse problem
IS ill-posed.

* lll-posed: small change in S leads to
large change in F.

 Measurement noise leads to random
jitter in the 2D image.

True solution

0 5

Normal Egs. 40 F = (WTW)—leS

* The same problem
with 15x15=225
unknowns from 15
column sums and 15
row sums doesn’t
work, either.

S =WF

o
" ||

True solution

Normal Eqs.

x10°




Tikhonov regularization: Penalize undesired features

Tikhonov expressed prior information as a penalty term

. H (W) F_ (S) H Regularization parameter A: balance
minimize AL 0/, between data fitting residual and penalty

term

Oth order Tikhonov : L is the identity matrix which favours solutions without large spikes
1st order Tikhonov : L is a gradient operator matrix which favours solutions without large gradients

The normal equations of

the Tikhonov problem are
i Fy= (WTW + 22LTL)"'WTs

The solution now depends on
the regularization parameter A.



Prior information: The solution is not spiky and definitely not negative

True solution

* True solution

55555555555

)

Normal Egs. x10° 0Oth Tikh

F=WTw)'w’s

0.2

0 10

Isg. non-neg 0th Tikh non-neg

Minimize
IWF — S5
subjectto F = 0

0.6

0.4

0.2

0 10 0 10

* No regularizaton * Tikhonov

Fy=WTW + 2LTL)"1WTs

* No non-negativity: distribution
function goes negative in the corners

Minimize

H(KZ)F— (g)uz subjectto F =0

» With non-negativity: distribution
function stays positive



Tomography in the hospital: CAT scanner

X-ray tube .
s - her medical examples:
& * Red spot in sample Other med cal examples
\ 2 traces S-curve in  PET — positron emission
Aper data tomography
* MRI — magnetic resonance
Measurement data imaging

Detectors A ¥

arranged ] N

along a NP LI
I

 Ultrasound imaging
« Breast mammography

Slice through patient

« Cormack 1963, 64
 Hounsfield 1968-73
Nobel Prize Medicine 1979

Phase angle

Detector position
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Tomography — a forward model for rays at an angle

Fredholm integral equation of the first kind:

s( ) = f j w(x,, 1, &)f (x, y)dxdy

Measured signal
depending on
detector position
u and the angle
of the rays

Discretize:

|

Forward model: 2D distribution
Given an emitter  of emitters

at (x,y), signal in

detector at u for

a given angle

S=WF S; = Wi;F;

/]

Vector

Matrix Vector

| ray 2 u
N

‘/ 5 5 3 Wj; — length of

ray i in pixel

Prior information:
* Non-negativity
«  * Smoothness

* Magnetic flux surfaces:
penalize gradients along flux
surfaces more than across

Kiptily et al. (2005) NF



Velocity-space tomography

Forward problem

WF =S§

Distribution function F Matrix W Measurements S
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Inverse problem

Salewski 2020, dr. thesis



Velocity-space weight functions

s = [[ wfdEdp

Convolution W*F

« Signals of FIDA spectroscopy and
a neutron counter have similar
pattern in time, different from NPA.

Io

4 ; E . '/—/T 122985| = |
(l)

l

0 i « At the time surprising since FIDA
. - . v £ and NPA signals come from the
L L ;Y';}( * same charge-exchange reaction.
-:“ 7 i f\r « The introduction of weight
“I""/Neutrons (10145 e P functions and plotting the integrant
o L uJ £ A wf resolved this puzzle.

1000 1200 1400 1600 INEUT]|

Time (ms) -1

40 60 80
Energy (keV)

Heidbrink et al. (2007) PPCF, Heidbrink (2010) RSI
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Velocity-space weight functions
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FIDA: Heidbrink et al. (2007) PPCF, Salewski et al. (2014) PPCF
NPA+neutrons+pressue: Heidbrink et al. (2007) PPCF

CTS: Salewski et al. (2011) NF

NES+neutrons: Jacobsen et al. (2015) NF

GRS-2: Salewski et al (2015) NF

GRS-1: Salewski et al (2016) NF

FILD: Galdon-Quiroga et al. (2018) PPCF
MeV protons: Heidbrink et al. (2021) PPCF
ICE: Schmidt et al. (submitted)




Velocity-space weight functions

* The velocity-space weight function w is defined by

w

s(uy, up, ) = [ wlug, uz, ¢, vy, v) f (v, v )dvydv, @Nl/

» They are computed by scanning a pixel function <
through velocity space and computing the signal Ion cyclotron
emission (ICE)
s(uy, up, @) = .U w(uq, Uy, @, vy, v1)6(Vy0, vig)dyydv, spectrum \\
« Effecting the integral gives Weight
function™\
w(Uy, Uz, , Vjo, Vo) = S(U, Uy, D) :
* Practically, compute a spectrum for each point in w=10xy
velocity space and stack them next to each other at w=0 Qg

their right location in velocity space. Weight functions
are horizontal slices.

Schmidt (submitted)



Velocity-space tomography

» Forward F* {9 * Inverse  ipnimize

subject to F >0
problem: problem:

(%) (5

Measurements Weight functions Measured velocity ASCOT simulation
distribution function
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Current work: Collision physics as prior information. Slowing-
Prior information: smoothness, non-negativity, down distribution functions reflect the physics of collisions in
null-measurements, beam positions, numerical fusion plasmas. Strong prior in 2D to 5D phase-space
simulation, near-isotropy tomography (Madsen et al. (2020) PPCF, Schmidt et al. (2023) NF)




Orbit tomography

Energetic particles trace out
surfaces on their drift orbits, e.g. a
passing particle and a trapped
(banana) particle

All ions in a tokamak plasma are
completely described by a 3D phase
space distribution function f(g, u Py, o)
(energy, magnetic moment,

canonical toroidal angular ) |
momentum)

Each point in this space V Pitch 1 |
corresponds to a drift orbit angle .

Orbit tomography: find f(E, u, Py, o) 0 o}
from measurements.

Red: Line-of-sight, blue and yellow:
measurement volume

Jarleblad




Photon Radiance

@0

o

o

Orbit tomography

 Orbit tomography before and after a sawtooth
crash shows ejection of particles from the
plasma core at ASDEX Upgrade

* Requires many simultaneous spectra with
good spread in projection angle (tangential to
vertical view), here 27 fast-ion D-alpha spectra.
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Current work: Collision physics as prior information. Slowing-
down distribution functions reflect the physics of collisions in
fusion plasmas. Strong prior in 2D to 5D phase-space
tomog raphy (Madsen et al. (2020) PPCF, Schmidt et al. (2023) NF)
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Stagner et al. (2022) NF



Discussion: Energetic particle diagnostics at ITER

Original PFPO-2 Baseline

Pre-fusion power operation with
53 MW NBI+ICRF

55.E8 Neutral Particle Analyzer
(perpendicular, radial)

This list refers to the original
ITER baseline which is currently
under revision.

Original FPO Baseline

Fusion power operation

55.E8 Neutral Particle Analyzer (perpendicular, radial)
55.B1 Radial Neutron Camera (perpendicular, radial)
55.B2 Vertical Neutron Camera (perpendicular, vertical)
55.BV Neutron Calibration

55.C7 Collective Thomson Scattering (back-end not yet
baseline) (perpendicular)

Not yet baseline

55.B7 Radial Gamma Ray Spectrometer (perpendicular, radial)
55.B9 Lost Alpha Monitor (perpendicular, radial)

55.BB High Resolution Neutron Spectrometer (perpendicular, radial)
55.BD Vertical Gamma Ray Spectrometer (perpendicular, vertical)
55.BE Tangential Neutron Spectrometer (oblique)

Additionally, work is being done on fast-ion loss detectors and ion cyclotron emission
spectroscopy but they have not received official designations.



Discussion: Energetic particle diagnostics at ITER

Discussion: How would you design
energetic particle diagnostic system for a
burning plasma experiment?

1) What would you like to measure?

2) Which diagnostics would you use to
accomplish this?

3) How would you arrange them?

4) Compare to the diagnostic set at ITER?
What compromises have been made?

Q%O‘WVV‘»



Summary of energetic particle diagnostics

Passive diagnostics
*Typically along sightline

*Neutron counter
*Neutron camera
*Neutron emission
spectroscopy
*Fast-ion loss detector
*Charged fusion product

Active diagnostics

*Typically in a small
measurement volume

Particles ‘\Z
Neutrons Neu.tral ' *Neutral particle

_ particles
Lost ions o* _ analyser
Neutral ‘0’ Light \‘j «Imaging neutral
particles ’J\’\‘\’\I\/ particle analyzer
Ny Ny

Ny

*Fast-ion D-alpha

detector amnmmnnnaUADEAM o0 g0 0ny
: : injector
*Passive neutral particle
analyser /J\N\f\r <—f\/\/\/\/\/\ Gyrotron,
Laser
*Gamma-ray camera, LL! Radiation -Collective
Gamma-ray spectroscopy Gamma-rays Thomson
-Passive fast-ion D-alpha Light EM waves A scattering
spectroscopy Radiofrequency waves Light, mm, ..
lon cyclotron emission | :
: . . - ‘u=vyjcos¢ + v, singcosl’
spectroscopy Q’O""V\/\"" Integrated data analysis of available diagnostics by : o

1D-5D phase-space tomography!



